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Microbial infections continue to pose a significant health challenge, especially with an increase in drug-resistant bacteria. Conventional antibiotic treatments show limited efficacy, prompting researchers to explore alternative treatments. Photodynamic therapy (PDT) has emerged as a promising alternative that uses reactive oxygen species (ROS) to induce oxidative stress, offering the potential for cyclic treatment without fostering new drug resistance mechanisms. The success of PDT relies heavily on the selection of appropriate photosensitizers (PSs). Various nanomaterials are being developed as PSs or carriers to enhance the efficacy of PDT in the antibacterial field. In this comprehensive review, we discuss the four main ROS generated during PDT and outline their corresponding antibacterial mechanisms. Additionally, we highlight the prominent types of nanomaterials used as PSs or carriers in PDT. We analyze the current challenges associated with nanomaterial-based PDT for antibacterial therapy and propose potential strategies for optimizing their applications.
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1 INTRODUCTION
Microbial infections are a significant threat to human health which are prevalent in both community and hospital settings (Lamy et al., 2020). Bacterial cells possess the ability to secrete a range of toxins that elicit immune responses, disrupt local host environments, and ultimately cause infections (Ahmad-Mansour et al., 2021). These infections can manifest as localized or systemic conditions including soft tissue infections, osteomyelitis, endocarditis, bacteremia, and sepsis. In the absence of timely control measures, infections can progress to multiple organ failure and become fatal. Consequently, effective treatment of bacterial infections has emerged as a prominent focus in the medical field, particularly due to the emergence of antibiotic-resistant bacteria (Chang et al., 2022). This pressing concern has prompted researchers to explore alternative strategies to combat bacterial infections.
Photodynamic therapy (PDT) was discovered more than a century ago, which involves the use of specific agents that interact with light of a particular wavelength to generate reactive oxygen species (ROS). These ROS can eradicate microorganisms present at the site of infection. Compared to traditional antibiotic therapy, PDT offers superior biological safety and flexibility for cyclic administration, as required (Zhi et al., 2020). Notably, PDT has demonstrated remarkable efficacy against antibiotic-resistant bacteria while mitigating the emergence of novel resistance mechanisms. Consequently, PDT has emerged as a compelling strategy for treating diverse infections (Plotino et al., 2019; Correia-Barros et al., 2022). It involves the systemic or localized administration of photosensitizers (PSs), followed by irradiation with light of a specific wavelength. In the ground state, PSs absorb light energy and transfer into a highly energetic singlet state (1s*). Subsequently, the singlet-state PSs release energy and transfer to a triplet state (3s*). During this transition, the triplet-state PSs react with oxygen molecules, leading to ROS generation (Liu et al., 2022). However, conventional drug-based PSs have several inherent limitations including poor water solubility, inadequate control of drug release, and limited selectivity, all of which impede their clinical application. Moreover, certain drug-based PSs may cause unforeseen side effects and damage healthy tissues (Kwiatkowski et al., 2018). Although research efforts have been directed towards the development of novel PSs through organic synthesis, the complexity raises concerns regarding the associated cost and time requirements.
To overcome the limitations of traditional drug-based PSs, considerable research efforts have been directed towards the development of nanomaterials. These nanomaterials hold immense potential as they can serve as PSs or carriers, inducing photodynamic effects and eliciting antibacterial activity. Nanomaterial-based PDT possesses several noteworthy characteristics, including controlled-release capabilities, excellent water solubility, favorable biocompatibility, and the ability to generate significant levels of ROS (Lan et al., 2019; Yu et al., 2022). Therefore, nanomaterial-based PDT is promising for antibacterial therapy (Figure 1). In summary, this study aims to elucidate the mechanisms underlying the role of ROS in photodynamic antibacterial therapy, outline common types of nanomaterial-based PSs or carriers and their associated antibacterial effects, and explore the current limitations along with potential strategies for future optimization.
[image: Figure 1]FIGURE 1 | Schematics of multiple nanomaterial-based photosensitizers in photodynamic therapy against bacteria.
2 THE PRODUCTION MODES AND ANTIBACTERIAL MECHANISMS OF ROS
Two distinct pathways contribute to the antibacterial effects of PDT. The first pathway involves direct interactions between PSs and the substrate, leading to oxidation. However, this pathway is rare. The second pathway involves the reaction of PSs with ground-state oxygen, which results in the formation of ROS, including singlet oxygen (1O2), superoxide anion radicals (O2−•), hydroxyl radicals (OH•), and hydrogen peroxide (H2O2) (Hou et al., 2020). Excessive accumulation of ROS induces oxidative stress, which subsequently damages bacterial cells.
The ROS generated during the photodynamic process exert non-specific antimicrobial effects. Microbial death is a multifaceted process that has detrimental effects on the cell membrane, cytoplasmic material leakage, and DNA damage (Ezraty et al., 2017). During the photodynamic process, various ROS coexist and undergo transformations, creating a synergistic mechanism for the antibacterial effects of ROS. Notably, ROS represent the pivotal reactant within the photodynamic antibacterial process, and there is a linear correlation between ROS production and bacterial survival rate (Cho et al., 2004). Furthermore, ROS reactivity significantly influences antibacterial efficacy. A comprehensive analysis is warranted to elucidate the distinguishing characteristics of each ROS and discern the production and antibacterial mechanisms of different ROS types.
2.1 The mechanism of ROS generation and the types of ROS
During the photodynamic process, the active sites on the surface of PSs serve as docking sites for oxygen molecules, including O2 and H2O. This interaction facilitates the engagement of high-energy charge carriers, such as photo-generated electrons (e−) and holes (h+), leading to the subsequent generation of ROS (Sangam et al., 2022). When the incident light energy surpasses the band gap of the PSs, electron-hole separation occurs, with electrons being excited from the valence band to the conduction band, while holes remain within the valence band. Consequently, electrons in the conduction band and holes in the valence band possess potent reducing and oxidizing properties, respectively, thereby engaging in redox reactions with oxygen molecules to yield ROS (Wang et al., 2022). In practical settings, both H2O and O2 play crucial roles as reactants in photodynamic processes. Simultaneously, the reduction reaction of O2 with photo-generated electrons and the oxidation reaction of H2O with photo-generated holes occur.
PSs initially absorb light energy, leading to excitation from the ground state to the singlet state (1s*). Subsequently, the short-lived singlet state rapidly undergoes intersystem crossing to attain a more stable state known as the triplet state (3s*) (Xiao et al., 2022). PSs in the triplet excited state can initiate two distinct photodynamic pathways. The type I pathway involves the participation of 3s* PSs in electron transfer or hydrogen abstraction reactions, resulting in the generation of ROS such as O2−•, OH•, and H2O2 (Rajendran, 2016). In contrast, the type II pathway entails the direct transfer of 3s* PSs to the ground-state molecular oxygen, subsequently leading to energy transfer and the production of 1O2 (Yu et al., 2022). However, the type II pathway exhibits a high oxygen dependence, which poses challenges to its therapeutic efficacy in hypoxic microenvironments. In contrast, the type I pathway can efficiently generate ROS through electron or hydrogen transfer, even under severely hypoxic conditions. Nevertheless, the reported number of PSs predominantly associated with the type I pathway is limited, and pure type I PSs are relatively rare. The four primary ROS include O2−•, H2O2, 1O2, and OH• (Table 1), along with other ROS such as ozone (O3), alkoxy radical (RO•), alkyl peroxyl radical (ROO•), and hydroperoxide (ROOH•).
