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Abstract

In recent years, due to the commonality of bacterial infections and the emergence of antimicrobial resistance, non-invasive photothermal therapy (PTT) has been increasingly recognized as an effective antibacterial strategy with distinct advantages. Hollow-structured photothermal nanoplatforms are capable of not only enhancing photothermal performance but also serving as multifunctional antibacterial systems through cavity-enabled drug loading and diverse functional components, thus integrating multiple therapeutic modalities in a single platform and exhibiting substantial potential in antibacterial applications. In this review, the design and synthesis strategies of hollow-structured antibacterial materials are summarized, with a particular focus on their photothermal enhancement mechanisms and structure-property relationships. Additionally, the latest advances in hollow-structured photothermal therapy are discussed from the perspectives of diverse synergistic strategies and application scenarios. Finally, the current challenges and future perspectives are highlighted, where intelligent design and large-scale fabrication are expected to pave the way for antibacterial synergistic therapy of hollow structures.
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INTRODUCTION
Bacterial infections are common in daily life, ranging from minor abrasions to surgical incisions. Bacterial infections lead to delayed wound healing and even pose life-threatening risks, thereby recognized as a major global public health challenge that urgently requires an effective solution [1,2]. Although antibiotics have been the most effective treatment for bacterial infections for decades, their overuse has led to the emergence of serious challenges such as antimicrobial resistance (AMR) [3]. More critically, bacteria are prone to adhere to biotic or abiotic surfaces and subsequently form structured, three-dimensional communities enveloped by extracellular macromolecules—known as biofilms [4]. Biofilm formation impedes antibiotic penetration and exhibits high levels of drug resistance, phagocytosis evasion, and adhesion capability [5–7]. Furthermore, systemic side effects, such as intestinal dysbiosis and toxicity [8,9], can be readily induced by excessive antibiotic use. Consequently, the development of safe and effective novel antibacterial strategies for treating bacterial infections is urgently required [10].
In response to challenges such as AMR, a series of non‑antibiotic‑based antibacterial approaches have been developed, such as bacteriophages [11,12], phototherapy [13–15] and antimicrobial peptides [16,17]. Among these, photothermal therapy (PTT) has emerged as a particularly promising antibacterial modality and has attracted considerable attention. PTT is based on photothermal agents (PTAs), which convert light energy into heat under irradiation at specific wavelengths, resulting in a localized temperature increase capable of damaging bacterial cell membranes, killing bacteria, and disrupting the biofilm matrix [18]. The therapeutic temperature can be precisely regulated by adjusting the irradiation time and power, enabling spatiotemporally controllable treatment at designated sites. Moreover, the bactericidal effect of PTT is based on a physical thermal mechanism, which minimizes the risk of inducing bacterial resistance, indicating non-invasive, safe, and highly efficient therapeutic advantages. Nevertheless, monotherapy based on PTT is subject to inherent limitations. First, the therapeutic efficacy of PTT is highly temperature-dependent: insufficient heating may result in inadequate antibacterial effects, whereas excessive temperatures (>60 °C) can cause damage to surrounding healthy tissues. In practice, real-time and precise monitoring and control of local temperature during treatment remain technically challenging. Second, due to the physical barrier and thermal insulation effect of the extracellular polymeric substance (EPS) matrix in biofilms, single PTT exhibits limited efficacy in biofilm eradication. Third, the application of PTAs in deep‑tissue infections is restricted by limited light penetration depth. As a result, photothermal-synergistic therapeutic strategies have become a research focus [19–21]. By integrating PTT with complementary modalities such as photodynamic therapy (PDT), gas therapy and chemodynamic therapy (CDT), the limitations of standalone PTT can be overcome, thereby achieving enhanced and complementary therapeutic effects.
The rapid advancement of nanotechnology has provided new opportunities for the application of nanomaterials in the treatment of bacterial infection [22]. Among them, hollow-structured nanomaterials are recognized as one of the current research hotspots in antibacterial applications. Featuring an internal cavity, hollow structures enable the high-capacity loading of antibacterial agents [23,24], including antibiotics and metal ions. In addition, hollow structures can be rationally engineered to possess photothermal conversion capability or enzyme-mimetic activity, enabling synergistic antibacterial effects between the material itself and the loaded drugs [25,26]. Furthermore, surface functionalization of hollow structures facilitates bacterial targeting and stimuli-responsive drug release [27,28]. Therefore, hollow-structured materials hold great promise as multifunctional antibacterial platforms. Hollow-structured photothermal platforms are also particularly attractive for biofilm-associated infections. The difficulty in treating biofilms primarily stems from the physical barrier of the EPS matrix, the negatively charged surface of biofilms, and the complex microenvironment. These factors collectively limit the penetration, accumulation, and efficacy of drugs, reactive oxygen species (ROS), etc. Hollow-structured photothermal platforms offer unique advantages in addressing these challenges in biofilm infections. On the one hand, the photothermal effect can loosen the EPS, reduce biofilm adhesion, and increase bacterial membrane permeability. On the other hand, strategies enabled by the hollow structure, such as charge reversal, cationic modification, enzyme-responsive gating, and pH-responsive release, enable targeted bacterial membrane interaction, enhanced local adhesion, and deep delivery capabilities. Therefore, the therapeutic value of hollow-structured photothermal platforms lies not only in photothermal ablation itself but also in their comprehensive ability to overcome biofilm-associated barriers.
In this review, we systematically summarize recent advances in hollow-structured photothermal antibacterial nanoplatforms by integrating materials design strategies, synergistic antibacterial strategies and applications in disease therapy. We first outline the design and synthesis strategies of hollow-structured photothermal antibacterial materials, highlighting hollow-architecture-enabled photothermal enhancement mechanisms, structure-property relationships, and versatile synthesis routes. Next, diverse photothermal-synergistic antibacterial strategies enabled by hollow nanoplatforms are discussed, including combinations with PDT, CDT, drug therapy, and gas therapy, together with their applications and mechanisms of enhanced efficacy in combination with PTT. Furthermore, advances in the application of hollow-structured nanoplatforms, ranging from superficial wound infections to deep-seated infections, are reviewed, demonstrating the feasibility and considerable potential of photothermal-synergistic treatment for complex infectious scenarios. Finally, the remaining challenges related to scalable fabrication, clinical translation, and biosafety concerns are addressed, and further perspectives are proposed (Figure 1).	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Schematic illustration of photothermal synergistic therapy strategies based on hollow structures for multiple infection scenarios. Four layers of construction in hollow structure are shown from the core outward: classification of hollow architectures, key advantages of hollow structures as photothermal antibacterial platforms, combinatorial strategies integrating photothermal therapy with other therapeutic modalities, and applications of hollow-structured photothermal antibacterial platforms across diverse treatment scenarios.




DESIGN AND SYNTHESIS STRATEGIES OF HOLLOW-STRUCUTRED PHOTOTHERMAL ANTIBACTERIAL MATERIALS
Hollow structures, characterized by their large internal cavities, high specific surface area, and tunable shells, exhibit tremendous potential in the field of photothermal antibacterial therapy. To achieve specific functionalities such as efficient photothermal conversion and sequential drug release, the design of component selection, structural architecture, and surface functionalization is paramount. This chapter mainly illustrates design and synthesis strategies of hollow-structured photothermal antibacterial materials. The chapter first outlines the fundamental principles of photothermal antibacterial therapy. Then, the photothermal performance enhancement mechanisms of hollow structures are critically analyzed from four aspects, i.e., enhanced light harvesting, enhanced localized surface plasmon resonance effect, reduced charge recombination, and large specific surface area, underscoring the distinctive advantages of hollow structures as photothermal nanoplatforms. The structural classification, functional customization strategies, and synthesis approaches of hollow-structured photothermal antibacterial materials are subsequently categorized, establishing the material and theoretical basis for the rational design of multifunctional photothermal synergistic antibacterial platforms.
Photothermal antibacterial mechanisms
When exposed to temperatures above approximately 45 °C, the viability of most bacteria is significantly compromised. As illustrated in Figure 2a [29], depending on the type of PTAs, different photothermal conversion mechanisms are involved, including localized surface plasmon resonance (LSPR) in metals, photoinduced electron-hole generation and relaxation processes in semiconductors, as well as the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) excitation and lattice vibrations in molecular systems [30,31]. Through these mechanisms, PTAs efficiently absorb incident light at specific wavelengths and convert it into thermal energy. Part of this heat can be transferred to nearby bacteria, leading to the denaturation of bacterial proteins, disruption of the biomembrane, and ultimately inducing bacterial death. By modulating the composition, structure, morphology, and size of PTAs, together with the wavelength and intensity of incident light, the photothermal antibacterial efficiency can be precisely regulated.	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 (a) Different mechanisms of photothermal effect. Reproduced with permission from Ref. [29]. Copyright©2021, Elsevier Inc. (b) The optical path within different types of ZnO PDs and corresponding schematic drawings for the multiple reflection of light within ZnO nanoshell- and film-based devices. Reproduced with permission from Ref. [35]. Copyright©2018, WILEY-VCH. (c) Engineering the internal structure of hollow nanostructures for enhanced plasmonic properties. Reproduced with permission from Ref. [41]. Copyright©2024, American Chemical Society. (d) Several mechanisms of hollow multishelled structures reacted with photons: (i) Photons induce collective excitation of phonons and/or electrons, generating heat energy; (ii) photons are upconverted or down-converted to higher or lower energy, exhibiting photoluminescence; (iii) photons generate photo-induced carriers, and electrons travel through an external circuit, forming an electric current and producing electrical energy; (iv) photons excite electrons and holes, which participate in redox reactions, storing chemical energy. Reproduced with permission from Ref. [43]. Copyright©2019, Science China Press.




