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Emerging Applications of Photodynamic and Sonodynamic
Therapies in Orthopedic Disorders: Mechanisms,

Challenges, and Future Directions

Peiyang Wen, Wenging Xie, Da Zhong,* Zhou Li,* and Yusheng Li*

As non-invasive targeted therapeutic modalities, photodynamic therapy (PDT)
and sonodynamic therapy (SDT) have demonstrated significant clinical
potential in orthopedic disorders management. PDT generates reactive
oxygen species (ROS) through photosensitizer activation under specific light
wavelengths, selectively inducing apoptosis in pathological cells. SDT
employs sonosensitizers activated by low-intensity ultrasound to produce
ROS while offering enhanced depth of tissue penetration. Current
advancements reveal clinical efficacy in bone tumor ablation, management of
osteomyelitic infections, intervention for degenerative bone diseases, and
bone regeneration applications. However, clinical translation faces three
principal challenges: i) PDT’s photonic penetration constraints coupled with
tumor tissue hypoxia; ii) SDT efficacy limitations from inhomogeneous energy
dispersion in therapeutic acoustic fields and challenges in precise modulation
of inertial cavitation thresholds; iii) Persistent standardization deficits in
longitudinal biosafety assessment frameworks and treatment dosimetry. This
review systematically elucidates molecular mechanisms and targeted
regulatory pathways of PDT/SDT for orthopedic pathologies, critically
evaluates therapeutic efficacy based on preclinical and clinical evidence, and
proposes translational strategies focusing on novel sensitizer development,
combination therapeutic strategies, and intelligent platform technologies.
Future investigations should prioritize sensitizer structural optimization,
establishment of standardized treatment protocols, and integration of
multimodal image-guided systems to facilitate comprehensive clinical
translation of PDT/SDT in precision orthopedics.

1. Introduction

Orthopedics, a major subspecialty of
surgery, is dedicated to the diagnosis and
management of injuries and disorders
affecting the musculoskeletal system, in-
cluding osseous structures (bones), skeletal
muscles, tendons, ligaments, cartilage and
other soft tissues, as well as major articu-
lations such as knees, ankles, spinal joints,
hand-foot complexes, and shoulder-elbow
regions.!! This discipline encompasses
multiple  subspecializations  including
trauma and fracture management, muscu-
loskeletal infections, orthopedic oncology,
sports medicine, deformity correction, and
arthroplasty (joint replacement). Patho-
logical conditions of the musculoskeletal
system—such as infections, traumatic
injuries, and neoplastic lesions—can in-
duce structural damage to bones, cartilage,
muscles, tendons, or ligaments, ultimately
resulting in musculoskeletal disorders
(MSDs). Recent data show ~1.3 billion peo-
ple globally suffer from MSDs. Prevalence
is projected to escalate with population
aging, imposing a substantial healthcare
burden.[?]

Therapeutic strategies for MSDs are
broadly classified into two primary
modalities: operative intervention and
nonoperative management, both of
which are indispensable components in
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contemporary MSD treatment paradigms.[*l In cases of severe
osseous pathology with extensive tissue compromise, surgical
procedures paired with chemotherapeutic regimens remain un-
avoidable. However, conventional surgical approaches exhibit
limited therapeutic efficacy and inherent invasiveness, while tra-
ditional chemotherapeutic agents carry risks of systemic toxic-
ity and off-target adverse effects.[?! Recent advancements in pre-
cision medicine have propelled nonoperative therapeutic strate-
gies to the forefront of musculoskeletal disease management,
now recognized as pivotal determinants in achieving success-
ful clinical outcomes.l! Structurally tunable nanodrug deliv-
ery systems (NDDS) have emerged as focal materials in non-
surgical therapeutics, achieving pathological organ targeting via
directional functionalization of chemical moieties, while en-
abling exogenous stimulation-actuated on-demand payload re-
lease to precisely trigger aberrant cellular apoptosis.[®! Neverthe-
less, such systems still fundamentally rely on conventional cy-
totoxic chemotherapeutics, thus failing to resolve the intrinsic
toxicity limitations of systemic chemotherapy. Emerging PDT
and SDT modalities present innovative solutions that circumvent
both the invasiveness of surgical procedures and the nonspecific
toxicity profiles associated with chemotherapeutic interventions
in orthopedic oncology.

Photodynamic therapy (PDT) and sonodynamic therapy
(SDT) have garnered multidisciplinary research attention as
targeted, remotely controllable, and non-invasive therapeutic
techniques, owing to their spatiotemporally precise control
characteristics.””# The conceptual origin of PDT can be traced to
1900, when researchers first observed acridine dye-induced cy-
totoxicity under light exposure,[®] a landmark discovery that es-
tablished the theoretical foundation for photosensitizer-mediated
targeted therapy. With technological progression, SDT emerged
as a derivative strategy of PDT, utilizing ultrasound activation in-
stead of light to overcome tissue penetrability limitations. Both
modalities have achieved significant clinical success in manag-
ing superficial tissue pathologies, particularly breast and skin
cancers. This trajectory originated with T. J. Dougherty’s land-
mark 1979 application of hematoporphyrin derivative (HPD) in
PDT for breast cancer,[!% sparking ongoing advancements in sen-
sitizer development. Representative breakthroughs include the
Fe;O0, @ZnO-Bru nanosystem by Ren’s team,"!l which achieves
combined PDT/CDT for cutaneous squamous carcinoma, and
Wang et al.’s IR780@PLGA@HM composite microparticles,'?!
demonstrating effective suppression of breast cancer bone
metastasis through SDT-immunomodulation synergy. Despite
the demonstrated efficacy of PDT and SDT in oncology and su-
perficial tissue diseases, their translational application in MSD
remains notably delayed. This gap primarily stems from two criti-
cal limitations: i) The unique anatomical architecture of the mus-
culoskeletal system complicates energy propagation and sensi-
tizer distribution; ii) The physical properties of highly mineral-
ized bone matrices significantly reduce near-infrared light pen-
etration efficiency, while rapid ultrasound attenuation in cortical
bone restricts SDT effectiveness in deep-seated lesions.

In recent years, PDT and SDT have attracted growing re-
search interest as emerging modalities for managing bone-
related pathologies. Investigators have engineered multifunc-
tional responsive nanomaterials and introduced novel therapeu-
tic strategies (PDT/SDT-based modalities) to overcome limita-
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tions of conventional approaches in treating diverse skeletal dis-
orders, including bone neoplasms, osteomyelitis, osteoarthritis,
rheumatoid arthritis (RA), and compromised osseous regenera-
tion. This review systematically outlines the fundamental mecha-
nisms underlying PDT and SDT, examines recent advancements
in photosensitizer and sonosensitizer design tailored for skeletal
applications, and proposes potential translational pathways for
optimizing these photonic and acoustic therapies in orthopedic
clinical practice.