TABLE 1 | The summary of four main ROS in generation mechanisms and antibacterial mechanisms during PDT.
[image: Table 1]The antibacterial effects of ROS manifest as oxidative damage, leading to the disruption of antioxidant defense mechanisms within bacterial cells (Tu et al., 2022). ROS can react with DNA, enzymes, proteins, cell membranes, and cell walls, inducing damage and bacterial death (Song et al., 2022). Although ROS exhibit high reactivity, their lifespan is limited, and their concentration in aquatic systems remains low owing to environmental factors and inherent structural characteristics (Chen et al., 2021). With the exception of the relatively stable H2O2, other ROS can only be detected within a submillisecond timeframe. Nonetheless, they play a crucial role in photodynamic antibacterial processes. Thus, it is imperative to investigate the production processes and antibacterial mechanisms of each type of ROS (Figure 2). This section primarily focuses on the four major types of ROS and elucidates their roles in antibacterial processes.
[image: Figure 2]FIGURE 2 | Primary types of ROS, the chemistry of ROS in nature, and the interactions of ROS with materials or biomolecules (Yang et al., 2019).
2.2 Singlet oxygen
The generation of 1O2 occurs through the reaction between the ground-state oxygen and PSs. 1O2 represents the excited form of oxygen obtained through the absorption of energy from the 3s* PSs. It exists in two metastable states: 1Δg and 3Δg. In the 1Δg state, the energy of 1O2 is 22 kilocalories higher than that of the ground state, whereas the energy of the 3Δg state is 37 kilocalories higher than that of the ground state. However, the 3Δg state rapidly deactivates in aqueous solutions, hence the primary excited species responsible for PDT is considered to be the 1Δg state (Di Mascio et al., 2019). The production of 1O2 involves three processes: the adsorption of molecular oxygen on the surface of PSs, single-electron reduction, and electron-loss oxidation (Duan et al., 2022). The oxidation-reduction capacity of photo-generated charge carriers represents the rate-determining step in this process. Ordinary molecular oxygen with two parallel electrons in its outermost orbital exhibits strong spin inhibition, which hinders its oxidation. However, excited 1O2 possesses two parallel electrons with opposite spin characteristics, thereby overcoming the inherent inhibition and displaying heightened reactivity (Di Mascio et al., 2019).
1O2 exhibits significant reactivity towards electron-rich organic molecules, including alkenes, dienes, and polycyclic aromatic compounds (Murotomi et al., 2023). Many biological molecules also contain susceptible sites for interaction with 1O2, such as purine bases in DNA, polyunsaturated fatty acids, cholesterol, and certain amino acids (tryptophan, tyrosine, histidine, methionine, and cysteine) (Borisov et al., 2021). 1O2 functions as a highly reactive form of ROS with pronounced electrophilic properties, enabling the oxidation of unsaturated fatty acids, nucleic acids, proteins, and mitochondrial membranes, ultimately leading to cell death (Younis et al., 2021). However, the efficacy of type II PDT is influenced by oxygen availability. At low oxygen concentrations, the generation of a substantial amount of 1O2 is impeded. This limitation is particularly relevant within the body where oxygen is rapidly consumed during type II PDT, frequently resulting in hypoxia and posing challenges in achieving the desired therapeutic outcomes.
2.3 Hydroxyl radical
OH• represents one of the most reactive ROS with the capability to oxidize a wide range of organic compounds derived from the homolytic cleavage of water (Chatgilialoglu et al., 2021). Initially, the capture of water molecules by the PSs at the active sites leads to the generation of surface hydroxyls, which serve as crucial intermediates in the production of OH•. Subsequently, photo-generated holes in the valence band of the PSs oxidize all the surface hydroxyl groups to OH•. Furthermore, OH• can also be formed through the single-electron reduction of H2O2 or the Haber-Weiss reaction involving H2O2 and O2−•.
OH• has an extremely short lifetime, with an estimated lifespan of only about 4 × 10−5 ms in aqueous solutions. Based on this, the diffusion distance is estimated to be only a few molecules in diameter. However, it is noteworthy that the oxidation potential of the OH•/H2O pair is very high, at around +2.30 V (Chatgilialoglu et al., 2021). Because of its strong oxidizing nature, OH• can rapidly capture electrons from almost any adjacent molecule. The most common reaction mediated by OH• is hydrogen abstraction, leading to the formation of H2O and substrate radicals (R•). For example, OH• can trigger lipid peroxidation by reacting with the pentadiene in unsaturated fatty acids to form ROO• via hydrogen abstraction (Chen et al., 2021). In addition, OH• can rapidly interact with various metal cations via electron-transfer reactions. Owing to its powerful oxidizing properties, the development of OH•-generating PSs has received increasing attention with the ultimate aim of improving the efficacy of PDT.
OH• is one of the most potent oxidants in biological systems. It exerts direct oxidative damage on DNA, leading to immediate “site-specific” damage (Xu et al., 2019). Extensive investigations have elucidated the mechanism underlying DNA damage induced by OH•. Specifically, OH• can oxidize guanine residues, resulting in the formation of 8-oxo-7-hydrodeoxyguanosine, which can be incorporated into the DNA strand and paired with adenine, ultimately causing DNA strand breaks, site-specific mutations, and distortions in the double-helix structure (Fleming and Burrows, 2020). Such localized damage is not limited to DNA, but also extends to other biological molecules, including proteins, giving rise to diverse reaction products. Furthermore, the oxidation of unsaturated fatty acids by OH• leads to the generation of aldehyde compounds such as malondialdehyde, which can damage proteins and DNA (Ding et al., 2000). OH• can also affect the cell surface by oxidizing the structural components of the cell membrane or cell wall. For instance, the reaction between OH• and unsaturated fatty acids present in the cell membrane triggers lipid peroxidation, thereby altering membrane properties (Liu et al., 2022). Additionally, OH• functions as an oxidant by reacting with carbon-carbon double bonds in the cell membrane lipids, resulting in the production of H2O2. This facilitates the entry of soluble metal ions or oxidative molecules into the cell, thereby exacerbating ROS-mediated lipid peroxidation, ultimately leading to cell death (Wang et al., 2020). It is important to note that extracellular OH• encounters challenges in penetrating the cell interior owing to its charged nature.
2.4 Superoxide anion radical
In aqueous solutions, O2−• is primarily generated through a three-step process involving the single-electron reduction of O2. This process occurs at the defect sites on PSs and involves adsorption, dissociation, and reduction (Chisté et al., 2015). O2−• exhibits the characteristics of both free-radical chain reactions and anionic charge interactions. Its highly reactive single electron provides it with a high oxidation potential of +2.2 V, rendering it an effective oxidizing agent (Jie et al., 2022). Owing to its strong affinity for accepting electrons, the quantum yield of O2−• is exceptionally high during the initial stages of the photodynamic reactions.
Previous studies have reported that the lifetime of O2−• in aqueous solutions is approximately 50 ms and this duration can be extended by higher pH and lower concentrations. The diffusion distance of O2−• in aqueous solutions is limited to about 40 μm due to its relatively short lifetime (Teng et al., 2021). O2−• can participate in the Haber-Weiss reaction or Fenton reaction, leading to the generation of OH•, which possesses higher biological activity than O2−•. Consequently, these reactions can be exploited to enhance the effectiveness of O2−•-based PDT. Intracellular superoxide dismutase plays a significant role in catalyzing the dismutation reaction of O2−•, resulting in the production of H2O2 and O2 (Li et al., 2018). The accumulated H2O2 can subsequently convert into OH•, thereby intensifying oxidative damage and improving therapeutic outcomes. Another advantage is the recyclability of O2 in these interconnected biological reactions, which contributes to its anti-hypoxia performance (Zhu et al., 2022). Consequently, exogenous O2−• generators hold promise as compelling avenues for developing novel hypoxic therapeutic strategies.