Mechanisms for enhanced photothermal performance in hollow structures
Compared with solid structure materials, hollow structures exhibit enhanced photothermal conversion performance. It achieves efficient conversion of light energy to heat energy through the synergistic effects of multiple physicochemical mechanisms, including enhanced light-harvesting capability, localized surface plasmon resonance effect and non-radiative relaxation. Furthermore, the high specific surface area associated with hollow structures can also indirectly promote energy dissipation and local heat accumulation by enhancing light scattering and defect state density. However, their effects are more manifested as a synergistic amplification of mechanisms above rather than an independent path for photothermal enhancement.
Enhanced light-harvesting capability
The first step in photothermal conversion is the capture of light. Common strategies to promote light harvesting involve broadening the light absorption range, minimizing light loss upon light transmission, and increasing the optical path length within the material [32]. Hollow structures, particularly hollow multishelled structures (HoMS), have been demonstrated to improve light harvesting predominantly through enhanced light scattering [33]. As light passes through the outer thin shell, multiple scattering events are induced within the internal cavity or between multiple shells, thereby prolonging the optical path within the materials and enhancing light harvesting capability. The extent of light scattering can be further regulated by tailoring structural parameters of hollow multishelled structures, such as the number of shells and the inter-shell spacing. For instance, Dong et al. [34] utilized carbonaceous microspheres as sacrificial templates to prepare hollow ZnO microspheres with tunable shell numbers and inter-shell distances through a simple programmable heating process. Ultraviolet-visible (UV-vis) diffuse reflectance spectroscopy demonstrated that an increased number of shells resulted in enhanced light scattering, and that structures with closely spaced double shells exhibited stronger light scattering than those with larger shell spacing. Furthermore, Lien et al. [35] synthesized ZnO HoMS and investigated the influence of different structures on the light scattering ability. As shown in Figure 2b, the optical path within ZnO HoMS was longer than that of ZnO films. This indicates that HoMS can significantly enhance the material’s light capture ability through the scattering effect of light, providing more opportunities for achieving effective light conversion.
Enhanced localized surface plasmon resonance effects
Under light irradiation, photothermal nanoparticles composed of noble metals such as gold and platinum, as well as certain transition metals, are capable of absorbing incident light and generating heat through localized LSPR [36,37]. In this process, the electric field of the incident light interacts with the nanoparticles, exciting the movement of charge carriers within the nanostructure. This energy is subsequently converted into thermal energy, resulting in heat release [38–40].
In some of the metal-based hollow structures, the inner and outer metal surfaces can form a nanoscale plasmonic cavity resonator. The optical resonance established within this nanocavity enables light to be trapped in the active region, thereby enhancing light absorption and effectively improving photothermal conversion performance [35]. In addition to the external surface, hollow nanostructures possess internal surfaces, and modulation of the inner surface plays a critical role in enhancing plasmonic effects. Shao et al. [41] systematically investigated the influence of key internal structural parameters of hollow nanostructures on their plasmonic performance (Figure 2c). The results demonstrate that precise control over the morphology of the internal cavity, the elemental composition of the shell, the shell thickness, and the inner-shell architecture enables hollow structures to exhibit higher extinction intensities and a broader tunable range of plasmonic resonance peaks, thereby contributing to enhanced photothermal performance. Moreover, multiple light-scattering events within the hollow structures further amplify the LSPR effect, leading to enhanced photothermal conversion capability.
For hollow structures formed from wide-bandgap semiconductor materials, the incorporation of metal particles, such as gold, silver, or platinum, can be utilized to extend the light absorption range into the visible region through the LSPR effect [42], thereby promoting light absorption.
Enhanced non-radiative relaxation
When light irradiates materials, various physical effects can be induced as a result of the electromagnetic oscillations of the incident wave or inelastic photon, such as the photoelectric effect and the photothermal effect (Figure 2d) [43]. In photothermal conversion, photoexcited electrons do not re-emit energy as light; instead, they transfer energy to lattice vibrations through electron-phonon coupling, thereby generating heat. Hollow structures possess a higher defect density and unique inner and outer surfaces, which facilitate the rapid localization of absorbed optical energy within a confined volume. This enhances electron-phonon coupling and promotes non-radiative relaxation processes, thereby efficiently converting light energy into heat while minimizing energy loss through radiative recombination. Furthermore, constructing heterojunctions within hollow structures can intensify energy dissipation and phonon scattering at the interfaces. This directs energy more effectively into lattice vibrations rather than toward generating separated charges or fluorescence, consequently improving photothermal conversion efficiency [44].
Design of hollow-structured photothermal antibacterial materials
Classification of hollow structures
Based on the number of cores and shells, hollow-structured photothermal antibacterial materials can be classified into three main categories: single-shelled hollow structures, core-shell hollow structures, and HoMS (Figure 3).	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Classification of hollow structures, including single-shelled hollow structures, core-shell hollow structures and HoMS.




(1) Single-shelled hollow structures. Single-shelled hollow structures are characterized by a single, continuous internal cavity enclosed by an intact shell. Owing to their structural simplicity, high drug-loading capacity, facile surface functionalization, and well-established synthetic routes, single-shelled hollow structures have been extensively explored in biomedical applications. Single-shelled hollow structures are often further engineered or doped to achieve enhanced photothermal antibacterial performance. For instance, He et al. [45] developed a manganese-ion-doped Prussian blue hollow structure for photothermal antibacterial applications. By modulating the component ratios of the material, a synergistic balance between optimized photothermal antibacterial activity and controlled thermal damage was achieved, enabling effective bacterial elimination. In addition to exploiting the intrinsic photothermal properties of the material itself, hollow structures can further enhance photothermal performance by utilizing their internal cavities to load large amounts of small-molecule PTAs. For instance, Wu et al. [25] fabricated a hollow virus-spike-like MnOx nanozyme loaded with indocyanine green (ICG). The surface spike structure enhanced bacterial capture capability, while the photothermal effect conferred by ICG disrupted the bacterial biofilms, thereby realizing photothermal-enhanced catalytic therapy for bacterial infection.
(2) Core-shell hollow structures. In contrast to single-shelled hollow structures, core-shell hollow structures refer to a class of hollow structures in which a shell encloses an internal cavity, while a void space is present between the core and the shell. Yolk-shell structures are a specific type of core-shell hollow structure, resembling a “yolk” (core) surrounded by an “eggshell” (shell), without direct contact between the core and the shell. This unique configuration enables the photothermal “yolk” to act as a localized heat center, promoting heat accumulation and reducing thermal dissipation during irradiation. Meanwhile, the surrounding shell and internal void jointly enhance light scattering and thermal confinement, thereby improving photothermal conversion efficiency and sustaining elevated local temperatures at the target site.
Core-shell hollow structures have demonstrated excellent performance in antibacterial applications. For example, Yu et al. [46] employed corrole photosensitizers and chitosan as building units and induced the self-assembly of corrole molecules into core-shell photothermal nanoparticles via chitosan templating, driven by hydrogen bonding and π-π stacking interactions, for the treatment of bacterial infections. The corrole photosensitizer was highly aggregated within the core-shell structure, effectively suppressing fluorescence emission and conferring enhanced photothermal properties. Meanwhile, protonated chitosan exhibited a high positive surface charge, enabling the capture of negatively charged bacteria through electrostatic interactions and exerting its intrinsic antibacterial activity. As a result, synergistic antibacterial therapy combining photothermal effects and inherent antibacterial activity was achieved. In another study, Xiong et al. [47] synthesized α-Fe2O3@Au/Polydopamine (PDA) core-shell nanoparticles via a one-step in situ oxidation-redox polymerization method. By varying the concentrations of HAuCl4 and the dopamine precursor, the thickness and composition of the Au/PDA composite shell can be precisely controlled. The α-Fe2O3@Au/PDA core-shell nanoparticles exhibit superior photothermal bactericidal efficacy against both Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) at low concentrations.
(3) Hollow multishelled structure (HoMS). HoMS are characterized by two or more concentric shells, and their functionality can be finely tuned by adjusting parameters such as the number of shells and the inter-shell spacing. HoMS contains multiple hollow cavities, offering significantly larger specific surface area, pore volume [48] and higher drug loading capacity [49]. Furthermore, the hierarchical light scattering facilitated by the multiple shells enhances light-harvesting capability [50]. HoMS exhibits improved photothermal conversion efficiency and has potential for PTT. For example, Shi et al. [51] successfully synthesized triple-shelled hollow mesoporous organosilica nanospheres loaded with copper sulfide. The resulting nanospheres demonstrated high photothermal conversion efficiency and excellent photothermal stability, showing promising prospects for PTT.
Functional customization strategies
Hollow structures for enhancing photothermal performance. Building on the photothermal enhancement mechanisms discussed above, this section focuses on how structural parameters of hollow architectures can be rationally engineered to further optimize photothermal conversion efficiency. During the fabrication of hollow structures via template-assisted or self-templating strategies, key structural parameters including shell number, cavity size, and shell thickness can be precisely regulated by adjusting precursor concentration, template removal rate, and reaction time. An increased number of shells generally leads to a larger specific surface area and higher drug-loading capacity, while the associated multilevel light-scattering effects further enhance light-harvesting capability, thereby improving photothermal conversion efficiency [48]. Figure 4a [52] showed the light scattering for single-shell and double-shell structures, indicating that an increase in the number of shell layers can enhance the light scattering and further improve the light capture capacity.	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 (a) Schematic diagram of light scattering for single-shell and double-shell hollow structures. Reproduced with permission from Ref. [52]. Copyright©2014, American Chemical Society. (b) Schematic diagram of the preparation and application of PDA-modified MnO2 NPs microneedle patch. Reproduced with permission from Ref. [68]. Copyright©2024, Wiley‐VCH. (c) The application of the thermosensitive hydrogel-based composite dressing PHF in the S. aureus-infected burn wound model for enhanced NIR-II PTT-CDT synergistic anti-infective therapy. Reproduced with permission from Ref. [73]. Copyright©2023, Elsevier B.V. (d) The chemical structure of the FeTGNPs and the antibacterial application of FeTGNPs. Reproduced with permission from Ref. [74]. Copyright©2021, Elsevier B.V.