2. Fundamental Mechanisms of PDT and SDT

2.1. PDT Mechanisms: Type I/1l Reactions, Oxygen Dependency,
and Nanosensitizer Design

PDT is a specialized non-surgical treatment that delivers photo-
sensitizers (PS) to target lesions. Under aerobic conditions, PS
is activated by light of specific wavelengths and energy, gener-
ating reactive oxygen species (ROS) to induce apoptosis of ab-
normal cells at the lesion site.['*!*] Upon systemic administra-
tion, PS initiates photodynamic reactions through two distinct,
ROS-dependent mechanisms, as illustrated in Figure 1A. Both
mechanisms share an identical initial phase: ground-state PS (S,,)
absorbs photons to reach an excited singlet state (S,) and par-
tially releases energy through fluorescence, with residual energy
driving intersystem crossing to form a triplet excited state (T;-
PS).[1516] Subsequently, T;-PS proceeds through divergent path-
ways:

In the first mechanism (Type I reaction), T,-PS transfers hy-
drogen atoms or electrons to nearby biomolecules, generating
free radicals—primarily superoxide anion (O,-7), which initiates
intracellular ROS propagation. This triggers an oxidative cascade,
resulting in massive ROS accumulation that damages patholog-
ical cells at the lesion site.['>7] Conversely, the second mecha-
nism (Type II reaction) involves direct energy transfer from T,-
PS to triplet ground-state oxygen (*0,) dissolved in extracellular
spaces, forming highly reactive singlet oxygen (10,) without PS
decomposition or direct cellular structural damage.!*>1¢]

Although Type II reactions are generally dominant in PDT ef-
ficacy, the relative contributions of these mechanisms depend
on multiple factors including oxygen concentration, pH levels,
structural properties of PS, and tissue-specific characteristics of
lesions.['®] Notably, Type I reactions prevail under hypoxic condi-
tions when extracellular oxygen reserves are depleted.

Critical to PDT success, PS directly determines therapeutic
outcomes. Clinically available PS agents encompass porphyrins
(hematoporphyrin, Photofrin, protoporphyrin IX), porphyrin
derivatives (5-aminolevulinic acid, benzoporphyrin derivatives,
chlorins), photosensitive dyes (acridine orange, methylene blue,
indocyanine green), as well as metallic and semiconductor
nanoparticles.'*16 The relevant information regarding photo-
sensitizers has been consolidated and systematically summa-
rized in Table 1.

2.2. SDT Mechanisms: Inertial Cavitation, Pyrolytic ROS, and
Dynamic Drug Release

Light therapy has been utilized as a non-invasive treatment across
multiple clinical specialties for decades, yet it faces inherent lim-
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Figure 1. PDT versus SDT: ROS generation mechanisms. A) Mechanistic diagram of the photodynamic reaction. Reproduced with permission.

[16]

Copyright 2018, Elsevier. B) Schematic illustration of SDT. Reproduced with permission.[?2] Copyright 2020, Royal Society of Chemistry (RSC).

itations: i) limited light penetration depth restricts its efficacy in
treating deep-seated lesions, as light activation remains manda-
tory for photosensitizers; ii) post-PDT nanoparticle retention
in tissues may induce adverse effects.'”) SDT, combining low-
intensity US with sono-sensitizing agents, overcomes these con-
straints by enabling energy delivery to light-inaccessible deep or-
gans, notably the liver and pancreas. Analogous to PDT, SDT gen-
erates substantial ROS through interactions among US, sonosen-
sitizers, and tissue oxygen under non-toxic conditions involving
both US and sensitizing agents.

While PDT mechanisms are well-characterized, SDT’s mech-
anistic underpinnings remain incompletely understood. Pro-
posed mechanisms include sonoluminescence, pyrolysis, ROS
generation via cavitation-induced bubble collapse, and ROS-
independent cytotoxicity.?’ US interaction with aqueous envi-
ronments induces cavitation—classified into stable and inertial
types. Stable cavitation involves oscillatory bubble motion around
equilibrium radii through multiple acoustic compression—
decompression cycles, generating shear forces for fluid mixing.
Conversely, inertial cavitation involves rapid bubble expansion
followed by violent collapse under US, producing extreme lo-
calized conditions (<10 000 K, 81 MPa) that activate cell-bound
sonosensitizers. Energy released during sensitizer relaxation ex-
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cites ambient molecular oxygen, generating ROS with indirect
cytotoxic effects.[?!] The possible mechanisms of SDT are sum-
marized in Figure 1B.

Building upon these two cavitation modalities, research teams
led by Son and Kim proposed two fundamental mechanisms
to elucidate ROS generation in SDT.??] The first mechanism,
termed sonoluminescence, involves light emission during ultra-
sound irradiation of aqueous solutions. While the underlying
origin remains elusive, this phenomenon may originate from
blackbody radiation, bremsstrahlung, or recombination radiation
mechanisms. The emitted light activates sonosensitizers, induc-
ing ROS production through processes analogous to PDT. The
second mechanism, pyrolysis, utilizes extreme temperatures pro-
duced by inertial cavitation to fragment sonosensitizers. This ini-
tiates aqueous pyrolysis, yielding hydroxyl radicals (-OH) that re-
act with endogenous substrates to generate cytotoxic ROS.

Sonosensitizers critically determine SDT efficacy, serving as its
core therapeutic component (Table 2). Since the advent of SDT,
a broad spectrum of sensitizers has been engineered, encom-
passing organic molecules, inorganic nanoparticles, and metal-
organic frameworks.Early SDT research primarily adapted pho-
tosensitizers validated in PDT, such as porphyrins and cyanines,
which generate ROS-dependent cytotoxicity under US excitation.
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Table 1. Photodynamic therapy-based nanoparticles.

Application Sensitizer Conjugation Cells/bacteria Animal Research Laser Outcome Ref
species stages
[eN PpIX N/P@MCC U20S cells OS mice In vitro, in vivo 630 nm, PDT/PTT; IRT and FL imaging [30]
150 mW cm—2
OR 980 nm,
1W cm™2
TPPS TPPS@FNPs-MSC U20S cells OS mouse In vitro, in vivo 405 nm, PDT/CDT; superior biocompatibility, [37]
0.16 ) 57! high specificity for OS targeting
TAPP SPN-TAPP-PCB4 - OS mice In vitro, in vivo 650 nm, PDT/CDT, hypoxia-responsive [38]
0.5 W cm™ nanomedicine for overcoming the
hypoxic TME
Ceb Ce6@PPC-aCD47 K7M2 cells OS mice In vitro 660 nm, PDT and ICD; dual pH-sensitive [47]
1Wcm™2 nanodrug
Ceb A- K7M2, OS mice In vitro, in vivo 650 nm, PDT and ICD; coregulate the acidic [42]
NPs@ (SHK+Ce6) Raw264.7, 300 m\W cm—2 TME and TAM polarization to