O2−• serves as the primary oxidant in PDT. It exerts deleterious effects on the cellular components by reacting with proteins, DNA, and lipids, leading to irreversible damage and metabolic disturbances. For instance, the excessive presence of O2−• induces the robust oxidation of thiol groups in glutathione, resulting in the formation of disulfide bonds (Winterbourn, 2016). These disulfide bonds critically impair microbial antioxidant systems, exposing cells to a toxic milieu and causing cellular injury. Moreover, O2−• readily oxidizes enzymes containing iron-sulfur clusters in the dehydrogenase family, leading to inactivation. For instance, in E. coli (Escherichia coli), O2−• reacts with iron-sulfur-containing enzymes, inhibiting essential metabolic processes such as the tricarboxylic acid cycle and amino acid biosynthesis (Imlay, 2019).
However, under neutral conditions, O2−• cannot penetrate the cell membrane because of the repulsion between the charges. However, in acidic environments, the oxidation-reduction potential of protonated O2−• becomes more positive, resulting in its transformation into a hydrophobic and neutral species called HO2•. This altered form of O2−• can traverse the cell membrane and accumulate in the hydrophobic region. Consequently, a lipid peroxidation chain reaction is initiated by HO2•, leading to the inactivation of free radical-dependent enzymes (Li et al., 2022). This cascade of events severely compromises biological functions within an organism and ultimately culminates in cell death.
2.5 Hydrogen peroxide
H2O2 is primarily generated by the reduction of O2 and the oxidation of H2O. Another alternative pathway for H2O2 production involves the dismutation of O2−•, which is common in biological systems. Among all ROS, H2O2 exhibits the greatest stability and can persist in aqueous solutions for approximately 10 h (Li et al., 2022). Because of its thermodynamic stability and extended lifespan, H2O2 serves as the principal agent responsible for maintaining the long-lasting antibacterial activity of PDT) Unlike O2−•, H2O2 is a neutral molecule capable of traversing cell membranes. As a small and diffusible molecule, it can penetrate deep into the cells and interact with various proteins, thereby impeding normal cellular functions and ultimately resulting in cell death. For instance, H2O2 can oxidize iron-sulfur clusters present in dehydrogenases. Additionally, H2O2 can oxidize ferrous ions within mononuclear iron enzymes, affecting critical metabolic pathways, such as the pentose phosphate pathway (Winterbourn, 2013).
Because the oxidation potential of H2O2 is relatively low, it is often converted into other highly active ROS for efficient utilization (Sun et al., 2020). The reaction between H2O2 and the cellular iron pool produces OH•, which directly oxidizes most cellular biomolecules including DNA. OH• triggers a series of oxidative chain reactions, attacks membrane structures, exacerbates lipid peroxidation damage, and allows free radicals to enter the cell (Lennicke and Cocheme, 2021). However, the long-term effectiveness of H2O2 under physiological conditions needs to be explored because of its decomposition by endogenous antioxidant enzymes induced by cellular oxidative stress.
3 THE ANTIBACTERIAL APPLICATION OF NANOMATERIALS IN PDT
Although antibiotics are widely used for the treatment of bacterial infections, their inappropriate usage can result in significant adverse effects, including drug allergies, central nervous system damage, and the emergence of drug-resistant bacterial strains (Pang et al., 2019). PDT has several advantages over traditional antibiotic therapies. PDT is associated with minimal serious adverse effects and does not contribute to the development of drug-resistant bacterial strains. It can be repeated as required, highlighting its versatility and therapeutic potential.
PDT requires three fundamental components: PSs, light, and oxygen. The overall process involves multiple intricate steps, including energy transfer, proton transfer, rearrangement, fluorescence, internal conversion, and intersystem crossing, culminating in the generation of biologically active ROS mentioned above (Lan et al., 2019). The specific properties of the PSs play a pivotal role in determining the type and quantity of ROS produced, thereby directly influencing the antimicrobial efficacy of PDT. Consequently, the careful selection of suitable PSs is of paramount importance. Although various organic small-molecule materials such as porphyrins, synthetic dyes, and natural products have clinical applications, they inherently possess several disadvantages. These drawbacks include poor water solubility, inadequate light stability, uncontrolled drug release, limited selectivity, and low extinction coefficients (Zhou et al., 2021). These shortcomings detrimentally affect ROS production, resulting in diminished efficacy against infections and impeding their widespread clinical use. Therefore, the development of novel PSs capable of overcoming the current limitations is essential for enhancing therapeutic outcomes in combating infections.
To advance the development of PDT in the antibacterial field, the use of nanomaterials as carriers or PSs has been explored (Figure 3). Nanomaterial-based carriers or PSs offer enhanced water solubility and controlled release capabilities, leading to an increased production of ROS (Yang et al., 2019). Notably, nanomaterials can selectively accumulate within infected tissues via enhanced permeability and retention (EPR) effect, thereby facilitating targeted delivery and aggregation at the site of infection. This phenomenon holds significant promise for augmenting therapeutic interventions (Shekhar et al., 2022).
[image: Figure 3]FIGURE 3 | Different types of nanomaterials are used as antibacterial agents during the photoconductive process (Qi et al., 2019).
Although extensive research has been conducted on the application of nanomaterial in cancer treatment, their use in antibacterial therapy remains relatively limited. In pursuit of a non-antibiotic-based approach and expanding the scope of PDT, efforts are underway to develop novel nanomaterials as carriers or agents. This section presents a comprehensive overview of various types of nanomaterial-based carriers or PSs (Table 2) that offer innovative concepts for antibacterial therapy.
TABLE 2 | The comparison of different nanomaterial-based PDT agents.
[image: Table 2]3.1 Carbon-based nanomaterials
Carbon-based nanomaterials have attracted significant attention in the field of biomedicine. These materials are characterized by π-hybridized carbon atoms, which are typically arranged in hexagonal or pentagonal lattices. The extensive aromatic rings formed by the sp2-hybridized carbon atoms impart exceptional light absorption properties to carbon-based nanomaterials (Ma et al., 2022). Owing to their distinctive physical and chemical attributes, researchers have explored their potential applications in PDT, encompassing various carbon-based nanomaterials, such as fullerenes, graphene and its derivatives, and carbon nanotubes.