Compared to solid structures under identical conditions, hollow structures exhibit superior photothermal performance. Liu et al. [53] systematically investigated and compared the optical properties and photothermal conversion efficiencies of four plasmonic materials (Ag, Au, Cu, and TiN) in both hollow and solid architectures. The results demonstrated that hollow gold nanorods achieved significantly higher photothermal conversion efficiency, indicating that the hollow structure enhances photothermal performance by promoting both localized and propagating surface plasmon resonances.
(2) Component selection for enhancing photothermal conversion efficiency. Hollow-structured materials with photothermal properties can be classified by their material properties into metal‑based materials, semiconductors, carbon-based materials, and organic polymers, each exhibiting unique physicochemical characteristics and photothermal conversion capabilities. Metal-base materials refer to a class of PTAs that rely on the plasmonic resonance effect, primarily including metals and their oxides or sulfides, such as Au [18] and Ag [54]. Photothermal conversion in semiconductors is mainly governed by the plasmonic resonance effect, as observed in metals and their sulfides, such as CuS [55], MoS2 [56]. In carbon-base materials, photothermal conversion arises from the excitation of loosely bound π-electrons followed by their relaxation to the ground state. Representative examples include carbon quantum dots [57,58], graphene [59,60], and carbon nanotubes [61,62]. Similar to carbonsesrials, photot, the absorption of organic polymers in the visible and near‑infrared regions originates from the non‑radiative relaxation of their abundant delocalized π‑electrons, including polydopamine [63] and indocyanine green [64].
For hollow‑structured photothermal systems, components from the same or different categories can be selected and combined to achieve specific functionalities. For instance, doping heteroatoms into semiconductors or constructing heterojunctions can modulate the band structure and optimize photothermal conversion efficiency. Yu et al. [65] prepared hollow CuS nanoparticles composed of carbon‑dot composites, where the hybridization of CuS with carbon dots enhanced the photothermal conversion efficiency. Chen et al. [50] synthesized a hollow multishelled structure consisting of carbon and amorphous Ta2O5. The incorporation of carbon atoms provided abundant impurity energy levels, enabling broad light absorption. Deng et al. [66] designed a hollow CuS@Cu2S@Au satellite nanoparticle. This metal-semiconductor hybrid hetero‑nanostructure not only exhibited properties from its individual components but also demonstrated new synergistic photothermal enhancement arising from the interaction between noble-metal plasmonic effects and the semiconductor.
Moreover, introducing functional units with nanozyme activity into the cavity or on the surface of hollow-structured photothermal materials can enhance photothermal antibacterial performance through a synergistic effect. For example, the introduction of enzyme-mimetic components, such as CuO or MnO2, into hollow structures enables CDT functionality [67]. For instance, Chen et al. [68] prepared a hollow structure of PDA-coated MnO2 via in situ oxidative polymerization and loaded it into the tip layer of microneedles, fabricating a composite double-layer hydrogel microneedle, as shown in Figure 4b. This hydrogel microneedle exhibits remarkable photothermal performance and the introduced MnO2 activates the enzymatic activities of superoxide dismutase (SOD) and catalase (CAT), forming an efficient cascade enzymatic reaction system. This system effectively eliminates ROS generated during PTT, thereby protecting healing tissues from oxidative damage while enabling photothermal antibacterial effects, ultimately promoting wound healing. Moreover, Zhang et al. [69] synthesized hollow semimetallic PtTe2 nanorods that exhibited photothermal-responsive antibacterial activity in combination with enzyme-like catalytic behavior, catalyzing endogenous hydrogen peroxide (H2O2) into oxygen (O2) and hydroxyl radicals (•OH). Through CDT, the photothermal antibacterial effect was further amplified. In another study, Xu et al. [70] prepared copper-ion-doped hollow mesoporous polydopamine. Upon copper incorporation, both the photothermal performance and glutathione depletion capability of the hollow mesoporous polydopamine were significantly enhanced, while Fenton-like catalytic activity was simultaneously introduced.
(3) Surface modification for targeted recognition. Targeted recognition can be achieved through surface modification of hollow structures. For example, modifying the surface with agents such as folic acid, antibodies, or peptides enables hollow structures to recognize and target bacteria. For instance, Kong et al. [71] prepared BiO1−xI core-shell nanoparticles coated with glycol chitosan and polydopamine, which targeted bacteria at the acidic microenvironment of infected wounds, performing PTT effects. Ye et al. [72] developed a hollow mesoporous nanoprobe loaded with indocyanine green to impart photothermal conversion capability. Surface conjugation with H2N-c(RGDfK)-OH (RGD) ensured precise targeting, rendering the nanoprobe suitable for near-infrared II fluorescence image-guided surgery and photothermal therapy. In another study, Wang et al. [73] synthesized hollow copper-molybdenum sulfide nanostructures and endowed them with bacterial-targeting ability through modification with a polyethyleneimine-vancomycin conjugate (PV@HCMS) via amide bonding. This functionalization significantly enhanced the synergistic therapeutic efficacy of PTT and CDT. As shown in Figure 4c, a composite dressing composed of the PV@HCMS and a thermosensitive hydrogel poloxamer F127 was further prepared to promote the healing of burn wounds infected with S. aureus. The results of the in vivo experiments show that this composite hydrogel can effectively inhibit bacteria, promote epithelial regeneration, anti-inflammatory response, collagen deposition and accelerate the healing of burn wounds.
Cavity loading for synergistic antibacterial therapy. The internal cavity of hollow structures can be loaded with various substances, such as antibiotics, photosensitizers, gas precursors, or immune adjuvants, to achieve synergistic treatment effects. Zhang et al. [74] synthesized nanoparticles with a core-shell structure (Figure 4d). The inner core consisted of antibiotics bound with tannic acid, while the outer shell was a photothermal nanoparticle formed by iron ions complexed with tannic acid. The excellent photothermal properties of the outer shell were utilized for photothermal antibacterial effects, and the sustained release of antibiotics from the core enhanced the killing effect on bacteria, achieving synergistic antibacterial effects through PTT and drug therapy. In another example, Xing et al. [75] synthesized hollow mesoporous Prussian blue nanoparticles loaded with a photosensitizer (chlorin ester) and integrated them with a hydrogel matrix. This system enabled synergistic antibacterial therapy by combining PTT and PDT.
Synthesis strategies of hollow-structured photothermal antibacterial materials
Hard-template method
The hard-template method is one of the most commonly used approaches for preparing hollow structures. In this strategy, precursors are deposited onto preformed templates, which are subsequently removed through physical or chemical treatments to yield hollow products. The structure and morphology of the product can be controlled by selecting appropriate templates and regulating the template removal process. The synthesis of hollow structures through hard-template method primarily involves four step [76]: (i) preparation of the desired hard template, (ii) surface modification of the hard template to introduce specific functional groups, (iii) deposition of precursors onto the hard template, and (iv) removal of the hard template through chemical etching, calcination, or other methods to obtain the hollow structures. Commonly used templates in the hard-template method include silica, metal particles, inorganic salts, and biomass, and the technique is relatively mature. Zhang et al. [77] synthesized highly crystalline TiO2 hollow spheres composed of nanocrystals via the hard-template method. Carbon spheres were selected as templates, which were removed by calcination in air. Combined with an appropriate deposition method, high-quality TiO2 hollow spheres with polycrystalline shells and excellent robustness were successfully prepared. Based on the hard-template method, Hwang et al. [78] fabricated TiO2 HoMS, in which multilayered SiO2 domains served as sacrificial rigid templates and were selectively removed by alkaline etching after TiO2 crystallization, as illustrated in Figure 5a.	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 (a) Schematic illustration of synthesis of TiO2 TSHSs via hard-template method. Reproduced with permission from Ref. [78]. Copyright©2014, WILEY-VCH. (b) Illustration of the formation of HoMSs through STA. Reproduced with permission from Ref. [80]. Copyright©2018, WILEY-VCH. (c) Schematic illustration of the formation of different Cu2O hollow structures in the presence of a CTAB template: (i) micelle; (ii) single-lamellar vesicle; (iii) multilamellar vesicle. Reproduced with permission from Ref. [84]. Copyright©2007, WILEY-VCH. (d) Schematic illustration of the synthesis procedure for CoSn(OH)6 hollow nanoboxes via self-template method. Reproduced with permission from Ref. [90]. Copyright©2013, Springer Nature.




In 2009, Wang’s group [79] proposed a method for preparing HoMS, known as the sequential templating approach (STA). This method involves a template that plays the role of multiple and sequential templating during its removal. Precursors attached to the template gradually aggregate, solidify, and crystallize, thereby progressively forming multiple robust shells (Figure 5b) [80]. Wei et al. [81] directly dissolved titanium tetrachloride and cerium nitrate hexahydrate in acetone to generate titanium and cerium precursors with different particle sizes, which were subsequently converted into HoMS featuring an inner CeO2 shell and an outer TiO2 shell via the sequential templating method. Using a modified STA, Zhang et al. [82] reported the first synthesis of multishelled iron single-atom-doped molybdenum disulfide hydride materials through precise compositional control and chemical etching.
Soft-template method
The soft-template method primarily utilizes templates that maintain their specific structure through weak intermolecular or intramolecular interactions, such as micelles, vesicles, and organic macromolecular polymers, which are also easily removed [83]. When the concentration of the templating agent exceeds a critical threshold, micellar structures can form in solution and guide the growth of precursor species, ultimately yielding nanomaterials with defined structures. For instance, Xu et al. [84] employed hexadecyltrimethylammonium bromide (CTAB) as a soft template to synthesize novel hollow Cu2O nanostructures with the assistance of CTAB vesicles and multilamellar vesicles, as shown in Figure 5c. By tuning the CTAB concentration, Cu2O hollow spheres with different numbers of shells were successfully obtained. Yujii et al. [85] synthesized monodisperse hollow mesoporous organosilica using 1,2-bis(triethoxysilyl)ethane as the precursor and CTAB together with sodium dodecyl sulfate as soft templates. In another example, Liang et al. [86] reported a one-pot synthesis of hollow porous carbon spheres using alkali lignin extracted from corn stalks as the carbon precursor, CTAB as the soft template, Zn2+ as a crosslinking agent, and KHCO3 as an activating agent.
Self-template method
The self-template method typically refers to a two-step synthesis strategy. First, a template is synthesized. Then, through physical or chemical changes, the template is directly converted into the shell of the hollow structure or its precursor. This means that the template material is completely or partially integrated into the shell during the construction of the hollow nanostructure. Unlike the hard- and soft-template methods, in the self-template method, the template not only provides space for the formation of the internal cavity but also serves as the source material for constructing the shell [87]. This method offers advantages such as simplified procedures, facile controllability, and low production cost. According to the chemical principles, self-templating strategies can be classified into electrochemical replacement, the Kirkendall effect, Ostwald ripening, and chemical etching, etc.
Xiong et al. [88] used a mixture of cuprous oxide and polyvinylpyrrolidone (PVP) as the precursor solid and exploited the capacity of ion-exchange reactions to construct HoMS. By appropriately controlling the precursor system and reaction kinetics, a series of anion-exchange reactions were achieved, resulting in the formation of single-, double-, triple-, and quadruple-shelled Cu2S hollow spheres.
Ostwald ripening can also facilitate the formation of hollow structures. Zhang et al. [89] reported a spontaneous hollowing phenomenon by dispersing solid silica spheres in an aqueous NaBH4 solution, where all solid silica particles were transformed into hollow structures through a dissolution-regrowth process. The continued growth of the shell, accompanied by dissolution of the core, was attributed to Ostwald ripening. This self-templating strategy is extensible to a broad range of core-shell particle systems and shows considerable potential for applications in catalysis, drug delivery, and related fields.
In addition, hollow structures can be fabricated via chemical etching. Wang et al. [90] fabricated mesoporous single-crystal CoSn(OH)6 hollow structures with multilevel interiors (Figure 5d). In this process, Co2+ and Sn4+ ions were rapidly co-precipitated to form solid single-crystalline CoSn(OH)6 nanocubes. Sodium citrate was introduced as a growth modulator to regulate the crystallization process, ensuring uniform particle size and well-defined cubic morphology. Subsequently, self-templating chemical etching occurred under strongly alkaline conditions by using NaOH. By repeating the sequence of CoSn(OH)6 regrowth followed by alkaline etching, a series of hollow architectures, including single-shelled hollow structures, yolk-shell structures, and HoMS, can be constructed.
PHOTOTHERMAL-SYNERGISTIC ANTIBACTERIAL STRATEGIES BASED ON HOLLOW STRUCTURE
Although PTT has unique advantages, it still has limitations in terms of penetration depth, treatment accuracy, and potential thermal damage. To overcome these challenges and achieve more efficient and safer antibacterial treatment, photothermal-synergistic antibacterial strategies based on hollow structures have been investigated (Figure 6).	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Multiple photothermal synergistic therapy strategies based on hollow structures, including chemodynamic therapy synergy, photodynamic therapy synergy, gas therapy synergy and drug therapy synergy.