and L929 cells

reprogram the TIME; High
specificity for OS targeting

Ceb Ce6@SRF@RDV ~ MG63 and 143B OS mice In vitro, in vivo 660 nm Red blood cell-derived vehicle; [44]
cells Safety compared with traditional
PDT and ferroptosis therapy
Ce6 MPCT@Li-R MNNG/HOS OS mice In vitro, in vivo 660 nm, Pt NPs promote the production of [45]
cells 500 mW cm—2 ROS during PDT; MTH1
inhibitors amplify the therapeutic
effect of oxidative damage
MB HA-NPs-MB Saos-2 cells OS mice In vitro, in vivo 808 nm, Better efficiency of PDT; less MB be [56]
50 mW cm~2 used
ICG PEG-GO-FA/ICG- MG63 and OS mice In vitro, in vivo 808 nm Ginsenoside Rg3; NPs improve PDT [57]
Rg3 U20S cells in inhibiting malignant
progression and stemness of
osteosarcoma cell
ICG TPP-PPG@ICG MG63 cells OS mice In vitro, in vivo 808 nm, Mitochondria-targeting PDT; [58]
0.6 W cm—2 Fluorescence imaging-guided
synergistic phototherapy
AlPcS4 AlPcS4@FNPs MG63, Saos 2 OS mice In vitro, in vivo 405 nm MSC enhance the effectiveness of [60]
and U20S PDT
cells
ZnPc PEG-PMAN/ZnPc MNNG/HOS OS mice In vitro, in vivo 660 nm, Mitochondrial-targeting specificity; [61]
cells 1.8 kj cm—2 Superior PDT efficacy; High
biocompatibility
BODIPYs H-MnSiO2/KB- HOS cells OS mice In vitro, in vivo 808 nm, Attenuate circadian rhythm [63]
ALD 0.5W cm—2 amplitude in OS cells; Overcome
hypoxic TME
IR780 D@SLNP@OSM- K7M2 cells OS mice In vitro, in vivo 808 nm, PDT/CDT; Mitochondrial-targeting [64]
IR780 2Wcm™? specificity
- RhRu/Ti3C2Tx 143B cells OS mice In vitro, in vivo 808 nm, PDT/PTT/CDT [67]
0.56 W cm™2
MXene CeO, @MXene 143B cells OS mice In vitro, in vivo 808 nm, Overcome hypoxic TME; Combine | [69]
1W ecm™2 and Il type PDT
- Pd@Pt-PEG LM8 and L929 OS mice In vitro, in vivo 808 nm, PDT/PTT; Overcome hypoxic TME; [70]
cells 1W cm™? FL/PT imaging-guided synergistic
PTT/PDT treatment
AgBiS2 AgBiS2 NPs UMR-106 cells OS mice In vitro, in vivo 808 nm, PDT/PTT, Antibacterial activity and 71
1W cm™2 CT imaging
CcpP CP-SiNPs U20S cells - In vitro 350 nm, CP-loaded silica nanoparticles [79]
0.27 mW cm™2 boosted photodynamic therapy
through enhanced bioavailability
Osteomyelitis PpIX Van-GQDs/PpIX Escherichia coli - In vitro X-ray (2 Gy, PDT/CDT; Destroys cell walls; [107]
6 MV) combats deep-seated infections
(Continued)
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Application Sensitizer Conjugation Cells/bacteria Animal Research Laser Outcome Ref
species stages
LD40 - S. aureus In vitro, in vivo 650 nm, PACT; Enhances bone matrix [102]
(MRSA) Osteomyelitis 25)cm™2 regeneration and effectively
rat eradicates drug-resistant bacteria
in deep bone infections
ICG BMUIG S. aureus In vitro, in vivo 808 nm, PACT; Dual-modality imaging [105]
Osteomyelitis 0.1Wcm™ (photoacoustic/MRI); Synergistic
mouse high-efficacy antibacterial action
at low doses
IAls ICG Ti-M/I/RGD S. aureus IAls rat In vitro, in vivo 808 nm, PDT/PTT; Biofilm eradication; [106]
1TWcm=2 High-efficacy anti-l1Als
Ceb BSA@MnO2 S. aureus 1Als mice In vitro, in vivo 660 nm PACT and ICD; Biofilm eradication; [107]
@Ceb6@Van, (MRSA) Establish long-term immune
BMCV memory
Osteomyelitis AD- AA-MAR S. aureus In vitro, in vivo 660 nm, Spatiotemporally programmed [108]
Ce6/Apt Osteomyelitis 0.6 W cm—2 regulation of immune
rat microenvironment; PDT-driven
synergy: antibacterial activity,
immunomodulation, and bone
remodeling
- BP/BQD S. aureus In vitro, in vivo - Phosphorescence replaces [110]
Osteomyelitis conventional laser to enable
mice dynamic phosphorescence-ROS
conversion
IAls - CuySg NPs S. aureus - In vitro 808 nm, PDT/PTT; Biofilm eradication [113]
1TWcm=2
RA HYP HYP-EMLs - AlA rat In vivo 590 nm Integration of EMLs, Ho-MNs, and [127]
PDT-driven light-controlled
release enables deep drug
penetration with precise
spatiotemporal regulation
5-ALA 5-ALA@DMNA RA-FLS/FLS ClA rat In vitro, in vivo 635 nm, PDT and immunoregulation; [128]
100 mW cm~2 Overcome the skin barrier to
achieve localized and efficient
delivery
TSPP TP FLS CIA rat In vitro, in vivo 500-550 nm PDT/bio-imaging; Modulate the [130]
inflammatory microenvironment
and reduce IL-17 and TNF-« levels
IR780 Au-DEN-MTX- Macrophage - In vitro 808 nm, PDT/PTT/CDT; Dual-targeting effect ~ [132]
IR780 (RAW?264.7) 0.5W cm~2
NPs
Cus Au NR@CuS FLS ClArat In vitro, in vivo 808 nm, PDT/PTT/CDT; Suppression of [135]
0.5 W cm™ synovitis cell activity; Efficient
inhibition of synovial hyperplasia;
High drug-loading capacity
- FT-HA-MTX NPs Macrophage AlA rat In vitro, in vivo 660 nm, PDT/PTT/CDT, HA-mediated [136]
(RAW264.7) 1W cm™2 targeted delivery; Significantly
reduced levels of
pro-inflammatory cytokines
TNF-a and IL-18
- T-PS - CIA mice In vivo 665 nm, PDT; precision imaging; Induces [138]
50 mW cm~2 apoptosis, vascular damage, and

local hemorrhage within lesioned
joints without
photodamage-related side effects
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Application Sensitizer Conjugation Cells/bacteria Animal Research Laser Outcome Ref
species stages
BiNS siBIMPNH FIS ClA rat In vitro, in vivo 808 nm PDT/PTT, Immune modulation and ~ [141]
1Wcm™2 OR synovial microenvironment
660 nm remodeling
0.5 W cm=2
HO IR-808 WL-808 Chondrocytes HO mice In vitro, in vivo 808 nm, PDT induces chondrocyte apoptosis  [150]
1Wcm™2 for HO treatment;
Type Il collagen serves as a key
therapeutic target in HO
Bone fracture IR780 Ti-RP-IR780-RGDC - Rat In vivo 808 nm, PDT/PTT; Enhance osseointegration ~ [151]
0.5W cm—2 and accelerate bone repair; Enable
low-temperature sterilization to
minimize tissue damage
Bone regener- TiOy_y KMNW and Osteoblasts Rabbit In vitro, in vivo 808 nm, PDT/PTT; Effectively inhibit S. aureus ~ [152]
ation NaMNS (MC3T3-E1 0.7W cm=2 or and E. coli; Promote bone
ATCC 1TWcm™2 regeneration and
CRL-2594) osseointegration

However, their propensity for intracellular aggregation limited
therapeutic efficacy. To address this limitation, nanotechnology-
driven sonosensitizers were developed, where nanoparticle en-
capsulation enhances SDT efficiency through dual mechanisms:
lowering cavitation energy thresholds and creating nucleation
sites for microbubble formation. Recent advancements focus
on metal oxide-based sonosensitizers (e.g., Fe;O,, tungsten
oxides), which demonstrate synergistic US-responsive behav-
ior. These materials enable ROS amplification via ultrasound-
activated Fenton reactions, offering a dual-modal therapeutic
strategy.[2223]

2.3. Comparative Analysis: Similarities and Differences between
PDT and SDT

PDT and SDT represent two distinct non-invasive modalities,
both reliant on the synergistic interplay between sensitizers and
exogenous energy (light or ultrasound) to generate ROS for tar-
geted apoptosis induction in pathological cells. Therapeutic out-
comes for both modalities hinge critically on sensitizer efficacy,
with initial SDT protocols even adopting PDT-validated agents
such as porphyrin derivatives due to their established ROS-
generating properties.