Fullerenes are carbon molecules that exhibit a soccer-ball structure composed of sp2-hybridized carbon atoms. The extended-conjugation in fullerenes prolongs the lifetime of the triplet excited state (3s*), enabling the generation of a substantial amount of ROS upon light irradiation (Hashikawa et al., 2022). The specific ROS produced by fullerenes vary depending on the solvent used. In polar solvents, fullerenes generate O2−• and OH•, whereas in nonpolar solvents, the primary ROS generated is 1O2. Fullerenes possess several other advantageous features including high photostability, facile functionalization, and the ability to participate in both type I and type II photodynamic reactions. Numerous studies have reported the broad-spectrum antibacterial photodynamic activities of fullerenes and their derivatives (Hou et al., 2022). For instance, a novel C70-based PS was synthesized through a one-step thiol reaction capable of generating a significant amount of ROS via both type I and type II mechanisms, ultimately leading to the disruption of bacterial cell membranes. These fluorescent C70-COOH nanoparticles can inactivate multiple strains, including methicillin-resistant S. aureus (MRSA) (Tan et al., 2022). Furthermore, composite materials based on fullerenes have demonstrated remarkable photodynamic activities. Researchers have developed a porphyrin-fullerene dyad (TCP-C60) polymer film on an indium tin oxide (ITO) electrode that effectively generated 1O2 and O2−•, leading to a significant reduction in the survival rates of both S. aureus (Staphylococcus aureus) and E. coli (E. coli) (Ballatore et al., 2015). Current research efforts are focused on enhancing the water solubility of fullerenes using functionalization strategies. The introduction of other functional groups (COOH•, OH•, and NH2•) into fullerenes improves their solubility in water and enhances their ROS generation capacity. For instance, water-soluble C60(OH)30 fullerene alcohol was synthesized, which exhibited a high O2−• quantum yield of 0.89, thereby demonstrating a remarkable ROS production capacity and therapeutic effects against multidrug-resistant bacteria (Kuo et al., 2020a). Tegos et al. compared the antibacterial activities of six functionalized C60 compounds and observed that cationic fullerene derivatives exhibited broad-spectrum antibacterial activity under visible-light irradiation, surpassing the antibacterial activity of neutral diene-modified fullerenes. Cationic modification of fullerenes increased their positive charge, facilitating their binding to bacteria and enhancing their cellular permeability (Tegos et al., 2005).
Graphene and its derivatives have gained significant interest in the biomedical field because of their unique properties, such as diverse functional groups, large surface area, and excellent dispersion stability, making them promising materials for various biomedical applications (Yang et al., 2022). Specifically, graphene oxide (GO) and reduced graphene oxide (rGO) have emerged as notable graphene-derived nanomaterials that exhibit considerable potential in drug delivery for PDT owing to their distinctive structures and physicochemical characteristics (Xia et al., 2019). For instance, the silver-graphene oxide (Ag-GO) composite nanomaterial was prepared through the in situ reduction of Ag+ on GO nanosheets, followed by encapsulation with type I collagen (Figure 4). In vivo experiments demonstrated that 20 min of 660 nm visible light irradiation resulted in antibacterial ratios of 96.3% and 99.4% against E. coli and S. aureus on the surface of implants, respectively (Xie et al., 2017). In addition, traditional drug-based PSs can be targeted for drug delivery using graphene-based nanomaterials. Indocyanine green (ICG) was successfully loaded onto the GO nanosheets with encapsulation rates as high as 92.31%. Under near-infrared (NIR) irradiation, the antibacterial efficiency of indocyanine green-graphene oxide (ICG-GO) against MRSA reached 99.86%. NIR irradiation facilitated the activation of both the photothermal and photodynamic effects of ICG-GO, leading to optimal ROS production and a great potential for antibacterial therapies (Chen et al., 2022).
[image: Figure 4]FIGURE 4 | The schematical illustration of GO/AgNPs/collagen hybrid coating for photodynamic antibacterial treatment (Xie et al., 2017).
Graphene quantum dots (GQDs), which are graphene nanoparticles smaller than 100 nm, have also gained attention as a novel nanomaterial for biomedical applications due to their favorable biocompatibility, stable photochemical properties, and noticeable quantum confinement effect (Henna and Pramod, 2020). Generally, as the number of carbon atoms per layer or the total number of layers increases, the band gap of GQDs decreases (Chung et al., 2021). A study reported the significant antibacterial activity of GQDs against S. aureus and E. coli, as evidenced by a substantial decrease in bacterial colony count upon co-culture, highlighting the potential of GQDs as antibacterial agents in PDT (Ristic et al., 2014). Functionalization of GQDs, such as nitrogen-doped GQDs (N-GQDs) or amino-functionalized N-GQDs, is a current research direction. Amino-functionalized N-GQDs exhibited notable antibacterial activity in the photodynamic process, with the bonding of amino and nitrogen functional groups playing a crucial role in the antibacterial effect (Kuo et al., 2020). Furthermore, chemically reduced graphene oxide quantum dots (rGOQDs) demonstrated enhanced ROS generation, surpassing the ROS yield of GOQDs under visible light irradiation, including O2−•, H2O2, and 1O2. The lower band gap of rGOQDs facilitated the generation of a higher number of electron-hole pairs, thereby yielding increased ROS production (Zhang et al., 2018). Combining GQDs with other nanomaterials for PDT also holds great potential. Composite nanomaterials consisting of GQDs coupled with silver nanoparticles (Ag NPs) have been employed as an enhanced therapy for tri-modal antibacterial treatment. The incorporation of Ag NPs onto the surface of GQDs significantly enhanced ROS production while enabling photothermal therapy (PTT) through efficient conversion of light energy. After only 10 min of 450 nm laser irradiation, GQD-Ag NPs exhibited effective bactericidal activity against both Gram-negative and Gram-positive bacteria through the combined action of photodynamic ROS and photothermal high temperatures (Yu et al., 2020). Moreover, GQDs loaded with curcumin have also been investigated, showing significant antibacterial effects against P. aeruginosa (Pseudomonas aeruginosa), MRSA, and E. coli under 405 nm blue light irradiation (Mushtaq et al., 2022).
Carbon nanotubes (CNTs) represent a distinct class of carbon-based nanomaterials in which a single layer of graphene is rolled into a cylindrical tube-like nanostructure, exhibiting a high length-to-diameter ratio and large surface area (Negri et al., 2020). CNTs can be categorized as single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs). The remarkable specific surface area of CNTs endows them with exceptional capabilities for PSs immobilization, which is pivotal for drug delivery systems and ROS generation. Sah et al. investigated the photodynamic effects of amine-functionalized porphyrin-conjugated MWCNTs on S. aureus cell membrane damage under visible light irradiation (Sah et al., 2018). In PDT, the generation of highly selective 1O2 is critical owing to its limited lifetime and diffusion distance. To address this, researchers have explored the antibacterial activity of methylene blue-conjugated carbon nanotubes (MBCNTs) against E. coli and S. aureus biofilms using a 670 nm laser. MBCNTs exhibited significant bactericidal effects against both planktonic bacteria of E. coli and S. aureus under laser irradiation. Furthermore, biofilm inhibition and extracellular polymeric substance (EPS) reduction assays revealed that the composite nanomaterials exerted stronger inhibitory effects on both S. aureus and E. coli (Parasuraman et al., 2019). Another approach involves the construction of malachite green-coupled carboxy-functionalized multi-walled carbon nanotubes (MGCNTs) to enhance the PDT effect against P. aeruginosa and S. aureus. Both planktonic bacteria and biofilm experiments have validated the sensitivity of MGCNTs to PDT, suggesting their potential as a simple strategy for designing antibacterial and antibiofilm coatings (Anju et al., 2019).
3.2 Metal nanomaterials
Gold (Au) nanomaterials exhibit diverse properties, such as tunable optical characteristics, high chemical inertness, significant catalytic activity, and excellent biocompatibility (Figure 5) (Zhao et al., 2022). They exist in various forms, including nanoparticles, nanorods, nanoclusters, and nanoshells (Usman et al., 2023). Gold nanomaterials possess strong localized surface plasmon resonance (LSPR) properties that can lead to significant photodynamic effects (Zhou et al., 2021). Among the ROS generated by the photodynamic effect, gold nanomaterials can be directly activated to produce a high concentration of 1O2, making them potential candidates for PDT in the antibacterial field (Younis et al., 2021).
[image: Figure 5]FIGURE 5 | The multiple applications of Au-based nanomaterials in combating drug-resistant bacteria (Zhao et al., 2022).