Chemodynamic therapy synergy
CDT is an emerging antibacterial strategy that employs Fenton/Fenton-like metal nanocatalysts to convert hydrogen peroxide (H2O2) into hydroxyl radicals (•OH) for eliminating bacterial infections [91,92]. By integrating PTT with CDT, synergistically enhanced antibacterial efficacy can be achieved. First, the high temperature generated by PTT significantly accelerates the kinetics of Fenton/Fenton-like reactions, as in the Arrhenius equation, the reaction rate increases exponentially with temperature, resulting in enhanced ROS production within a shorter timeframe. Second, the thermal effect can disrupt bacterial bioflims and increase their permeability, facilitating the entry of metal ions into the interior of bacteria and promoting intracellular Fenton/Fenton-like reactions. Third, the oxidative damage caused by ROS produced by CDT can further enhance the thermosensitivity of bacteria and aggravate the thermal damage caused by PTT. Therefore, the synergy between CDT and PTT is fundamentally mechanistic rather than additive.
Copper is one of the metal elements commonly found in natural enzyme active centers and is abundant and cost-effective, which has led to growing interest in copper-based nanozymes. Shi et al. [26] synthesized hollow mesoporous CuO nanozymes via a template-assisted method that simultaneously exhibits photothermal properties, peroxidase-like catalytic activity, and glutathione-depleting capability, as Figure 7a illustrated. Under light irradiation, photothermal heating contributed to bacterial killing, while efficient catalytic conversion of H2O2 into ROS further amplified antibacterial efficacy. This nanozyme platform integrating PTT and CDT provides a promising therapeutic strategy for clinical bacterial infections.	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 (a) Schematic illustration of the synthetic process of HM-CuO nanozymes for photothermal-reinforced catalytic antibacterial therapy. Reproduced with permission from Ref. [26]. Copyright©2022, Royal Society of Chemistry. (b) Schematic illustration of Ag@Au-Ce6 NPs for bacterial eradication and wound healing acceleration. Reproduced with permission from Ref. [95]. Copyright©2023, Royal Society of Chemistry. (c) Schematic illustration of the construction of the TD/Linalool@Bi2S3 composite nanostructures. Reproduced with permission from Ref. [98]. Copyright©2019, Elsevier B.V.




Hydrogels, which contain large amounts of water and exhibit excellent biocompatibility as well as the ability to maintain a moist wound environment, are advantageous carriers for antibacterial therapy. Incorporating hollow-structured photothermal nanoplatforms into hydrogels can improve the therapeutic outcomes for infected wounds. Liu et al. [93] embedded nanocomposites composed of PDA, hollow cerium dioxide, and montmorillonite into hydrogels, endowing them with outstanding photothermal performance and high nanozyme activity. The synergistic PTT and PDT exhibited effective antibacterial activity against both E. coli and S. aureus. In addition, the hydrogel promoted fibroblast proliferation and granulation tissue formation, thereby accelerating the healing of bacteria-infected wounds.
Photodynamic therapy synergy
PDT involves the absorption of photons by photosensitizers under light irradiation, followed by the excitation of electrons and subsequent energy transfer to molecular oxygen to generate ROS, which induce cellular damage and therapeutic effects [94]. The combination of PTT and PDT can achieve synergistic antibacterial efficacy through multiple mechanisms. On the same hollow structured platform, PDT and PTT can share light excitation, enabling the simultaneous conversion of light energy into heat and ROS, promoting the efficiency of treatment. The local hyperthermia generated by PTT can destroy the structure of bacterial biofilms and loosen the extracellular polymeric substance matrix, which facilitates the penetration of photosensitizers into deeper biofilm layers, therefore amplifying PDT efficacy. Moreover, mild PTT may downregulate bacterial heat-shock proteins, thereby weakening stress-protection pathways and increasing bacterial susceptibility to PDT-generated ROS.
Chlorin e6 (Ce6), a photosensitizer derived from natural chlorophyll, has attracted considerable attention owing to its well-defined molecular structure, low toxicity, and strong photodynamic activity. Lin et al. [95] immobilized Ce6 molecules onto hollow Ag-Au nanoparticles, enabling both photothermal responses and ROS generation under near-infrared (NIR) irradiation (Figure 7b). Through the synergistic combination of PTT and PDT, these nanoparticles effectively eliminated both planktonic and surface-adhered bacteria at wound sites and promoted epithelial cell migration and angiogenesis, thereby accelerating wound healing.
The formation of Schottky junctions can further enhance charge separation efficiency and promote greater ROS generation by photosensitizers under light irradiation. Wang et al. [96] prepared Au@Bi2S3 core-shell nanostructures via a hard-template approach combined with a polyol method. These nanoparticles exhibited strong NIR light absorption and typical Schottky junction behavior, which enhanced the separation efficiency of NIR-induced electron-hole pairs and resulted in substantial ROS generation. Consequently, rapid and precise antibacterial activity was achieved through combined PTT and PDT effects.
Drug therapy synergy
The antibacterial efficacy of standalone PTT is inherently temperature dependent. To further enhance therapeutic outcomes, antimicrobial or bactericidal agents are frequently combined with PTT. Depending on the type and severity of infectious diseases, appropriate antibacterial drugs can be selectively incorporated to achieve optimized treatment effects. The synergistic mechanisms between drug therapy and PTT are primarily reflected in three aspects. First, antibacterial agents are often loaded into hollow structures, where the local heat generated by PTT enables thermoresponsive drug release and promotes drug diffusion. Second, the localized temperature increase induced by PTT enhances bacterial membrane permeability, facilitating drug entry into bacteria and thereby improving bactericidal efficacy. Third, drug therapy compensates for the limitations of PTT alone by eliminating bacteria that are not completely inactivated by photothermal treatment.
Ciprofloxacin is an organic compound with broad-spectrum antibacterial activity and has been shown to inhibit E. coli, S. aureus and other pathogens. Gao et al. [97] prepared hollow polydopamine microspheres loaded with ciprofloxacin. Upon NIR irradiation, the photothermal response of polydopamine triggered controlled release of the antibacterial agent, resulting in effective suppression of bacterial infection and promotion of wound healing.
Linalool is a naturally derived antibacterial agent extracted from various essential oils and exhibits excellent antimicrobial activity against a wide range of pathogens. Wang et al. [98] synthesized Bi2S3 hollow microspheres via a hard-template-assisted method, as the Figure 7c shown. A phase-change material, tetradecanol, was subsequently employed to encapsulate linalool within the hollow interior. Under NIR irradiation, Bi2S3 generated localized photothermal heating, which induced melting of the phase-change material and subsequent release of the antibacterial agent. Through the synergistic effects of PTT and drug therapy, both Gram-negative and Gram-positive bacteria were effectively eradicated.
Gas therapy synergy
When applied to specific disease conditions, PTT may be limited by factors such as tissue hypoxia and upregulation of heat-shock proteins. Various gas molecules, including nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S), possess unique biological functions and play important roles in pathological processes [99–101]. These gases have low molecular weights, allowing them to freely diffuse through biofilms to exert antibacterial effects inside bacteria or biofilms, while also mediating critical physiological processes such as vascular regulation and immune cell activity. Synergizing PTT with gas therapy can overcome the limitations of hyperthermia alone. First, in gas therapy systems, hollow-structured platforms are commonly used to load gases, gas precursors, or gas donors. The photothermal effect generated by PTT can trigger gas release by accelerating donor decomposition or through heat-responsive activation. Second, the hyperthermia produced by PTT can increase bacterial membrane permeability, damage membrane proteins, and loosen the EPS matrix, thereby facilitating the penetration of gaseous molecules into deeper regions of biofilms and enhancing their therapeutic efficacy. Third, different gases possess distinct biological functions and can work synergistically with PTT to achieve improved therapeutic outcomes. For example, gaseous molecules such as NO and CO can directly damage bacterial components through nitrosative or oxidative stress, thereby complementing the thermal ablation effect of PTT. Moreover, NO has been shown to suppress the expression of heat-shock proteins (HSPs), thereby reducing bacterial thermotolerance and increasing bacterial susceptibility to photothermal damage [102,103]. Consequently, Synergizing PTT with gas therapy has emerged as an effective strategy to overcome the limitations of standalone PTT.
CO is a multifunctional signaling molecule that has been shown to promote vasodilation, exert anti-inflammatory effects, and possess antibacterial activity in biological systems [104]. Lv et al. [105] synthesized hollow bismuth nanospheres loaded with hexaaminolevulinic acid hydrochloride (HAL) and incorporated them into a dual-crosslinked hydrogel. Under NIR irradiation, bismuth nanoparticles generated photothermal effects while gradually releasing HAL, which was metabolized to produce CO and bilirubin, thereby enhancing antibacterial and anti-inflammatory responses. This hydrogel platform achieved synergistic antibacterial effects through PTT and gas therapy, providing an effective solution for infected wound healing.
NO is crucial for normal wound healing, participating in the regulation of multiple processes including inflammatory response, antibacterial action, cell proliferation, and angiogenesis [106,107]. Rouillard et al. [108] developed NO-releasing chitosan oligosaccharides (COS/NO) as alternatives to conventional antibiotics. As illustrated in Figure 8a, the NO produced by this platform is further converted into species such as NO•, NO2•, N2O2 and ONOO−, which damage bacterial cell membranes through nitrosative and oxidative stress. The results indicate that nitric oxide exhibits broad-spectrum antibacterial properties and can enhance the efficacy of conventional antibiotics when used in sequential combination with them.	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 (a) Scheme depicting the antibacterial effect of COS/NO. Reproduced with permission from Ref. [108]. Copyright©2020, American Chemical Society. (b) Illustration of the synthesis of AuNC@NO and its application in biofilm infection. Reproduced with permission from Ref. [109]. Copyright©2021, American Chemical Society. (c) Scheme of the synthesis of smart response CO hydrogel and its application in biofilm infection. Reproduced with permission from Ref. [111]. Copyright©2025, Elsevier B.V.