PDT and SDT diverge mechanistically and clinically. PDT em-
ploys established ROS pathways: Type I generates free radicals via
electron/hydrogen transfer, while Type II produces 'O, through
direct energy transfer. SDT mechanisms remain incompletely re-
solved, potentially involving sonoluminescence, pyrolysis, or cav-
itation. Cavitation effects include stable oscillations that enhance
mass transport and inertial collapses generating extreme condi-
tions (>10 000 K, AP ~81 MPa). Therapeutically, PDT’s efficacy is
limited by poor deep-tissue light penetration. SDT excels in treat-
ing internal targets via superior ultrasound penetration. PDT ef-
ficiency hinges on microenvironmental factors (oxygen, pH, sen-
sitizer design), whereas SDT depends on cavitation control and
sensitizer engineering—notably nanoencapsulation to lower cav-
itation thresholds.
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Clinically, PDT presents biosafety concerns stemming from
prolonged post-procedural photosensitizer retention, while
SDT’s therapeutic predictability is complicated by nonlin-
ear ultrasound-biofluid interactions. Emerging synergies in
sensitizer innovation are now evident, particularly with nano-
engineered metal oxide platforms demonstrating dual-capacity
ROS amplification and modality-specific limitation mitigation—
features that strategically align with combinatorial therapeutic
development paradigms.

3. Bone Tumors

Cancer has persisted as one of the most lethal diseases for cen-
turies, consistently exhibiting high mortality rates worldwide.
Bone tumors, which may originate intrinsically within bone tis-
sues or arise from their constitutive components, pose significant
clinical challenges. Both primary and metastatic bone tumors can
severely compromise patients’ quality of life.2*?°] Conventional
surgical interventions provide only partial resolution while intro-
ducing associated complications such as functional impairment,
often exacerbating patient morbidity. In contrast, PDT and SDT
emerge as promising alternatives capable of circumventing these
iatrogenic risks, thus representing advanced strategies for future
bone tumor management.

3.1. PDT in Bone Tumors: Tumor-Specific Delivery and
Hypoxia-Resistant Strategies

3.1.1. PDT with Porphyrins: Clinical Derivatives and ROS
Amplification

Porphyrin-based compounds and their derivatives, in-
cluding 5-aminolevulinic acid (5-ALA), hematoporphyrin
monomethyl ether (HMME), protoporphyrin IX, and meta-
tetra(hydroxyphenyl)chlorin (mTHPC), are commonly employed
as photosensitizers. However, the standalone efficacy of these

© 2025 Wiley-VCH GmbH
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Application Sensitizer Conjugation Cells/bacteria Animal Research stages Ultrasound Outcome Ref
species
oS 5-ALA - UMR-106 cells OS mice Invitro, invivo 1.0 MHz,  Suppresses the volume of implanted  [87]
2.0Wcem™2  tumors in mice and the viability of
UMR-106 cells; Targeting
mitochondrial apoptosis
IR780 MPIRx K7M2 and 143B OS mice Invitro, invivo 1.0 MHz, Remodeling the tumor immune [92]
cells 1TW cm™2 microenvironment; Suppressing
primary tumor growth along with
pulmonary metastasis
Rhabdomyosarcoma TiO, glu-aTiO, /PEO- Rh30 cells Mice In vitro, invivo 1.0 MHz, Precise control of nanoparticle [94]
PPO 1.2Wcem™2 surface functionalization;
Glucose-mediated active targeting
(e} TiO, W-TiO, 1438 cells OS mice In vitro, in vivo - SDT/CDT; GSH depletion; [95]
Ultrasound tumor ablation; High
biosafety
FePCN mFeP@si 143B and K7M2 OS mice In vitro, invivo 1.0 MHz, siRNA-mediated gene silencing; [96]
cells 1TW cm™2 Ferroptosis; Immunosuppressive
TME remodeling; Overcoming
chemotherapeutic resistance
OS/bone metastasis SP SPFeNgc RAW264.7 and Bone In vitro, in vivo - SDT/CDT; Theranostics: NIR [97]
tumor 4T10S/ cells metastasis fluorescence/MR imaging;
tumor High-efficiency suppression of
mouse bone metastasis
Osteomyelitis PpIX HMMP S. aureus and E. coli Osteomyelitis  In vitro, in vivo 40 kHz, In situ vaccination; Immune [114]
mice 1.5Wem™2 activation and formation of
immune memory
g-ZnN, g-ZnN4-MoS, S. aureus (MRSA)  Osteomyelitis  In vitro, invivo 1.0 MHz, SDT; Highly efficient bactericidal [115]
rat 1.5Wcm=2 activity and long-term
osteoinductive capability;
Superior long-term
biocompatibility
IR780 M2/IR780@PLGA  S. aureus (MRSA)  Osteomyelitis In vitro, invivo 1.0 MHz, SDT/Immunotherapy; M2 [176]
mice 2Wcm=2 macrophages enable
inflammation-targeted delivery;
US and MR imaging
CeTCPP CeTCPP-Au S. aureus and E. coli Osteomyelitis In vitro, invivo 1.0 MHz, SDT and dynamic defect [118]
rat 2Wcem™2 engineering; Enhanced ROS
generation efficiency and
deep-seated antibacterial
therapeutic efficacy
D-PCN-2 S. aureus (MRSA)  Osteomyelitis  In vitro, invivo 1.0 MHz, SDT; Defect engineering drives [119]
Porphyrinic rat 1.5Wem=2 performance enhancement
MOF
HNTM RBC-HNTM-MoS,  S. aureus (MRSA)  Osteomyelitis  In vitro, invivo 1.0 MHz, Multimechanism synergistic [120]
rat 1.5Wcem=2 antibacterial therapy:
piezoelectric-enhanced
sonocatalysis, US-driven
mechanical force, and metabolic
regulation achieve highly efficient
bacterial eradication
HNTM RBC-HNTM- S. aureus (MRSA)  Osteomyelitis  In vitro, invivo 1.0 MHz, SDT-driven dynamic sterilization [127]
Pt@Au rat 1.5Wcm~2  and toxin neutralization; Metal

single-atom catalysts enhance
sonocatalytic performance;
Achieving a balance between
high-efficiency antibacterial action
and bone protection
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Table 2. (Continued)