Raviraj et al. discovered that metal nanoparticles can generate 1O2 through a photodynamic process, making them suitable PSs. They synthesized three metal nanoparticles with different structures: Au, Ag, and Pt. These nanoparticles exhibited strong LSPR bands ranging from 398 to 530 nm. When exposed to light within a specific wavelength range, the LSPR of these metal nanoparticles facilitated energy transfer to molecular oxygen, resulting in ROS generation. Researchers have found that the production of 1O2 was highly dependent on the morphology of metal nanoparticles. The Ag nanocubes and Au triangular slabs produced substantial amounts of 1O2 when irradiated at 885 nm, whereas the Au nanocubes yielded negligible 1O2. Mechanistic studies have revealed that the morphology-dependent ROS generation in these nanomaterials can be attributed to the selective binding of molecular oxygen to specific crystal planes (Vankayala et al., 2011). Furthermore, the yield of 1O2 was significantly influenced by the size of the Au NPs. Larger Au NPs generated more 1O2 than smaller Au NPs within a size range of 50 nm. This phenomenon was attributed to the increased generation of hot electrons by the larger Au NPs compared to the smaller ones. The study also demonstrated that in the presence of Au NPs, the photooxidation rate of 9,10-anthracene di(methylene) dimalonic acid by an 808 nm laser was faster than that of indocyanine green or rose bengal. These findings indicate that the two-photon-induced oxygen generation ability of the Au NPs surpasses that of traditional organic PSs (Chadwick et al., 2016).
Recent research has focused on the synthesis of a novel PS consisting of lysozyme-gold nanoclusters/rose bengal (Lys-Au NCs/RB). The antibacterial activity of Lys-Au NCs/RB was significantly enhanced owing to the synergistic effect of resonance energy transfer (RET) associated with Lys in the Au NCs/RB conjugates, which facilitated enhanced 1O2 generation. Photoexcitation of Lys-Au NCs/RB successfully inhibited the formation of S. mutans biofilms (Okamoto et al., 2021). Similarly, other researchers have developed captopril-encapsulated gold nanoclusters (Au25Capt18) using the alkaline NaBH4 reduction method and incorporated them into carrageenan to achieve a dual-mode antibacterial effect through photothermal therapy (PTT) and PDT. Au25Capt18 exhibited excellent thermal effects and 1O2 generation under near-infrared (NIR) light. In vivo experiments confirmed the potent antibacterial effect of the nanomaterial, which promoted wound healing in the S. aureus-infected model. The Au25Capt18-embedded hydrogel exhibited favorable properties, such as water retention, hemostasis, and air permeability, creating a suitable environment for wound healing (Zheng et al., 2023).
Gold nanomaterials have been extensively investigated as promising candidates for PDT; however, silver ions are challenging to reduce to silver nanomaterials and exhibit poor environmental stability. Consequently, controlling ROS generation using Ag nanomaterials has received less attention. Mechanistic studies demonstrated that most Ag NPs undergo intersystem crossing to the triplet state upon photoexcitation. Subsequent transitions to the triplet excited state significantly prolong the lifetime of the electrons, thereby enhancing the excitation ability of the oxygen molecules (Hakimov et al., 2022). Currently, Ag is primarily used as a carrier or enhancer in PDT.
An antibacterial composite membrane was fabricated by electrospinning to produce nanofibers composed of curcumin and Ag NPs. The antibacterial properties of Ag NPs, combined with their metal-enhancing effect, enhanced the production of 1O2 by curcumin. The curcumin@Ag core/shell fiber membrane exhibited a high antibacterial rate of up to 93.04% against S. aureus (Wang et al., 2022). In addition, Ag NPs can enhance the photodynamic antibacterial activity of metal oxides. Ag/Ag@AgCl nanostructures were synthesized within a hydrogel via ultraviolet (UV) photochemical reduction, followed by the incorporation of zinc oxide (ZnO) nanostructures via NaOH precipitation. Ag/Ag@AgCl nanostructures augmented the photodynamic and antibacterial activities of ZnO. Under visible-light irradiation, this hydrogel system achieved a bactericidal efficiency of 95.95% against E. coli and 98.49% against S. aureus within 20 min, demonstrating remarkable antibacterial efficacy (Mao et al., 2017). The silver-assisted enhancement can also be applied to other nanomaterials. Researchers constructed a composite nanomaterial based on quaternary ammonium salt chitosan (QCS)/silver (Ag)/cobalt phosphide (CoP) for rapid antibacterial induction using NIR. Ag NPs were uniformly deposited on the CoP nanoneedles, with a layer of QCS coating the surface of the CoP nanoneedles. Under NIR irradiation, the high-energy hot electrons generated by Ag were transferred to the interface between Ag and CoP, thereby amplifying the photothermal effect of CoP. Furthermore, owing to the Schottky heterojunction structure, Ag loading enhanced the photodynamic effect of CoP, resulting in a synergistic antibacterial activity. The QCS/Ag/CoP ternary nanocomposite achieved a sterilization rate exceeding 99.6% against S. aureus and E. coli within 10 min of NIR irradiation (Han et al., 2022).
3.3 Metal oxide nanomaterials
Metal oxides exhibit desirable characteristics such as enhanced photostability, high extinction coefficients, excellent quantum yields, and enhanced surface activity, making them widely applicable in the field of biomedicine (Balhaddad et al., 2021). Among the metal oxides, semiconductor materials such as titanium dioxide (TiO2) and zinc oxide (ZnO) have demonstrated the ability to directly generate ROS upon light irradiation (Alavi et al., 2022). The band-edge structure of metal oxides is regarded as a crucial factor in ROS generation (Saied et al., 2022).
The TiO2 NPs exhibit excellent photostability and biocompatibility. When exposed to UV irradiation, TiO2 NPs generate abundant ROS, which possess potent bactericidal effects and can be directly employed as PSs in PDT (Iwatsu et al., 2020). The generation of ROS by TiO2 is attributed to charge separation and surface oxidation-reduction reactions. Because of the high oxidation potential of TiO2, species such as H2O and OH− adsorbed on its surface can be readily oxidized, resulting in the generation of OH•. Furthermore, TiO2 can directly transfer electrons to acceptors such as O2 and H+, leading to the production of O2−• and H2O2. In addition, the production of 1O2 by TiO2 was observed in gated photon-counting experiments under light irradiation. The quantum yield of 1O2 decreased as the particle size exceeded 20 nm, providing insights into the precise control of nanomaterials (Nosaka and Nosaka, 2017).