Moreover, during the inflammatory phase, NO participates in immune regulation and exhibits broad-spectrum antibacterial activity; during the proliferative phase, it promotes fibroblast migration and proliferation as well as neovascularization. Therefore, supplementing NO at wound sites is a promising therapeutic strategy. Tang et al. [109] reported a nitrate-releasing hollow gold nanocage (AuNC@NO) that can release nitric oxide (NO) under NIR irradiation and generate hyperthermia for biofilm eradication (Figure 8b). AuNC@NO was prepared by immobilizing a temperature-responsive NO donor onto gold nanocages (AuNCs) via thiol-gold interactions. AuNC@NO exhibits excellent photothermal conversion stability, slowly releases NO at physiological temperature, and rapidly releases NO on‑demand under NIR irradiation. The synergy between NO gas therapy and PTT enables AuNC@NO to achieve a 4-log reduction in bacteria and 85.4% biofilm removal under NIR light. The AuNC@NO nanocomposite developed in this study offers a useful PTT‑combined gas therapy strategy for the treatment of biofilm-associated infections.
Multimodal synergistic platforms
To achieve superior therapeutic efficacy, multiple treatment modalities are often integrated with PTT to construct multimodal synergistic platforms. Qi et al. [110] fabricated core-shell nanostructures composed of gold nanorods and mesoporous silica, which were co-loaded with ICG and S-nitrosothiols. Under NIR irradiation, Au generates a photothermal response that induces localized temperature elevation, while ICG generates ROS, enabling antibacterial activity through PTT and PDT. Thermal stimulation triggers the release of NO from the loaded S-nitrosothiols, thereby exerting anti-inflammatory effects. Through the synergistic integration of PTT, PDT and gas therapy, this nanoplatform effectively disrupted pathogenic bacterial biofilms and exhibited potent antibacterial activity, providing a promising solution for the clinical management of periodontitis.
In another study, Cao et al. [111] synthesized copper-doped hollow mesoporous Prussian blue nanoparticles (Cu‑HMPB NPs), loaded them with luteolin, and covalently conjugated them with the temperature‑sensitive CO donor Mn2(CO)10 (Figure 8c). Using a crosslinking agent, these nanoparticles were incorporated into a hydrogel. Under NIR irradiation, the hydrogel demonstrated excellent photothermal performance and enabled on‑demand release of CO gas. The CO gas effectively penetrated mature biofilms and disrupted their extracellular polymeric substance, which enhanced the penetration of the biofilm inhibitor luteolin and prevented secondary biofilm formation by planktonic bacteria. Luteolin also exhibited effective antioxidant properties. Overall, the synergy of gas therapy, drug therapy, and PTT shows high potential in addressing clinical challenges caused by biofilm infections.
In addition to these representative combinations in Figure 6, other therapeutic modalities such as sonodynamic therapy and immunomodulation may also serve as promising partners for hollow-structured photothermal antibacterial platforms. Sonodynamic therapy (SDT) is a non-invasive treatment method, which refers to the process where the sonosensitizer generates ROS under specific frequencies and intensities of ultrasound, killing bacteria or other microorganisms [112,113]. SDT can overcome the limited penetration depth of PTT, making it a promising approach for the treatment of deep-seated infections. Immunotherapy refers to strategies that activate or enhance the patient’s own immune system, enabling it to recognize and attack disease [114]. When combined with PTT, it may integrate high-temperature physical ablation with immune-memory-related effects. Accordingly, these two modalities are briefly highlighted here as emerging extensions of hollow-structured photothermal synergistic antibacterial system.
APPLICATIONS OF HOLLOW-STRUCTURED PHOTOTHERMAL ANTIBACTERIAL THERAPY IN DISEASE TREATMENT
This section first outlines the strategy–scenario matching principles that govern the selection of photothermal synergistic therapies in different infection settings. It then summarizes the representative applications of hollow-structured photothermal antibacterial platforms in various disease scenarios, highlighting how pathological characteristics determine the choice of appropriate synergistic strategies.
Strategy-scenario matching principles
The selection of photothermal synergistic strategies is dictated by the pathological characteristics of different infection scenarios. The first factor is the depth of infection. For superficial infections such as open wounds or cutaneous surface infections, light can easily reach the lesion, and local oxygen supply is relatively adequate. In such cases, PTT can rapidly achieve thermal sterilization and biofilm disruption. PDT can be employed in combination, producing ROS to further amplify the antimicrobial effect, thereby creating synergy between thermal effects and oxidative damage [115]. For deep-seated infections, PTT alone is limited by the penetration depth of light and the diffusion range of heat, making it difficult to reach the deep lesion location [116]. In contrast, gas molecules, characterized by their small molecular weight and strong diffusion capability, can more efficiently penetrate biofilm matrices and reach areas where thermal therapy alone is insufficient. Therefore, PTT combined with gas therapy is generally better suited for deep-seated infections.
The microenvironment at the infection site also significantly influences the selection of photothermal synergistic strategies. For instance, in diabetic wound infections, the microenvironment is often characterized by high H2O2 levels, low pH, and persistent inflammation [117]. In these cases, CDT can be combined with PTT, where CDT converts endogenous H2O2 into •OH, and the localized hyperthermia generated by PTT further enhances the Fenton or Fenton-like reaction, achieving synergistic antimicrobial effects [118]. In hypoxic infection sites, the efficacy of PDT is compromised by insufficient oxygen supply, while CDT can serve as an alternative to PDT in combination with PTT.
When temporal and spatial controllability is required for bacterial infection treatment, such as in implant-associated infections that demand long-term antimicrobial activity, drug therapy combined with PTT offers superior adaptability. Hollow structures loaded with drugs can leverage PTT to enable controlled and sustained drug release, while PTT enhances bacterial membrane permeability and improves drug penetration, resulting in potent bactericidal effects.
Based on this, this section presents recent advances in hollow-structured photothermal antibacterial materials according to different application scenarios, including cutaneous and soft tissue infections, ocular infections, oral infections, and other deep-seated infections.
Cutaneous and soft tissue infections
Cutaneous and soft tissue infections are typically characterized by high local accessibility, convenient exogenous light irradiation, and ease of topical drug administration. The therapeutic requirements for such infections encompass not only rapid sterilization but also biofilm disruption, inflammation control, and tissue repair.
Superficial wound infections
Superficial wound infections refer to a localized inflammatory response caused by the excessive growth and invasion of microorganisms following trauma or surgery involving the epidermis and dermis of the skin. The infection is confined to the skin and subcutaneous tissues and does not extend into deeper tissues such as muscles or body cavities. However, if improperly managed, superficial wound infection may spread to deeper tissues, leading to more severe deep tissue infections and threatening people’s health. For superficial wound infections, due to the exposed nature of the lesion and the high accessibility of external light, PTT is more suitable for being combined with PDT, silver ion release, or local drug dressings to achieve efficient sterilization within a shorter period of time.
Silver nanoparticles are a class of antibacterial agents that can penetrate bacterial cell walls and disrupt bacterial growth and proliferation [119,120]. However, their photothermal efficiency is inferior to that of gold nanoparticles. To address this limitation, He et al. [121] developed hollow Au-Ag core-shell nanoparticles (Figure 9a). In a murine model of chronic methicillin-resistant S. aureus (MRSA)-infected wounds, this nanoplatform exhibited pronounced photothermal responses under NIR laser irradiation, generating high temperatures to kill bacteria while releasing silver ions. It effectively inhibited bacterial infection, promoted wound healing, and demonstrated very low toxicity. The results indicate that this nanoplatform holds strong potential for clinical translation as an antibacterial therapeutic agent.	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 (a) Scheme of Raman tag 3,3′-diethylthiatricarbocyanine iodide (DTTC)-conjugated gold-silver nanoshells (AuAgNSs) and application in infected wound. Reproduced with permission from Ref. [121]. Copyright©2020, Elsevier Ltd. (b) Fabrication of PSMα1-targeting photothermal nanoplatform and its underlying mechanism for the therapeutics of biofilm-associated infections. Reproduced with permission from Ref. [125]. Copyright©2025, American Chemical Society. (c) Schematic for infected diabetic wound management mechanism using the GM/P@C/CDs MN. Reproduced with permission from Ref. [127]. Copyright©2025, American Chemical Society.