Application Sensitizer Conjugation Cells/bacteria Animal Research stages Ultrasound Outcome Ref
species
Au/TNT Au/TNT@PG S. aureus (MRSA)  Osteomyelitis  In vitro, in vivo - SDT combined with [124]
immunotherapy; Antibacterial-
anti-inflammatory-osteogenic
integrated design
RA PpIX Fe;O04-PPIX@Meps RAW264.7 CIA mice Invitro, invivo 1.0 MHz,  Synergistic triad of photosensitizer,  [146]
macrophage cells 2.0Wcm=2 nanocarrier, and bio-vehicle;
Elimination of hyperplastic
synovial cells and infiltrated
inflammatory cells
ICG OI-NPs FLS In vitro 1.0 MHz, PSDT; ROS-mediated cytotoxicity;  [148]
1.0Wcm™2  Amplify ROS generation capacity
via oxygen-sensitizing strategy
SPX Rh/SPX-HSA FLS CIA mice In vitro, in vivo 1.0 MHz, Dual functionality of inducing [149]
1.0Wcm=2 mitochondrial dysfunction and
enzyme catalytic activity;
Alleviation of the hypoxic
microenvironment
Bone regenera- HNTM HN-Ti; C, S. aureus Osteomyelitis  In vitro, invivo 1.0 MHz, Highly effective antibacterial and [19]
tion/osteomyelitis (MRSA)/hBMSCs 1.5Wem=2 anti-resistance properties;
Sustained promotion of bone
regeneration
TiOx CaO,-TiOXx@Ti; C, S. aureus Osteomyelitis  In vitro, invivo 1.0 MHz, SDT/CDT; A chemical [157]
mice 1.0Wcm™2 microenvironment integrating a
sonosensitizer and self-supplied
H,0, was constructed; Ca?*
contributed to osteogenesis and
repair functions
MXene  VS,/Mxene (VSM) hBMSCs SD rat Invitro, invivo 1.0 MHz, SDT/CDT; Ultrasound-induced [159]
1.2Wem~2 sustained regulation of
osteogenesis
Mn/HSAE ~ Mn/HSAE@BCP  S. aureus, E. coliand Osteomyelitis In vitro, invivo 2 W/cm? SDT/CDT; Combination of [160]
hBMSCs rabbit enzymatic catalysis and SDT;

Integrating anti-infective,
osteogenic, and
high-biocompatibility properties

PS agents remains limited, driving extensive investigations
into strategies such as nanoparticle-mediated PS delivery or
targeted inhibition of specific signaling pathways to enhance
their therapeutic performance.

As a PpIX precursor, 5-ALA is intracellularly metabolized
and inhibits sarcoma cell proliferation at 100-200 pg mL~126:27]
while inducing apoptosis under blue light (436 nm).[?® Re-
search indicates that receptor-interacting protein 3 (RIP3) ex-
erts dual regulatory roles in 5-ALA-PDT: promoting apoptosis
and autophagy while suppressing necrosis in U20S osteosar-
coma cells. Paradoxically, higher RIP3 levels correlated with im-
proved U20S cell survival post-treatment, highlighting RIP3
inhibition as a potential strategy to boost efficacy.!?) PpIX is
seldom used independently; advancements focus on nanopar-
ticle encapsulation. Chen et al. developed the biomimetic
nanocarrier N/P@MCC, integrating nitrogen-doped graphene
quantum dots (N-GQDs, exhibiting photothermal/PDT capabili-
ties) and PpIX into catalase-functionalized hollow mesoporous
nanospheres coated with cancer cell membranes. This system
enhances PDT through catalase-mediated oxygen generation

Adv. Healthcare Mater. 2025, 02565
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and synergistic ROS production (Figure 2A).3% Similarly, sil-
ica nanoparticle-encapsulated PpIX (PpIX-SiNPs) outperformed
free PpIX against osteosarcoma.l!]

Other derivatives show significant promise: HMME offers
enhanced photodamage capacity and selectivity, exerting dose-
/energy-dependent anti-proliferative effects in osteosarcoma
models primarily via caspase pathway activation (Figure 2B).[>]
While verteporfin (BPD-MA) induces tumor microvascular
damage,®! its clinical use is limited by side effects like
photosensitivity.['®) Benzochloroporphyrin derivatives (BCPDs)
overcome these with reduced photosensitivity, faster clear-
ance, and improved penetration;** BCPD-17, for instance, ef-
fectively induces apoptosis/cell cycle arrest in Ewing’s sar-
coma (Figure 2C)I*! and reduces local recurrence rates post-
osteosarcoma resection.l*®)

Mesenchymal stem cell (MSC)-mediated delivery platforms,
such as TPPS@FNPs-MSCs, exploit MSC tumor tropism to
overcome distribution and internalization barriers. Irradia-
tion effectively triggered ROS generation yielding potent anti-
osteosarcoma activity (Figure 2D).’”1 To counter PDT limi-

© 2025 Wiley-VCH GmbH
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Figure 2. Hematoporphyrin-based PS in bone tumor applications. A) Homotypic-targeting bio-inspired catalytic nanocarrier N/P@MCC. Reproduced

with permission.3%! Copyright 2021, American Chemical Society (ACS).

B) Inhibitory effect of HMME-PDT on osteosarcoma cell proliferation via the

caspase pathway. Reproduced with permission.[32] Copyright 2013, Public Library of Science. C) Molecular schematic and mechanistic effects of BCPDs.
Reproduced with permission.[3*! Copyright 2016, Elsevier. D) Porphyrin-loaded nanoparticle-integrated BMSC system TPPS@FNPs-BMSCs. Reproduced
with permission.37] Copyright 2013, Elsevier. E) Hypoxia-responsive tetrameric supramolecular peptide nanoprodrug SPN-TAPP-PCB4. Reproduced with

permission.[33] Copyright 2023, Wiley-VCH.

tations posed by tumor hypoxia, Ding et al. engineered the
hypoxia-responsive nanoprodrug SPN-TAPP-PCB4. Upon irradi-
ation, the TAPP core generates ROS (primarily '0,), while the
acidic/hypoxic tumor microenvironment triggers dissociation via
azobenzene cleavage, releasing chlorambucil (CB) to combine
PDT with hypoxia-activated chemotherapy (Figure 2E).*¥] For the
clinically prominent deep-penetrating PS mTHPC, liposomal en-
capsulation (Foslip) enhanced its potent anti-osteosarcoma ef-
fects (dose-dependent caspase activation/PARP cleavage) and
metastasis suppression via optimized pharmacokinetics.!3%40]

3.1.2. Chlorophyll/Organic Dyes for PDT: Mitochondrial Targeting
and Combination Therapy

Chlorin e6 (Ce6) is a widely used photosensitizer; however, its
monotherapeutic application in PDT for bone tumors exhibits
suboptimal efficacy. This limitation has spurred the development
of nanoplatform-based Ce6 delivery systems to potentiate combi-
nation regimens or improve osteotropic targeting specificity.

To counter PDT limitations like metastasis and recurrence,
Xiao et al.*!) engineered pH-dual-responsive polymeric nanovec-
tors (Ce6@PPC-aCD47) via conjugation of an anti-CD47 anti-
body to Ce6-loaded micelles. The NPs can deliver anti-CD47 anti-
bodies that enhance phagocytosis by TAMs/DCs and adaptive T-
cell responses while Ce6-generated ROS induces direct cell death

Adv. Healthcare Mater. 2025, e02565
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and immunogenic cell death (ICD) (Figure 3A). Similarly, Gao
et al.[*?] engineered an A-NPs@ (SHK+Ce6) nanosystem that re-
programs the immunosuppressive tumor microenvironment by
shifting TAMs to the M1 phenotype via amplified ROS/ICD, en-
hancing CD8+ T-cell infiltration and reducing Tregs. Combined
PD-1 blockade further achieved abscopal effects and immunolog-
ical memory (Figure 3B).