In a recent study, TiO2 nanorod arrays were successfully fabricated, and their combination with 808 nm NIR light demonstrated simultaneous photothermal conversion and ROS generation capabilities (Figure 6). These TiO2 nanorod arrays effectively eradicated bacterial biofilms and treated biofilm infections in bones through synergistic antibacterial effects, while promoting new bone formation around the implant (Zhang et al., 2021). Synergistic antibacterial effects can also be achieved by using composites of TiO2 and other nanomaterials, resulting in enhanced photodynamic antibacterial effects. Another study has focused on the inhibitory effects of adhesive-containing TiO2 NPs on oral bacterial biofilms. The TiO2/hydroxyapatite (TiO2-HAP) composite material inhibited Streptococcus mutans (S. mutans) biofilm formation on teeth when exposed to dental curing light (385–515 nm) and facilitated the surface remineralization of tooth enamel. Notably, sustained photodynamic activity was observed even after the termination of UV irradiation (Wang et al., 2022). In another study, a TiO2/Ag film was synthesized using atomic layer deposition and reduction methods. In vitro antibacterial experiments demonstrated that, after 5 min of light irradiation, the TiO2/Ag film exhibited antibacterial rates of 98.2% and 98.6% against S. aureus and E. coli, respectively. The formation of Schottky junctions at the interface of TiO2 and Ag reduced the band gap of TiO2 from 3.44 eV to 2.61 eV, facilitating enhanced ROS generation for bacterial eradication (Cai et al., 2022). Furthermore, a recent study has proposed a ligand-to-metal charge transfer (LMCT)-mediated TiO2 photodynamic strategy. Inspired by mussels, researchers have developed mesoporous TiO2@PDA nanoparticles (mTiO2@PDA NPs) using polydopamine (PDA). The tightly bound PDA formed an LMCT bridge with TiO2, enabling 808 nm NIR to activate TiO2 and generate ROS. The mTiO2@PDA NPs demonstrated antibacterial efficacy under NIR irradiation without damaging healthy tissues, making them promising nanomaterials for the treatment of infections and rapid healing of infected wounds (Cheng et al., 2023).
[image: Figure 6]FIGURE 6 | The antibacterial mechanism of the TiO2 nanorod arrays against E. coli and S. aureus (Zhang et al., 2021).
ZnO is a semiconductor metal oxide with unique optical properties that can produce ROS upon UV excitation via electron transfer, thereby exerting antimicrobial effects. Recent studies have highlighted the potential of ZnO NPs loaded resin composites for PDT in the management of dental caries (Zhu et al., 2022). The findings demonstrated that the addition of 20 wt% ZnO NPs had a minimal impact on the shear bond strength and flexural strength of dentin while effectively reducing bacterial populations. Thus, resin-based restorative materials loaded with ZnO NPs have promising applications in dentistry (Comeau et al., 2022). This structure can also influence the properties of nanomaterial-based PSs. Nanoflowers, a novel class of nanomaterials characterized by flower-like structures, have garnered significant attention owing to their high stability, facile synthesis, and high efficiency. In a recent study, ZnO nanoflowers were synthesized using both hydrothermal (ZnO-NF1) and chemical methods (ZnO-NF2). A comparative analysis of the two ZnO nanoflowers revealed their photodynamic efficiencies, antibacterial performances, and microbial cell viabilities. Both ZnO-NF1 and ZnO-NF2 demonstrated remarkable photodynamic antibacterial effects; however, ZnO-NF2 exhibited higher activity across all concentrations, underscoring the significance of a precise synthesis route design for nanomaterials (Eskikaya et al., 2022).
Surface modifications, such as doping with molecules, can significantly enhance the antibacterial efficacy. Cobalt-doped zinc oxide nanoparticles (Co-ZnO) coated with chitosan can overcome multiple drug resistance mechanisms in bacteria by inhibiting efflux pumps and exerting photodynamic effects. Notably, the 10 μg/mL concentration of Co-ZnO achieved complete eradication of MRSA following 15 min of visible light irradiation. Furthermore, cobalt doping enhanced the photodynamic and photothermal activities of Co-ZnO, while chitosan effectively blocked the efflux pump of MRSA, facilitating the effective targeting of drug-resistant bacteria through multiple synergistic mechanisms (Iqbal et al., 2019). In another study, Au@ZnO@SiO2-ICG nanocomposites were investigated for their potential use as antibacterial agents. The metal/semiconductor heterostructure of Au@ZnO exhibited a synergistic effect under UV irradiation, regulating the transfer of interfacial electrons and enhancing ROS generation in PDT. The results indicated that Au@ZnO@SiO2-ICG nanomaterials displayed excellent antibacterial properties against both S. aureus and E. coli (Liu et al., 2022).
3.4 Metal-organic frameworks
Organic-inorganic hybrid materials have emerged as promising PSs in the field of nanomedicine. Among these materials, metal-organic frameworks (MOFs) represent an advanced class characterized by porous crystalline structures formed through the self-assembly of organic and inorganic units via covalent bonds. The unique structural attributes of MOFs, including their large surface area, controllable size, and excellent crystallinity, enable the efficient encapsulation of other molecules with high loading capacity (Yang and Yang, 2020). In contrast to conventional inorganic nanomaterials, MOFs offer the advantage of tunable structural compositions and chemical properties at the molecular level while retaining desirable biocompatibility. Over the past decade, numerous MOFs with diverse metal centers and organic ligands have been synthesized, resulting in the development of numerous distinct MOF structures.
The structural properties of MOFs confer significant value for medical applications. Recently, Fe2O3-modified 2D porphyrin MOF nanosheets were designed and synthesized. The presence of metal-connecting bridging units in the nanosheets led to a reduction in the adsorption energy at the interface and an increase in charge transfer, thereby enhancing the photodynamic activity. Through the synergistic effects of ROS and ion release, nanosheets demonstrated broad-spectrum antibacterial activity against various oral pathogenic bacteria (Li et al., 2021). In another study, a zirconium (IV)–benzodiazole-doped MOF (Se-MOF) was synthesized and characterized. The Se-MOF exhibited regular crystallinity and high porosity. Upon visible light irradiation, Se-MOF efficiently generated 1O2 and exhibited pronounced photodynamic effects. Consequently, the Se-MOF inhibited the proliferation of planktonic bacteria and the formation of bacterial biofilms through its photodynamic activity. This study provided a promising strategy for the development of MOFs as PSs for clinical photodynamic antibacterial applications (Luan et al., 2022).
However, the application of MOF-based PDT often faces challenges, such as limited photon absorption and recombination of photo-generated holes with electrons under visible light. To address these limitations, recent studies have focused on developing multifunctional heterostructures by combining MOFs with other nanomaterials. These hybrid structures retain the inherent characteristics of MOFs, while endowing them with additional functionalities. Researchers have designed MOF-based nanosystem that enhanced PDT efficiency by incorporating Ag NPs into MOFs (Figure 7). The Ag NPs@MOFs exhibited remarkable photodynamic effects and efficient separation of photo-generated carriers. Under visible light irradiation, Ag NPs@MOFs primarily disrupted the bacterial translation and metabolism of purines and pyrimidines. Overall, Ag NPs@MOFs demonstrated excellent synergistic antibacterial efficacy through multiple mechanisms, thereby inhibiting bacterial resistance (Xie et al., 2023). In another study, NH2-MIL-101(Fe)@MoS2/ZnO ternary nanocomposites were prepared using a wet chemical method. MoS2 nanosheets were grown on the MIL-101 scaffold, and ZnO was deposited on the surface. Upon visible-light irradiation for 30 min, the NH2-MIL-101(Fe)@MoS2/ZnO nanocomposites exhibited a clearance rate of 98.6% for E. coli and 90% for S. aureus, demonstrating excellent bactericidal performance against both Gram-negative and Gram-positive bacteria. This enhanced bactericidal activity was attributed to the unique electronic band structure of the composite, which facilitated the separation of photo-generated carriers. The interfacial charge-transfer process promoted the generation of O2−• through oxygen reduction and facilitated the formation of OH• through the dismutation reaction of water (Liu et al., 2022).
[image: Figure 7]FIGURE 7 | The schematic diagram of AgNPs@MOFs nanomaterials combating drug-resistant bacteria through ROS and chemotherapy (Xiu et al., 2022).