Waterborne polyurethane (WPU) is an aqueous dispersion that provides a favorable environment for the stability and uniform distribution of photothermal hollow nanoparticles and exhibits excellent biocompatibility. Consequently, WPU-based wound dressings have attracted considerable attention. Salehi et al. [122] developed a multifunctional WPU-based wound dressing incorporating polydopamine-coated ZnO core-shell nanoparticles decorated with surface-modified silver nanoparticles (ZnO@PDA/Ag). Under NIR irradiation, the WPU film displayed efficient photothermal conversion and the ability to generate singlet oxygen. The results demonstrated that, through NIR-triggered synergistic PTT and PDT therapy, the WPU film achieved complete inhibition of both E. coli and S. aureus, indicating significant potential for superficial wound management.
Diabetic wound infections
Diabetic wound infections are often accompanied by persistent bacterial biofilms, chronic inflammation, hyperglycemia, oxidative stress, and impaired angiogenesis, all of which greatly hinder effective treatment [117]. Among these factors, biofilm formation represents a major barrier. Because the dense EPS matrix restricts the diffusion of therapeutic agents, the negatively charged biofilm surface limits the adhesion of many nanoplatforms, and the interior of the biofilm often exhibits an acidic, hypoxic, and heterogeneous microenvironment [123]. These features not only reduce the efficacy of conventional antibacterial agents but also weaken the performance of standalone PTT. In this context, hollow-structured photothermal platforms are advantageous for diabetic wound infections. Photothermal heating can loosen the EPS matrix, reduce biofilm cohesion, and increase bacterial membrane permeability, which can facilitate the penetration of drugs, catalytic species, or gaseous molecules into deeper biofilmgions [124]. In addition, structural modifications can be made to hollow-structured photothermal synergistic antibacterial nanoplatforms to enhance their biofilm-targeting capability. Charge-regulating strategies, cationic surface modification, and peptide/ligand functionalization can improve the local adhesion and accumulation of nanoplatforms on negatively charged biofilms. Moreover, pH-responsive or enzyme-responsive release systems can further exploit the pathological microenvironment of diabetic wounds to achieve efficient therapeutic delivery. Therefore, the treatment of diabetic wound infections is suitable for hollow photothermal platforms that integrate biofilm disruption, responsive release, and multifunctional synergistic therapy.
Chen et al. [125] conjugated the KG7 peptide onto polydopamine-modified hollow copper sulfide (CuS) nanoparticles to construct a biofilm-targeting photothermal nanoplatform (CuS@PDA) (Figure 9b). Through the synergistic effects of KG7-mediated biofilm inhibition and PTT, a biofilm inhibition rate of 94.7% was achieved, significantly accelerating diabetic wound healing.
In addition to antibacterial activity, regulation of glucose levels within the diabetic wound microenvironment is also critical. Wang et al. [126] synthesized hollow mesoporous molybdenum single-atom nanozymes encapsulating glucose oxidase. Upon NIR irradiation, photothermal conversion was induced while simultaneously promoting the release of glucose oxidase, thereby accelerating the conversion of glucose to gluconic acid. This process reduced local glucose concentration and pH, enhancing the conversion of hydrogen peroxide (generated by nanozyme catalysis) into hydroxyl radicals for improved antibacterial efficacy. This work introduces a novel strategy for diabetic infection treatment by integrating NIR responsiveness, cascade-triggered antibacterial activity, and glucose regulation.
Hydrogel microneedles exhibit excellent biocompatibility, tunable mechanical properties, and swelling-triggered sustained drug release behavior, making them well-suited for integration with photothermal hollow structures in diabetic wound treatment. Shi et al. [127] developed a multifunctional hydrogel microneedle patch composed of methacrylated gelatin, polydopamine-coated cerium oxide core-shell structures, and nitrogen-doped carbon quantum dots (N-CDs) (Figure 9c). Under NIR irradiation, the photothermal response of polydopamine balanced hydrogel swelling and water evaporation, achieving localized antibacterial effects and exudate management. Meanwhile, N-CDs exhibited pH-responsive fluorescence changes, allowing real-time pH monitoring during the critical early stages of wound healing. The cerium oxide nanozyme displayed superoxide dismutase and catalase-like activities, scavenging ROS, alleviating hypoxia, and promoting angiogenesis. The hydrogel microneedle patch achieved 99.9% wound closure, demonstrated potent antibacterial activity, and integrated gradient photothermal therapy, exudate management, and pH monitoring, offering an effective strategy for diabetic wound treatment.
Skin abscesses
Skin abscesses are infectious soft tissue diseases characterized by localized accumulation of pus and can arise from bacterial infection or trauma. In addition to causing direct skin damage, abscesses may lead to secondary skin disorders or recurrent infections. Skin abscesses have characteristics such as local swelling, accumulation of pus, and clear biological membrane barriers. Therefore, a microneedle-mediated local delivery strategy is more suitable, combined with mild PTT and antibacterial drugs to synergize, to improve lesion penetration, reduce recurrence, and control inflammation. Jin et al. [128] designed a dissolvable microneedle patch encapsulating photothermal core-shell Au@ZnO/Ce nanoparticles (AZC) and vancomycin (Figure 10a). The sharp microneedle tips readily penetrated the skin barrier and bacterial biofilms, enabling effective delivery of AZC and vancomycin to infection sites. Through mild photothermal therapy (≤42 °C) and the antibacterial action of vancomycin, effective bacterial clearance and synergistic treatment of abscesses were achieved. Moreover, sustained synergistic release of cerium ions (Ce3+/Ce4+) and zinc ions (Zn2+) significantly alleviated oxidative stress, reduced inflammation, and promoted tissue regeneration. This multifunctional microneedle patch with potent antibacterial and anti-inflammatory activities provides an effective strategy for skin abscess treatment.	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 (a) Schematic illustration of AZC/Van@MN promotes abscess wound healing through the integration of multiple mechanisms including bacterial clearance, anti-inflammatory response, and the promotion of angiogenesis. Reproduced with permission from Ref. [128]. Copyright©2025, Wiley-VCH. (b) Schematic illustration of the FeCoOx nanozymatic antibacterial agents for PTT/PDT/nanozymatic synergetic treatment of BK caused by MRSA infection. Reproduced with permission from Ref. [133]. Copyright©2025, Elsevier B.V.




Ocular infections
The challenge in treating ocular infections lies in the rapid progression of the infection, along with the extremely fragile nature of the eye tissues, which have limited tolerance to thermal damage and long-term drug stimulation. Therefore, more efficient and controllable photothermal synergy strategies are required.
Bacterial keratitis
Bacterial keratitis (BK) is an infection of corneal tissue caused by various bacteria. It is an ocular surface infection that progresses rapidly, threatens vision, and can leave irreversible visual sequelae, posing a significant threat to human health [129,130]. Over the past few decades, the global number of contact lens wearers has increased rapidly, leading to a corresponding rise in the proportion of bacterial keratitis cases [131]. Clinical treatment for BK typically involves topical application of fluoroquinolone antibiotics. However, antibiotic misuse and the formation of bacterial biofilms in ocular infections have led to increasingly serious bacterial resistance problems [132]. Therefore, there is an urgent need for novel methods capable of effectively clearing bacterial biofilms to treat BK. BK progresses rapidly, and corneal tissue is highly sensitive to heat damage. Therefore, synergistic strategies combining PTT with PDT or CDT are more suitable. These approaches disrupt the biofilm barrier through mild hyperthermia and achieve efficient sterilization via sustained ROS generation, thereby avoiding thermal damage to tissues. Kong et al. [133] synthesized iron-cobalt oxide nanoparticles (FeCoOx NPs) with a double-shelled hollow structure via a self-templating method. As shown in Figure 10b, owing to their unique dual-shelled hollow structure and multivalent bimetallic characteristics (Fe2+/Fe3+ and Co2+/Co3+), the nanoparticle exhibited integrated photothermal, photodynamic, and oxidase-like (OXD) activities. Under NIR irradiation, the nanoparticles generated localized high temperatures through photothermal conversion, directly disrupting biofilms. Furthermore, under light, the nanoparticles produced a large amount of ROS, causing multiple oxidative damages to bacterial biomolecules. The dynamic cycle between Fe2+/Fe3+ and Co2+/Co3+ enabled the continuous generation of ROS in vivo, thereby constantly renewing catalytic sites and sustaining the persistent production of ROS, further damaging bacteria. As a result, a bactericidal efficiency of 99.97% against MRSA was achieved. Both in vitro and in vivo studies further confirmed that these multifunctional nanozymes not only disrupted preformed biofilms (clearance rate of 84.83%) but also inhibited biofilm regeneration (inhibition rate of 85.43%). This research holds strong potential for clinical therapeutic applications in treating BK.
Endophthalmitis
Endophthalmitis is a severe deep-seated infection occurring within the eyeball and is a common complication following cataract surgery [134,135]. In severe cases, it can lead to intensified inflammation, globe perforation, or even blindness [136]. Most cases arise from bacterial entry into the eye during surgery or trauma [137], underscoring the urgent need for rapid and effective antibacterial treatments. Ye et al. [138] synthesized hollow Au-Ag nanoparticles coated with a cuprous oxide shell via a template-assisted method and loaded the anti-inflammatory drug bromfenac sodium through pore adsorption (Figure 11a). In vitro studies demonstrated that under NIR irradiation, mild photothermal effects were generated, accompanied by Ag+ and Cu+ release and ROS production, resulting in efficient bacterial killing. The release of bromfenac sodium alleviated intraocular inflammation and promoted tissue recovery. Therapeutic efficacy was further confirmed in a rabbit post-cataract endophthalmitis model, indicating that this nanoplatform offers a promising synergistic strategy for postoperative endophthalmitis treatment.	[image: Thumbnail: Figure 11 Refer to the following caption and surrounding text.]	Figure 11 (a) The schematic illustration of AuAgCu2O-BS NPs for the treatment of endophthalmitis after cataract surgery. Reproduced with permission from Ref. [138]. Copyright©2020, The Author(s). (b) Schematic illustration of TC-PCM@GNC-PND as a combined platform for hyperthermia and antibiotics with an obvious synergistic antibacterial effect. Reproduced with permission from Ref. [140]. Copyright©2020, American Chemical Society. (c) The scheme of SiO2-Coated ZnO for photothermal and photodynamic antibacterial applications in bone repair. Reproduced with permission from Ref. [150]. Copyright©2025, American Chemical Society. (d) Synthesis process of Ofloxacin@HMPB@HA NPs and its application for wound healing. Reproduced with permission from Ref. [155]. Copyright©2022, Wiley-VCH.