Optimizing bone targeting is crucial. Lil**! addressed the
low accumulation of freely administered Ce6/ZOL by develop-
ing Ce6@ZIF-PEG-ZOL nanoparticles, improving osteotropism
and enabling dose-dependent apoptosis potentiation with 2-DG
(Figure 3C). Concurrently, hemoglobin-rich erythrocyte-derived
vesicles (Ce6@SRF@RDV) enable spatiotemporally precise co-
delivery of Ce6 and sorafenib.[*!] Laser-triggered membrane dis-
ruption facilitates tumor-localized release, permitting synergistic
PDT and chemodynamic therapy (Figure 3D).

Tumor hypoxia and ROS detoxification (e.g., via MTH1
upregulation) constrain Ce6 efficacy. Song’s platform MSN-
Pt@Ce6/TH588@ Liposome-RGD combats hypoxia with Pt NPs
generating oxygen from H,0, while Ce6 produces '0,. Acid-
triggered release of the MTH1 inhibitor TH588 further amplifies
oxidative stress by suppressing DNA repair (Figure 3E).[*) Deng
et al. engineered an IrO, @ZIF-8/BSA-FA(Ce6) nanocomposite
that co-loads Ce6 onto hypoxia-relieving (catalase-mimetic) and
photothermally active IrO, nanoparticles for targeted synergistic
PDT/PTT (Figure 3F).[*¢]

© 2025 Wiley-VCH GmbH
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Figure 3. Chlorophyll-derived photosensitizers for osteosarcoma therapy. A) Dual pH-sensitive polymeric nanocarrier Ce6@PPC-aCD47. Reproduced
with permission.l#!l Copyright 2024, Tech Science Press. B) Calcium carbonate/polydopamine-based targeted nano-delivery system A-NPs@ (SHK+Ce6).
Reproduced with permission.[?] Copyright 2024, Wiley-VCH. C) Ce6@ZIF-PEG-ZOL with superior bone-targeting and high-efficiency drug delivery. Re-
produced with permission.[**] Copyright 2024, Elsevier. D) PDT/CDT combinatorial strategy Ce6 @ SRF @ RDV. Reproduced with permission.[“4] Copyright
2021, Royal Society of Chemistry (RSC). E) MSN-Pt@Ce6/TH588@liposome-RGD (MPCT@Li-R) alleviating tumor hypoxia and ROS defense-mediated
PDT resistance. Reproduced with permission.[*3] Copyright 2022, Elsevier. F) Sodium iridium oxide (IrO,) NPs with catalase-mimicking activity and
photothermal effects. Reproduced with permission.[*6] Copyright 2022, Taylor & Francis Online. G) MMPa-targeting photosensitizer. Reproduced with
permission.[4850-531 Copyright 2024, Impact Journals LLC.
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The efficacy of pyropheophorbide-a (MMPa) against OS is
hampered by intrinsic tumor cell resistance. Consequently,
targeting molecular pathways to overcome MMPa-PDT resis-
tance is crucial. Key regulators of ER stress, glucose-regulated
protein 78 (GRP78) and protein kinase RNA-like endoplas-
mic reticulum kinase (PERK), are frequently overexpressed
in malignancy. GRP78 knockdown sensitizes HOS cells to
MMPq,*) while combining MMPa-PDT with the PERK in-
hibitor GSK2656157 enhances OS cell apoptosis by suppress-
ing autophagy and p21-mediated survival (Figure 3G1).[*¥] Con-
versely, activation of the RhoA/ROCK2/LIMK2/YAP axis pro-
motes MMPa resistance in OS.*! Dual suppression of YAP
with ferroptosis inducers effectively restores MMPa suscepti-
bility (Figure 3G-2).’% Similarly, XBP1 silencing reduces an-
tioxidant levels in HOS cells, suggesting potential synergy with
MMPa-PDT (Figure 3G-3).°!] Mechanistically, MMP« induces
MG-63 cell death primarily via mitochondrial apoptosis; how-
ever, it concurrently triggers compensatory autophagy through
ROS-JNK signaling (Figure 3G-4).°2] Furthermore, MMPa-PDT
inhibits AKT/mTOR proliferative signaling (Figure 3G-5), iden-
tifying mTOR as a potential target to enhance therapeutic
outcomes.[>3!

3.1.3. Dye Photosensitizers for PDT: Nanocarriers and Synergy
Overcome Chemoresistance/Hypoxia

Acridine orange (AO) localizes subcellularly according to pH
gradients. NIR irradiation activates lysosomal AO, generat-
ing ROS that disrupt lysosomes, inducing rapid OS cell
death.>*] However, MDR cells retain AO predominantly in mi-
tochondria, synergizing with doxorubicin to boost chemother-
apeutic efficacy and circumvent resistance.>>! Hydroxyapatite
nanoparticles (HA-NPs), osteocompatible due to structural
mimicry of bone mineral, were conjugated with methylene
blue (MB) to form HA-NPs-MB, enhancing PDT. This sys-
tem protects MB from degradation, reduces required doses via
controlled 'O, generation, and enables tumor-specific damage
(Figure 4A).¢]

Despite superior biocompatibility, ICG exhibits limited clinical
utility for bone tumors due to poor aqueous stability and rapid
clearance. To overcome this, Lu et al.>’! developed PEG-GO-
FA/ICG-Rg3 nanoparticles suppressing OS proliferation, tumor
growth, and stemness under NIR (Figure 4B). Mitochondrial-
targeted TPP-PPG@ICG impaired ATP production, reversing
chemoresistance and inducing apoptosis®® (Figure 4C). Addi-
tionally, Jiang et al.>°! engineered bone-affine ZIF-8 nanocar-
riers (ICG/Cyt c@ZZF-8) with surface modification for stabil-
ity, enabling pH-triggered ROS generation and targeted ablation
(Figure 4D).

Tetra-sulfonated aluminum phthalocyanine (AlPcS4) was
loaded into fluorescent nanoparticles and functionalized
onto MSCs, preserving MSC migration/viability for cell-
mediated OS targeting and therapy, bypassing traditional carrier
limitations.l®) Zinc phthalocyanine (ZnPc), despite superior
attributes, is water-insoluble. Yu et al.l®!) encapsulated ZnPc in
an amphiphilic PEG-PMAN copolymer (PPZ), amplifying intra-
cellular ROS, causing mitochondrial dysfunction (Figure 4E),
and provoking G2/M cell cycle arrest and apoptosis in OS cells.
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Subsequent work demonstrated PPZ’s synergy with tumor
excision, highlighting its adjuvant potential.l®%]

Ge et al.l%] co-encapsulated near-infrared BODIPY dyes and
KLO01 (a small-molecule inhibitor of cryptochrome (CRY))
within MnO, nanocapsules modified with alendronate (ALD),
yielding the H-MnSiO, /KB-ALD system. This formulation sup-
pressed OS circadian rhythm amplitude, disrupted mitochon-
drial respiration via CRY inhibition, elevated intracellular oxygen
to overcome hypoxia, and enhanced PDT efficacy (Figure 4F), pi-
oneering circadian modulation for tumor PDT.