3.5 Upconversion nanoparticles
Upconversion nanoparticles (UCNPs) are obtained primarily by doping rare-earth ions into inorganic matrices. The upconversion process involves the conversion of two or more pump photons that are continuously absorbed by the material into high-energy emission photons through radiationless relaxation and transition (Shiby et al., 2022). This process can be attributed to three main mechanisms: excited-state absorption (ESA), energy transfer (ET), and photon avalanche (PA) (Liu, 2015). The unique conversion ability of UCNPs has several advantages, including photostability, the absence of background light interference, and significant penetration depth, thereby rendering them minimally harmful to biological tissues (Sun et al., 2015). To date, UCNPs have exhibited distinctive photochemical properties achieved through size adjustment, lattice modulation, and surface ligand exchange, making them promising materials for therapeutic applications (Figure 8).
[image: Figure 8]FIGURE 8 | The fabrication and characteristics of UCNP-based nanomaterial to treat infection (Li et al., 2021).
In conventional PDT, most PSs can only be activated within the UV or visible light wavelength ranges. However, UCNPs possess the unique ability to sequentially absorb two or more photons under long-wave radiation and convert them into tunable short waves such as UV or visible light emissions. In this context, UCNPs can utilize low-energy NIR radiation as an excitation source that can be converted into the spectrum required for specific PSs. Compared to UV radiation, NIR radiation offers greater penetration depth and causes less tissue damage (Feng et al., 2013). Additionally, UCNPs can be functionalized with PSs or magnetically coated for the targeted treatment of infection sites, thereby enhancing the precision of PDT.
Traditionally, the light absorption of TiO2 has been limited to the UV region, which restricts tissue penetration and may lead to DNA damage or skin cancer. To overcome this limitation, researchers have synthesized core-shell-structured NaYF4:Yb3+,Tm3+@TiO2 nanoparticles (referred to as UCNPs@TiO2). The core of the UCNPs converted NIR light into UV light through upconversion, which further excited TiO2 to generate ROS. Experimental results have demonstrated that UCNPs@TiO2 exhibited excellent antibacterial activity against both planktonic and biofilm states of periodontal pathogens (Qi et al., 2019). In another study, NaYF4:Yb, Tm nanorods were used as the core, TiO2 nanoparticles were used as the shell, and hierarchical UCNPs (UCNPs@TiO2) were synthesized. GO was then doped with UCNPs@TiO2 to obtain UCNPs@TiO2@GO. Subsequently, UCNPs@TiO2@GO were electrospun into a nanocomposite membrane using polyvinylidene fluoride (PVDF). After 5 min of 980 nm NIR irradiation, the membrane exhibited simultaneous production of ROS and temperature elevation, thereby demonstrating the synergistic antibacterial effect of PDT and PTT against both Gram-positive and Gram-negative bacteria (Sun et al., 2019). Moreover, the optical synergy between UCNPs and MOFs can overcome the limitations of each material, ultimately achieving a high drug-loading capacity and broad-spectrum light absorption. Karami et al. (2021) synthesized a composite material by incorporating cetyltrimethylammonium bromide (CTAB)-coated UCNPs into β-NaYF4:Yb/Tm@ZIF-8, which were subsequently transformed into β-NaYF4:Yb/Tm@ZnO nanoparticles via calcination. NIR-activated UCNPs@ZnO exhibited potent bactericidal efficacy against S. aureus and its related mutant forms because of the abundant production of ROS by the newly developed nanoparticles.
4 THE LIMITATIONS OF CURRENT NANOMATERIAL-BASED PSS
Nanomaterials have emerged as promising PSs and carriers for photodynamic field of PDT. Successful implementation of PDT relies on the coordinated interplay of three crucial factors: PSs, light sources, and oxygen molecules. However, despite significant advancements, research on nanomaterials in photodynamic antimicrobial therapy encounters various challenges that impede the widespread application of PDT in infection treatment.
First, the applications of nanomaterials are limited by their inherent properties. For instance, fullerenes exhibit low hydrophilicity, a tendency to aggregate, and limited penetration ability (Wilczewska1 et al., 2012). To address these limitations, surface modifications involving the introduction of anionic or cationic functional groups as well as supramolecular approaches, such as PEGylation and encapsulation, have been explored to enhance water solubility. Concerning TiO2, a major obstacle lies in its preferential absorption of UV radiation in the electromagnetic spectrum (Rehman et al., 2016). Most MOFs exhibit high photodynamic efficiencies primarily under UV irradiation. However, prolonged exposure to UV light can have detrimental effects on the surrounding healthy tissue, leading to serious side effects (Totonchy and Chiu, 2014). Additionally, single-phase MOFs often undergo rapid recombination of photo-generated holes and electrons, resulting in reduced PDT efficiency (Caballero-Mancebo et al., 2019). Collectively, the current challenges faced by nanomaterial-based PDT include limited antimicrobial duration, narrow light absorption range, inefficient separation of photogenerated carriers, high recombination rates, and concerns related to biological safety arising from inherent material properties.
A common challenge encountered with nanomaterials is the formation of a protein corona. Upon exposure to physiological fluids, nanomaterials spontaneously adsorb biomolecules, resulting in the formation of a protein corona, which is a significant hurdle for nanomaterial-based therapeutic systems (Jiang et al., 2022). The protein corona exerts a substantial influence on the physicochemical attributes of nanomaterials, including their size, zeta potential, pharmacokinetic profile, and biodistribution (Kopac, 2021). Consequently, the adsorption of biomolecules onto the surface of nanomaterials is widely regarded as a detrimental phenomenon, primarily because of the propensity of adsorbed biomolecules to engage with the mononuclear phagocytic system (MPS), thereby diminishing the circulation duration of nanomaterials in the bloodstream (Jiang et al., 2022). Furthermore, the formation of a protein corona can have additional adverse consequences such as nanomaterial aggregation and impaired active targeting. Notably, a study by Maryam Maghsudi et al. explored the interaction between silver nanoclusters (Ag NCs) and human blood plasma proteins and revealed alterations in the physical and chemical properties of both proteins and Ag NCs (Maghsudi et al., 2018). Similarly, nanomaterials characterized by exceptionally large surface areas, such as graphene and its derivatives, were also susceptible to protein adsorption, resulting in compromised functionalization (Palmieri et al., 2019).
Photodynamic processes rely on the generation of ROS from oxygen molecules to achieve bactericidal effects. However, excessive ROS levels can induce oxidative stress, prompting bacteria to enter a persistent state. During this process, bacteria modulate their oxidative stress response by activating regulators, such as SoxRS, OxyR, and RpoS (Sen and Imlay, 2021). Moreover, bacteria commonly adhere to both biological and nonbiological surfaces, forming biofilms by maturing and producing extracellular polymeric substances (EPS). Biofilms, characterized by their adhesive properties and robust extracellular polysaccharide matrices, protect bacteria against host immune defenses and environmental stress, thereby impeding the penetration of antimicrobial agents (Roy et al., 2018). Bacteria residing deep within biofilms often exhibit distinct phenotypes compared to their planktonic counterparts, and display heightened resistance. Consequently, the persistence of biofilms or the continuous growth of bacteria within them frequently leads to prolonged infections, treatment failure, and potentially fatal outcomes (Del Pozo, 2018). Therefore, the development of novel antibacterial strategies that can effectively inhibit biofilm formation and impede persistent bacterial growth is of the utmost importance (Dong et al., 2022).
5 THE APPROACHES FOR SOLVING THE CHALLENGES OF NANOMATERIAL-BASED PDT
Over the past few decades, significant progress has been achieved in leveraging nanotechnology to enhance the efficacy of PDT in antimicrobial therapy. However, certain nanomaterials employed in PDT have inherent limitations because of their specific properties. To address these challenges, researchers have developed strategies that present promising avenues for the design and selection of nanomaterials as PSs.