Oral infections
The oral cavity consists of multiple components, including teeth, gums, tongue, palate, and salivary glands, and harbors a rich diversity of microorganisms. Bacteria and fungi commonly colonize tooth surfaces and periodontal tissues in the form of biofilms. Major oral infections include periodontitis and dental caries. Oral infections are a typical biofilm-driven disease, which are more suitable for treatment using PTT in combination with drug release, gas therapy, or multimodal strategies to eradicate bacterial biofilms and reduce the risk of local recurrence.
Periodontitis
Periodontitis is a prevalent chronic inflammatory disease [139] primarily caused by the destruction of periodontal tissues by bacteria in dental plaque. Therefore, developing effective antibacterial strategies to combat periodontitis is crucial. Zhang et al. [140] combined hollow gold nanocages with a phase-change material and a thermosensitive copolymer and loaded tetracycline into the nanocages for periodontitis treatment (Figure 11b). Under NIR irradiation, the gold nanocages performed photothermal conversion, and the interaction between the phase-change material and thermosensitive polymer enabled the precise controlled release of tetracycline, achieving highly efficient bacterial clearance both in vitro and in a periodontitis model. Li et al. [141] designed Fe3O4@ZnO core-shell nanoparticles with ε-poly-L-lysine adsorbed onto the surface via electrostatic interactions. The Fe3O4 core imparted strong photothermal properties, ZnO contributed to biofilm disruption, and ε-poly-L-lysine, a natural cationic polypeptide, rapidly adsorbed onto negatively charged bacterial surfaces, enhancing nanoparticle adhesion and penetration. Combined with NIR irradiation, this nanoplatform effectively eliminated Porphyromonas gingivalis, accelerated periodontal wound healing, and prevented potential periodontal tissue damage.
Dental caries
Dental caries is one of the most common chronic diseases worldwide and can lead to tooth pain, decay, and pulp infection, affecting individuals of all ages. Caries formation is primarily driven by cariogenic bacteria that dominate the oral microbiota and produce large amounts of lactic acid from fermentable carbohydrates, leading to enamel demineralization once the pH falls below a critical threshold [142]. Owing to its deep penetration and non-invasive nature, photothermal therapy shows considerable potential for caries treatment. Xu et al. [143] sequentially coated Fe3O4 nanoparticles with PDA, Ag, and glycol chitosan to construct a core-shell photothermal nanoplatform. Under NIR irradiation, polydopamine generated photothermal effects, while Ag+ release further enhanced antibacterial activity, followed by magnetic removal of the nanoparticles. The nanoplatform effectively inhibited biofilm formation and exhibited excellent antibacterial activity against Streptococcus mutans, suggesting its potential as a photothermal therapeutic approach for dental caries and other open infectious wounds.
Other deep-seated infections
Deep-seated infections occur in relatively enclosed regions of the body, such as internal cavities or organs. Compared with superficial infections, deep-seated infections are often concealed, difficult to detect, and associated with higher risks. The core challenges of deep-seated infections are limited light penetration, a restricted radius of thermal action, a closed lesion site, and often concomitant hypoxia. PTT is better suited for combination with gas therapy or responsive drug release strategies, leveraging the deep diffusion capability of gases or small molecules to compensate for the limitations of PTT alone. Additionally, cascade CDT is suited for lesions with an aberrant redox microenvironment, catalyzing endogenous substances to generate ROS for bacterial eradication.
Bone infections
Bone tissue is a hard connective tissue with dynamic load-bearing functions and plays irreplaceable roles in the human body, including supporting and protecting soft tissues and organs, enabling movement, and hematopoiesis [144,145]. Post-traumatic bone infections are clinically common and have shown an increasing trend in recent years, particularly among the elderly and chronic patients. Such infections not only trigger inflammation and tissue destruction but also severely impede the bone healing process. Clinical treatments typically involve debridement and antibiotics, which carry risks of serious complications and antibiotic resistance [146,147]. Photothermal therapy, with its non-invasive nature and the ability to regulate the location and depth of irradiation, has garnered increasing attention as a treatment for bone infections [148,149]. Zhang et al. [150] synthesized SiO2@ZnO core-shell nanoparticles via an ultrasound-assisted method and integrated them with poly(L-lactic acid) (PLLA) through electrospinning for photothermal and photodynamic antibacterial applications in bone repair (Figure 11c), followed by covalent attachment of poly-L-lysine (PLL) and PDA onto the fiber surface. Under NIR irradiation, PDA generated localized heat for antibacterial action, while ZnO nanoparticles penetrated bacterial cells and released Zn2+ to inhibit intracellular enzyme activity and disrupt metabolism. PLL enhanced osteoblast adhesion and proliferation, thereby accelerating mineralization and bone regeneration. The resulting composite fibers exhibited rapid, light-responsive antibacterial activity and osteogenic potential, making them promising candidates for advanced bone repair.
Pulmonary infections
Pneumonia is a common infectious disease and the sixth leading cause of death globally, as well as the primary cause of death in children under five [151]. Bacterial pneumonia [152] can cause symptoms such as cough and fever and may progress to fibrosis, chronic obstructive pulmonary disease, or death in severe cases [153]. The most common current treatment for bacterial pneumonia is antibiotics, which poses problems such as bacterial resistance and high recurrence rates. Therefore, there is an urgent need to develop novel, efficient treatments for bacterial pneumonia. Klebsiella pneumoniae (K. pneumoniae) is one of the common bacterial species causing bacterial pneumonia and is also associated with urinary tract and bloodstream infections [154]. Liu et al. [155] designed hollow mesoporous Prussian blue (HMPB) nanoparticles loaded with ofloxacin and functionalized with hyaluronic acid (HA) (Figure 11d). The overexpression of HA enzymes on bacteria led to the release of ofloxacin from HMPB, combating the pathogen. Simultaneously, the photothermal effect of Prussian blue under light irradiation effectively killed bacteria. The synergy between ofloxacin and photothermal therapy reduced the required dose of ofloxacin and significantly enhanced the antibacterial effect against K. pneumoniae. The results indicate that Ofloxacin@HMPB@HA nanoparticles hold great potential for treating diseases caused by K. pneumoniae infections.
Tuberculosis (TB) is a severe infectious disease caused by Mycobacterium tuberculosis (M. tuberculosis), primarily affecting the lungs and posing a serious threat to global public health [156]. Li et al. [157] synthesized an aggregation-induced emission photothermal molecule (TPE-BT-BBTD) and encapsulated it in a poly(lactic-co-glycolic acid) (PLGA) core, followed by coating with macrophage cell membranes to form spherical core-shell nanoparticles. After intravenous administration in tuberculosis-infected mice, these nanoparticles rapidly accumulated in pulmonary granulomas and selectively targeted intracellular M. tuberculosis via receptor-ligand interactions. As Figure 12a shows, external 1064 nm laser irradiation induced photothermal conversion, achieving targeted bacterial killing while alleviating pulmonary tissue damage and inflammation. This strategy offers a potential therapeutic approach for both drug-sensitive and drug-resistant tuberculosis.	[image: Thumbnail: Figure 12 Refer to the following caption and surrounding text.]	Figure 12 (a) Schematic diagram for BBTD@PM NP-mediated lesion-pathogen dual targeting and NIR-IIb imaging-guided photothermal therapy for TB. EPR, enhanced permeability and retention; i.v., intravenous injection; TNF-α, tumour-necrosis factor-α; IFN-γ, interferon-γ. Reproduced with permission from Ref. [157]. Copyright©2024, The Author(s). (b) The programmed thermal CO bubbles therapy of COT for treating bacterial infection and modulating the inflammatory response to promote fibroblast response and tissue repair. Reproduced with permission from Ref. [158]. Copyright©2025, Elsevier Ltd.




Other deep-seated infections
Implant-associated infections typically occur in deep tissues, such as bone tissue, soft tissue interfaces, dental implant abutments, and around internal fixation materials. Ding et al. [158] loaded a thermosensitive CO donor, manganese pentacarbonyl bromide (MnBr(CO)5), into PDA-modified TiO2 hollow nanotubes to construct a photo-responsive CO nanocontainer (Figure 12b). Under NIR irradiation, photothermal effects from TiO2 and PDA triggered MnBr(CO)5 decomposition, enabling on-demand release of thermal CO bubbles. By integrating PTT with gas therapy, accelerated tissue regeneration at infected implant sites was achieved.
To provide a systematic overview of the currently reported hollow-structured photothermal synergistic antibacterial platforms, representative systems discussed in this review are summarized in Table 1 according to material category, hollow architecture, synergistic modality, and target infectious scenario.Table 1 
Summary of hollow-structured photothermal synergistic antibacterial platforms