IR780, a heptamethine cyanine fluorophore with robust pho-
todynamic properties, has been exploited for OS treatment.
Zhang et all* engineered IR780-modified osteosarcoma cell
membrane (OSM)-camouflaged biomimetic lipid nanoparticles
to achieve tumor homotypic targeting and mitochondria-directed
drug delivery, establishing the D@ SLNP@OSM-IR780 platform.
Similarly, Wang et al.[] developed PLGA-IR780 encapsulated in
HOS cells (MH-PLGA-IR780), enhancing FL/PA imaging and
triggering mitochondrial apoptosis/ferroptosis to improve PDT
efficiency (Figure 4H), thereby advancing OS-targeted PDT.

3.1.4. Alternative PDT Strategies

Nano-Architectural Particles with Novel Metal-Element-Based
Functional Groups: Conventional photosensitizers face limita-
tions like poor solubility, instability, and low photosensitivity,
driving development of metal-centric nanoparticles for PDT. Ti-
tanium dioxide (TiO,) generates ROS under UV to kill cancer
cells.l®] Beyond TiO,, diverse metallic nanoparticles (Rh, Ru,
Ce) have emerged. Liang et al.[”] synthesized bimetallic RhRu
nanozymes on Ti;C,T, nanosheets (RhRu/Ti;C,T,). Here, Rh
catalyzes H,0, decomposition while Ru generates 'O, under
NIR; the system enhances H,O, adsorption and charge transfer,
synergizing catalytic performance. The RhRu/Ti,C, T, platform
provides a more effective and safer therapeutic strategy for OS,
representing an integrated approach combining PDT, PTT, and
CDT (Figure 5A).

Although promising 2D materials like MXenes have high pho-
tothermal/ROS potential 8] their efficacy is hampered by hy-
poxia. Zheng et al.[®] addressed this via a CeO, @MXene Schot-
tky heterojunction, where CeO, catalyzes tumor H,0, for self-
oxygenation. This integrates Type I/II PDT synergism, MXene’s
PTT, enhanced charge separation, and Ce**/Ce** redox cycling
for intelligent oxygen modulation, improving PDT outcomes
with superior tumor penetration. Additionally, Gu et al.”! tack-
led hypoxia using PA@Pt core-shell nanocomposites (Pd@Pt-
PEG), where the ultrathin Pt shell enhances charge accumula-
tion and offers dual PTT/PDT. These efficiently catalyze tumor
H,0, to generate oxygen, alleviating hypoxia and augmenting
PDT (Figure 5B). Surface PEGylation prolonged circulation and
enabled imaging guidance.

Bismuth-based nanomaterials show promise for imaging-
guided PTT/PDT, but face fabrication and translation challenges.
Cheng et al.”!] synthesized Tween-20-modified AgBiS, nanopar-
ticles showing high photothermal efficiency (36.51% @ 808 nm),
enhanced H,0, consumption/ROS generation, and synergistic
PTT/PDT against OS (Figure 5C), integrating therapy, imaging,
and anti-infection.
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Figure 4. Dye-based PS combined with nanocarriers: Overcoming tumor hypoxia and drug resistance. A) Mechanism of 'O, generation by HA-NPs-
MB/laser in osteosarcoma cells. Reproduced with permission.[>¢! Copyright 2020, Elsevier. B) Ex vivo tumor images in nude mice. Reproduced with

permission.l>’] Copyright 2021, Frontiers. C) Mitochondrion-targeting TPP-PPG@ICG nanocomposite for single-laser synergistic phototherapy. Repro-
duced with permission.[8] Copyright 2021, Springer Nature. D) Synthesis and bone-targeting synergistic therapy of ICG/Cyt c@ZIF-8@PVP NPs. Re-

produced with permission.[>° Copyright 2022, Royal Society of Chemistry (RSC). E) ZnPc release via PPZ NPs degradation in OS cells. Reproduced
with permission.[®1] Copyright 2018, Elsevier. F) MnSiO;/K&B-ALD nanoparticles for enhanced osteosarcoma photodynamic therapy. Reproduced with
permission.[83] Copyright 2023, Elsevier. G) Antitumor mechanism and preparation of D@SLNP@OSM-IR780 NPs. Reproduced with permission.[64]
Copyright 2024, Elsevier. H) MH-PLGA-IR780 nanoplatform-mediated targeted PDT killing mechanism. Reproduced with permission.[®%] Copyright 2022,

Springer Nature.
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Figure 5. Alternative PDT strategies for bone malignancies. A) Bimetallic RhRu nanozyme (RhRu/Ti;C,T,). Reproduced with permission.[6] Copyright
2023, Wiley-VCH. B) Pd@ Pt core—shell nanocomposite with catalase-mimicking activity and photothermal/photodynamic dual-modal functions (Pd@Pt-
PEG). Reproduced with permission.[7% Copyright 2021, Royal Society of Chemistry (RSC). C) AgBiS, nanoparticles enabling PTT/PDT dual-modal therapy.
Reproduced with permission.l”!l Copyright 2020, Elsevier. D) PT oligopeptide-targeted semiconductor polymer nanoparticles (SPN-PT). Reproduced
with permission.[”3] Copyright 2022, Springer Nature. E) NIR-Il-responsive degradable quasi-conjugated polymeric system (NP-PDT@Reg). Reproduced
with permission.[”3] Copyright 2023, Wiley-VCH. F) Spirulina (Spi)-based drug delivery system (SpiD). Reproduced with permission.[”6] Copyright 2024,

American Chemical Society (ACS).

Overcoming PDT’s shallow penetration depth (<2 mm) and
NIR limitations (high power, low quantum yield), Zhang et al.’%!
developed NIR-activated NaYbF, nanoparticles. These generate
10, efficiently under 980 nm excitation via Yb** — O, lin-
ear energy transfer (1.27 eV — 0.97 eV), enabling real-time
laser/oxygen monitoring and precise regulation for deep-tissue
PDT.

Semiconductor Photosensitizers Demonstrate Promising Thera-
peutic Potential: Recent advances in PDT have highlighted
semiconductor-based photosensitizers as pivotal research tar-
gets. Yuan et al.l”®l developed osteosarcoma-targeted semicon-

ducting polymer nanoparticles (SPN-PT) via nanoprecipitation of
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PEG-PT-conjugated PCPDTBT (Figure 5D). This platform syn-
ergizes NIR-II fluorescence/NIR-I photoacoustic imaging, with
PT peptide-mediated uptake enhancing early detection sensi-
tivity. Under 808 nm irradiation, SPN-PT delivered concurrent
photothermal/photodynamic activity, demonstrating preclinical
promise as a precision theranostic agent

While z-conjugated polymers show PDT potential,l’*] non-
degradability hampers clinical translation. To address this, Wan
et al. engineered a tumor-responsive pseudo-conjugated sys-
tem (PSPBdiPY) activated by NIR-II light.l”>] Their NP-PDT@Reg
nanoplatform co-assembled diselenide polymers and rego-
rafenib, enabling light-triggered drug release, vascular remod-
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eling for hypoxia alleviation, and p38/Creb1/Klf4-mediated im-
munosuppression reversal (Figure 5E). This amplified M1 polar-
ization (1.2-2x CD8" T-cell infiltration), depleted Tregs/MDSCs
(<£25-40% baseline), and induced robust immunogenic cell
death. The synergistic strategy represents a transformative ad-
vance in dismantling microenvironmental resistance mecha-
nisms underlying osseous malignancies.