To overcome the inherent limitations associated with nanomaterial properties, targeted surface modifications have been employed to increase ROS production and improve the antimicrobial activity of PDT. The utilization of appropriate nanomaterials with suitable bandgap values for constructing heterojunction structures and synthesizing composite nanomaterials has emerged as an effective approach for enhancing the photodynamic activity of antimicrobial materials. A prominent method involves the decoration of nanomaterials with UCNPs, enabling the regulation of their absorption from the visible/UV to NIR regions, thereby facilitating deeper tissue penetration with reduced biological tissue attenuation (Chen et al., 2018). However, the tunable absorption method based on UCNPs requires further optimization owing to limitations such as limited wavelength selections, low extinction coefficient, and high dependence on laser intensity. Elemental surface doping can also be employed to adjust the inherent crystal and electronic structures of nanomaterials, thereby optimizing their redox abilities. For instance, in the case of metal oxide nanomaterials, the creation of heterojunction structures and the incorporation of noble metals are advantageous strategies for enhancing their activity. Liang et al. successfully prepared the TiO2-ZnO/Au composite nanomaterial with excellent photodynamic hydrogen production performance and achieved an antimicrobial rate of up to 98.2%, in which the p-n heterojunction played a synergistic role in this process (Zhang et al., 2012). Another approach involves the use of near-field enhancement effect to construct composite nanomaterials Researchers employed plasma Au NPs to modify carbon-dot-based nanomaterials, leading to a high production rate of 1O2 under NIR irradiation. Exploring the use of nanomaterials to activate attached PSs may inspire the development of multifunctional PSs. However, this method should be extended to other nanomaterials with careful consideration of the spectral overlap between them (Zhao et al., 2021).
To address the issue of protein corona formation, albumin has been considered as a potential solution. Albumin is an endogenous plasma protein abundantly present in the body that serves essential physiological functions, such as colloid osmotic pressure regulation and transportation of biological compounds (Sleep, 2014). Owing to its numerous binding sites for exogenous ligands, albumin can readily associate with a wide range of biologically active compounds in a relatively non-specific manner (Tiwari et al., 2021). Albumin offers several advantages as a carrier, including biocompatibility, biodegradability, non-toxicity, and non-immunogenicity. It also provides protection to encapsulated drugs or materials against interference in vivo (Rabbani and Ahn, 2019). Human serum albumin (HSA) is a fundamental building block of biomaterials that exhibits minimal cytotoxicity and excellent biocompatibility. HSA has extensive applications as a carrier for nanomaterials both in vitro and in vivo (Figure 9). Peng et al. (2013) demonstrated the successful application of a preformed albumin corona to inhibit plasma protein adsorption and reduce complement activation, leading to prolonged blood circulation time and reduced toxicity of PHBHHx nanoparticles. Moreover, albumin is preferentially taken up by the inflamed tissues, making it a promising candidate for passive targeting via the EPR effect. In cancer research, albumin-based drug delivery systems, such as those combining albumin with paclitaxel, lapatinib, and auristatin, have shown efficacy in tumor suppression. However, only a few studies have investigated albumin as a carrier for photodynamic antibacterial treatments. In 2021, a highly efficient antibacterial agent was synthesized by combining rGO with HSA/polypropylene. This nanomaterial exhibited dual photodynamic effects, generating ROS upon light irradiation and achieving a remarkable antibacterial rate of 96% against antibiotic-resistant bacteria (Amina et al., 2021). In conclusion, the exploitation of albumin as a carrier for photodynamic antibacterial therapy represents a promising avenue for further research.
[image: Figure 9]FIGURE 9 | The binding sites of HSA have multiple applications (Otri et al., 2022).
To address the challenges posed by antibiotic-resistant bacteria, the exploration of novel treatment modalities involving synergistic light-responsive mechanisms has emerged as a promising approach. Relying solely on PDT is constrained by the limited response of oxygen molecules, resulting in relatively weak therapeutic efficacy. However, combining PDT with other modalities can yield unforeseen advantages (Khan et al., 2022). One such modality is PTT, a non-invasive treatment method that utilizes specific light wavelengths to excite materials and converts them into thermal energy capable of inducing bacterial cell death through thermal ablation (Chen et al., 2020). PTT offers characteristics such as high selectivity, non-toxicity, and ease of operation (Nie et al., 2022). Nonetheless, the use of PTT alone can pose a risk of overheating damage to normal tissue, necessitating the exploration of combined PDT-PTT approaches to mitigate such effects. Moreover, mild heat therapy employed in conjunction with PDT can augment the permeability of bacterial membranes, facilitating the cellular uptake of ROS and consequently enhancing the overall treatment efficacy (Maleki et al., 2021). For instance, Ye et al. developed a synergistic antibacterial strategy by co-modifying chitosan (CS) and bovine serum albumin (BSA) on copper sulfide nanoparticles (CuS NPs), which were further combined with rGO and immobilized on a polydopamine-modified substrate to create the CuS@BSA/rGO-PDA nanocoating. This nanocoating exhibited outstanding antibacterial properties under NIR irradiation, which were achieved through a combination of thermal energy and 1O2 production. Notably, this system demonstrated the integration of antibacterial and bone regeneration capabilities for the treatment of infected implants (Zhang et al., 2021).
Another synergistic treatment utilizes nitric oxide (NO). To overcome the limitations of ROS in PDT as a stand-alone antibacterial treatment, synergistic approaches involving NO have attracted considerable interest. NO has been extensively investigated for its antibacterial properties owing to its extended half-life and large diffusion radius, which provides a broader bactericidal range than ROS (Massoumi et al., 2022). In this context, researchers have developed multifunctional nanoplatforms that combined PDT with NO (Yuan et al., 2020). The platform was based on UCNPs with dual-emission characteristics and coated with mesoporous silica to encapsulate PSs with aggregation-induced emission (AIE) properties. Under 808 nm light irradiation, the UCNPs generated both UV and visible light emissions, triggering the release of NO and ROS. The O2−• generated by PDT reacted with NO to form a potent oxidizing and nitrifying agent, peroxynitrite (ONOO-). ONOO- was the key to the specific synergistic treatment, which led to bacteria killing and biofilm elimination with high efficiency. Experimental data demonstrated that the synergistic interplay between O2−•, NO, and ONOO- significantly enhanced the antibacterial efficacy (Zhang et al., 2022).
6 CONCLUSION
In recent years, significant advancements have been made in the field of antibacterial PDT through the development of nanomaterials (Sun et al., 2021; Jin et al., 2022; Wu et al., 2022). Nanomaterial-based PDT offer several advantages over traditional organic materials, including higher ROS quantum yields and broader application prospects (Jia et al., 2019). These novel PSs have tremendous potential for achieving remarkable photodynamic antibacterial efficacy. To enhance selectivity, mitigate cellular toxicity, and improve the antibacterial targeting capabilities, it is crucial to develop nanomaterial-based PSs or carriers with multifunctional characteristics. Furthermore, comprehensive nanotoxicological studies of these nanomaterials are of paramount importance. Such studies should consider various parameters, including surface chemical properties, size, zeta potential, biological distribution, and biodegradability, to assess long-term safety implications. With rapid advancements in nanotechnology, it is anticipated that new generations of nanomaterials with multifunctional properties will be developed in the near future, leading to breakthroughs in combating multidrug-resistant bacteria.
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