SUMMARY AND PERSPECTIVES
Summary
This review systematically summarizes photothermal-synergistic therapeutic strategies based on hollow structures for diverse infection scenarios. First, the background of bacterial infections and the advantages of photothermal antibacterial therapy are outlined, highlighting the unique value of hollow structures in this field. Subsequently, the design and synthesis strategies of hollow-structured photothermal antibacterial materials are discussed from three perspectives: the principles of photothermal antibacterial therapy, photothermal performance enhancement mechanisms of hollow structures, and the design and synthesis of hollow-structured photothermal antibacterial systems. These discussions establish the material and theoretical foundations for multifunctional photothermal-synergistic antibacterial platforms.
The inherent limitations of photothermal monotherapy are then addressed, followed by a comprehensive overview of photothermal-synergistic antibacterial strategies enabled by hollow structures, including PDT, CDT, drug therapy, and gas therapy, together with their synergistic enhancement mechanisms. Finally, by reviewing the application progress of these platforms in different clinical settings, ranging from superficial wound infections to deep-seated infections, the feasibility and significant potential of hollow structures for photothermal synergistic treatment of multiple infection scenarios are fully demonstrated.
Challenges and perspectives
Although hollow-structured photothermal nanoplatforms demonstrate significant advantages and have achieved extensive progress in antibacterial therapy, their translation into practical applications and clinical use still faces challenges. These challenges encompass not only the biosafety of the materials, but also the feasibility of large-scale fabrication and quality control, as well as technical bottlenecks in achieving safe, precise, and controllable photothermal therapy in complex clinical scenarios. Systematically addressing and confronting these issues is of great importance for promoting the development of hollow-structured photothermal antibacterial nanoplatforms from laboratory to practical applications.
Challenges
Biological safety of hollow structures remains a critical concern. Hollow structures, including inorganic materials (such as metal sulfides and noble metals), inorganic-organic hybrid materials and organic nanomaterials, often lack systematic investigations into their long-term biocompatibility, degradation products, and metabolic pathways, which may pose potential risks to human health.
Large-scale fabrication of hollow structures faces substantial challenges. At present, the synthesis of hollow structures is largely confined to laboratory-scale studies, with relatively high production costs and complex procedures, hindering scalable, cost-effective, and efficient manufacturing. Owing to their nanoscale nature, achieving high product uniformity remains challenging, and batch-to-batch variability can result in inconsistent performance. In addition, the development of stable formulations that are suitable for storage, transportation, and practical application in photothermal antibacterial therapy remains challenging.
Limited NIR light penetration restricts photothermal therapy application for deep-tissue infections. Moreover, during photothermal conversion, hollow PTAs may cause thermal damage or chemical toxicity to healthy tissues while eradicating pathogens, necessitating precise control over irradiation sites and real-time temperature monitoring. Although synergistic photothermal strategies are widely explored, many studies emphasize therapeutic outcomes while providing insufficient mechanistic insight into the interplay between PTT and complementary modalities.
Perspectives
(1) Intelligent design of biodegradable hollow structures. Bacterial biofilms, characterized by dense EPS matrices, negatively charged surfaces, and infection-specific microenvironments, significantly hinder drug diffusion and reduce the efficacy of PTT. The rational design of biodegradable hollow-structured photothermal nanoplatforms plays a critical role in advancing antibacterial therapy, particularly for overcoming the key challenge of biofilm penetration and eradication. Therefore, the rational design of hollow-structured photothermal nanoplatforms should integrate biocompatibility, structural controllability, and biofilm-targeting or microenvironment-responsive functionalities to improve antibacterial efficacy in complex infectious conditions.
At the material and structural levels, biocompatibility and metabolic controllability remain fundamental requirements. Priority should be given to using building blocks that have been proven to have good biocompatibility or metabolizable components. For example, biodegradable PTAs like PDA [159] are promising due to their simple preparation and good biocompatibility. Their abundant amino and catechol groups also allow for reactions with other components [160] or modification with specific functional groups [161]. Copper sulfides not only exhibit excellent photothermal properties, but their degradation products, copper ions, also possess antibacterial functions and may enhance therapeutic efficacy through new mechanisms called cuproptosis [162]. Meanwhile, rational hollow-structure engineering, such as shell modulation or the construction of HoMS, can improve local heat confinement and provide sufficient internal space for the loading and controlled release of therapeutic agents, thereby enhancing the disruption of the EPS matrix and supporting biofilm eradication. However, the long-term metabolic fate and accumulation-related toxicity of these materials in vivo still need further clarification.
More importantly, microenvironment-responsive design provides an effective strategy for improving biofilm penetration. Infection sites are typically characterized by acidic pH, elevated H2O2 levels, and enzyme overexpression, which can be exploited to trigger structural transformation, charge reversal, or controlled drug release. For instance, in acidic or H2O2-rich microenvironments, hollow manganese oxides can undergo pH-responsive decomposition to release Mn2+ and loaded drugs, or directly react with overexpressed H2O2 to consume the harmful peroxide and generate oxygen in situ, alleviating tissue hypoxia. Alternatively, specific functional groups like pyridinium betaine [163] or thioacetamide [164] can be grafted onto the hollow structure surface to induce charge reversal in acidic environments, enhancing biofilm penetration. To respond to enzymes over-secreted by bacteria, peptides or polysaccharides degradable by these specific enzymes can be used as gatekeepers on the hollow structure surface, achieving localized, intelligent, responsive drug release at bacterial aggregation sites.
Finally, for complex pathological conditions (e.g., diabetic infected wounds), integrating functions such as cascaded catalytic activities to construct “all-in-one” therapeutic platforms. For example, photothermal hollow structures can be loaded with glucose oxidase to decompose glucose, generate H2O2, and lower pH. They can also possess catalase-like activity to decompose H2O2 into oxygen, reducing oxidative stress levels and alleviating wound hypoxia. This cascade-reaction strategy [165,166] targeting diabetic wounds facilitates multi-mechanism synergy, promoting wound healing alongside photothermal antibacterial action. These multifunctional platforms represent an important direction for the future development of intelligent antibacterial nanomaterials.
(2) Exploring scalable fabrication methods for hollow structures. Current preparation methods for hollow structures include the hard-template method, soft-template method and self-template method. Both hard- and soft-template methods involve template selection and removal. Although these techniques are relatively mature and allow precise control over morphology and size, they are often multi-step and time-consuming. In contrast, the self-template method generates hollow structures through physicochemical processes like particle diffusion or self-assembly without external templates, offering advantages such as lower cost, simplicity, high reproducibility, and good control over shell thickness and particle uniformity. Therefore, the self-template method should be prioritized for future synthesis of hollow structures to achieve scalable production. The mechanisms of the self-template method primarily fall into three categories: selective etching, outward diffusion, and non-uniform contraction [167]. Understanding these mechanisms will facilitate researchers in utilizing the self-template method for scalable fabrication, and combining these mechanisms can enable the synthesis of complex hollow structures [168].
Furthermore, integrating conventional hollow structure preparation methods with synthesis concepts from other nanomaterials can improve hollow structure synthesis. For example, Yang et al. [169] proposed a novel concept combining template methods with polymer gel soft matter to induce the localized growth of functional materials. Leveraging the permeability of gels and their ease of compounding with functional substances, they developed a new scalable method for preparing hollow microspheres with tunable shell thickness and cavity size.
(3) Development of novel PTAs and synergistic therapeutic strategies. To overcome the limited penetration depth of near-infrared light, future efforts should focus on developing new-generation PTAs and therapeutic strategies. In terms of materials, active advancement should be made toward NIR-II-responsive materials or the construction of multi-physical field synergistic excitation systems, such as photo-acoustic/magnetic-thermal combinations, to enhance energy penetration and treatment depth, thereby expanding their application potential in deep tissue infections. In therapeutic strategies, it is essential to investigate deeply the interaction mechanisms and synergistic principles between PTT and other treatments (e.g., CDT, PDT, gas therapy). For instance, research could investigate how the localized thermal effects generated by PTT enhance the ROS produced in PDT, thereby promoting bacterial clearance, or how PTT synergizes with gas therapy. Understanding these synergistic mechanisms is crucial for designing novel and efficient synergistic strategies, achieving higher therapeutic efficacy, and reducing the risk of side effects.
By exploring these directions, it is expected that the bottlenecks of hollow-structured photothermal antibacterial platforms, such as biosafety, treatment depth, and synergistic efficacy, can be systematically addressed, accelerating their clinical translation process.
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      Figure 8 

      
        [image: Figure 8 Refer to the following caption and surrounding text.]
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        (a) The schematic illustration of AuAgCu2O-BS NPs for the treatment of endophthalmitis after cataract surgery. Reproduced with permission from Ref. [138]. Copyright©2020, The Author(s). (b) Schematic illustration of TC-PCM@GNC-PND as a combined platform for hyperthermia and antibiotics with an obvious synergistic antibacterial effect. Reproduced with permission from Ref. [140]. Copyright©2020, American Chemical Society. (c) The scheme of SiO2-Coated ZnO for photothermal and photodynamic antibacterial applications in bone repair. Reproduced with permission from Ref. [150]. Copyright©2025, American Chemical Society. (d) Synthesis process of Ofloxacin@HMPB@HA NPs and its application for wound healing. Reproduced with permission from Ref. [155]. Copyright©2022, Wiley-VCH.
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        (a) Schematic diagram for BBTD@PM NP-mediated lesion-pathogen dual targeting and NIR-IIb imaging-guided photothermal therapy for TB. EPR, enhanced permeability and retention; i.v., intravenous injection; TNF-α, tumour-necrosis factor-α; IFN-γ, interferon-γ. Reproduced with permission from Ref. [157]. Copyright©2024, The Author(s). (b) The programmed thermal CO bubbles therapy of COT for treating bacterial infection and modulating the inflammatory response to promote fibroblast response and tissue repair. Reproduced with permission from Ref. [158]. Copyright©2025, Elsevier Ltd.
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              	Material category
              	Composition
              	Hollow structure type
              	Synergistic modality
              	Target infection scenario
              	Ref.
            

          
          
            
              	Metal-based
              	Ag-Au nanoparticles
              	Single-shelled
              	PTT+PDT
              	Wound infection
              	[95]
            

            
              	Bi nanospheres
              	Single-shelled
              	PTT+gas therapy (CO)
              	Infected wound healing.
              	[105]
            

            
              	Au nanocage
              	Single-shelled
              	PTT+gas therapy (NO)
              	Biofilm-associated infections
              	[109]
            

            
              	Au-Ag nanoparticles
              	Core-Shell
              	PTT+Ag ion release
              	Superficial wound infection
              	[121]
            

            
              	Au-Ag nanoparticles
              	Single-shelled
              	PTT+drug therapy
              	Endophthalmitis
              	[138]
            

            
              	Au nanocages
              	Single-shelled
              	PTT+drug therapy
              	Periodontitis
              	[140]
            

            
              	Metal sulfide/metal oxide-based
              	MnOx nanozyme
              	Single-shelled
              	PTT+CDT
              	Bacterial infections
              	[25]
            

            
              	CuO nanoparticles
              	Single-shelled
              	PTT+CDT
              	Bacterial infections
              	[26]
            

            
              	Bi2S3 microspheres
              	Single-shelled
              	PTT+drug therapy
              	Bacterial infections
              	[96]
            

            
              	Au@Bi2S3 nanostructures
              	Core-Shell
              	PTT+PDT
              	Bacterial infections
              	[98]
            

            
              	Mo single-atom nanozymes
              	Single-shelled
              	PTT+CDT
              	Diabetic wound healing
              	[126]
            

            
              	FeCoOx nanoparticles
              	Multi-shelled
              	PTT+PDT
              	Bacterial keratitis
              	[133]
            

            
              	SiO2@ZnO nanoparticles
              	Core-Shell
              	PTT+PDT
              	Bone infection
              	[150]
            

            
              	Organic polymers-based
              	PDA microspheres
              	Single-shelled
              	PTT+drug therapy
              	Bacterial infections
              	[97]
            

            
              	PDA-coated ZnO
              	Core-Shell
              	PTT+PDT
              	Superficial wound
              	[122]
            

            
              	PDA-modified TiO2 nanotubes
              	Single-shelled
              	PTT+gas therapy (CO)
              	Implant-associated infection
              	[158]
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