Natural Biomaterials for PDT: In contrast to synthetic ma-
terials, natural biomaterials are increasingly recognized as al-
ternatives to synthetic platforms in oncotherapy. Microalgae-
derived systems exemplify this trend, with An et al.l’®! report-
ing a spirulina-based nanocomposite (SpiD) for dual chemo-
photodynamic osteosarcoma treatment. Spirulina’s photosyn-
thetic O, generation under 650 nm light alleviated hypoxia
while amplifying chlorophyll-mediated ROS, synergizing with
pH-responsive doxorubicin release for effective osseous tumor
suppression (Figure 5F).

Meanwhile, phytochemical optimization studies demon-
strated aloe-emodin (AE)-PDT’s tumor-selective cytotoxicity
at submutagenic doses (10 pum, 4.8 ] cm2)”7l through
mitochondrial/ER-targeted ROS-JNK signaling.[’®! Parallel ef-
forts addressed Cichorium pumilum’s pharmaceutical limitations,
with Makhadmeh et al.”’! demonstrating silica nanoencapsula-
tion (CP-SiNPs) enhanced both aqueous stability and photody-
namic potency, enabling effective tumor clearance at reduced
dosages and irradiation durations.

3.2. SDT in Bone Tumors: Deep-Tissue Penetration and
Immunogenic Cell Death

3.2.1. SDT with Metalloporphyrins: Sono-Immunotherapy and
Apoptotic Signaling

As previously, mentioned, hematoporphyrin and its derivatives,
as classical PSs, demonstrate significant potential in SDT, with
representative compounds including Hp, PpIX, and HMME. Hp
combined with ultrasound elicits synergistic antitumor effects
through multiorganelle damage, including membrane dysfunc-
tion, enzyme inhibition, mitochondrial swelling, and chromatin
condensation.!®#!] Hp-SDT generates 'O, via mitochondrial-
localized Hp, activating caspase-8/9-PARP cascades and in-
ducing apoptosis through cytochrome-C translocation and Bax
upregulation.[80-82]

Similarly, HMME targets mitochondrial pathways under ul-
trasound, activating caspase-9/caspase-3 cascades while upreg-
ulating Bax and suppressing Bcl-2.%) PpIX demonstrates su-
perior efficacy versus Hp;®* PpIX-SDT enhances apoptosis via
Fas/caspase-8/-3 signaling and induces PARP cleavage/DNA
fragmentation.[®>] Ultrasound further accelerates PpIX aggrega-
tion while promoting its decomposition to amplify Fenton reac-
tions (generating -OH/-O,"), elucidating the oxidative damage
mechanism. (5]

5-ALA-derived PpIX localizes in mitochondria, where
ultrasound-generated ROS induces apoptosis via mitochon-
drial membrane potential collapse, Bcl-2 downregulation, and
Bax/p53/caspase-3 upregulation.’”]  Sinoporphyrin sodium
(DVDMS) exhibits robust ultrasound-activated antitumor effects
through mitochondrial apoptosis (caspase-3/9 activation, PARP
cleavage) while suppressing PCNA/VEGF.38 Tumor-targeted
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DVDMS accumulation peaks under triple ultrasound irradiation
(2/6/24 h post-administration), achieving 1.6-fold higher sup-
pression versus single-dose treatment without thermal damage
or metastatic rigk.[®]

3.2.2. Catalytic Nanoreactors for SDT: Piezoelectric Fenton
Reactions and ROS Cascades

ICG and MB were previously proposed as dye-based photosen-
sitizers applicable to SDT. However, studies revealed that ICG-
SDT predominantly relies on photodynamic effects, where US
merely enhances efficacy without playing a dominant role.")
In contrast, MB-SDT is governed by sonodynamic effects, as
US-activated MB eliminates tumor cells via hydroxyl radical-
dominated ROS-mediated cytotoxicity.*!]

Currently, PD-1/PD-L1 immunotherapy achieves a response
rate of only 5%, while the CD47 inhibitor RRx-001 shows promise
by suppressing tumor immune evasion. Gong et al.?l thus
developed a biomimetic nanodrug (MPIRx) using a polyethy-
lene glycol-polycaprolactone (PEG-PCL) copolymer to co-load
RRx-001 and the sonosensitizer IR780, cloaked with osteosar-
coma cell membranes for enhanced targeting. This system syn-
ergized CD47 blockade with SDT, significantly suppressing or-
thotopic osteosarcoma growth and lung metastasis (Figure 6A).
The strategy provides a novel approach for osteosarcoma sono-
dynamic/immunotherapy, integrating targeted delivery and mi-
croenvironment modulation.

Traditional nanocarriers depend on the enhanced permeability
and retention effect and passive drug release via self-degradation,
posing off-target risks. Zhou!*}! designed ultrasound-triggered
liposomes (NGR/UT-L) incorporating the CD13-targeting pep-
tide NGR, the sonosensitizer Ce6 ester, and doxorubicin (DOX)
(Figure 6B). This platform combines SDT with spatiotemporally
controlled drug delivery, overcoming the tissue penetration limits
of phototherapy. It offers a novel strategy for deep-seated tumors
(e.g., osteosarcoma) with high tissue penetrability, minimal sys-
temic toxicity, and active targeting capabilities.

3.2.3. Bioengineered SDT Platforms: Stem Cell Carriers and
Biomimetic Targeting

Compared to conventional sonosensitizers (e.g., porphyrins),
ultrasound-responsive nanomaterials show superior potential
due to tunable size/morphology/surface properties that en-
hance biocompatibility and biodistribution. Zlotver®*! designed
glucose-modified TiO,/polymer hybrids (glu-aTiO,/PEO-PPO)
for targeted SDT (Figure 6C). Precise size control (30-300 nm)
and glycosylation enabled GLUT-1-targeted accumulation in
rhabdomyosarcoma, significantly prolonging survival in tumor
models.

To overcome TME limitations (inadequate H,0,/GSH), Geng
et al.[%! synthesized W-doped TiO, nanorods. PEG modification
enhanced dispersibility, while bandgap reduction (3.2—2.3 eV)
amplified ultrasound-triggered ROS. The nanoparticles syn-
ergized CDT/SDT via -OH generation and GSH depletion
(Figure 6D). Ferroptosis induction complements SDT for hy-
poxia resistance. Sun et al.l®l constructed Fe-porphyrin MOFs
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Figure 6. Sonosensitizers and nanocarriers in bone tumor treatment. A) Mechanism and assembly of MPIRx nanodrugs for CD47 immune check-
point/sonodynamic therapy in osteosarcoma with lung metastasis. Reproduced with permission.[®2] Copyright 2023, Elsevier. B) DOX-loaded NGR/UT-L
system schematic. Reproduced with permission.[?3] Copyright 2019, American Chemical Society (ACS). C) Synthesis and sono-responsive performance
of glu-aTiO,/PEO-PPO nanomaterials. Reproduced with permission.[%] Copyright 2023, Wiley-VCH. D) Ultrafine W-TiO, nanorods fabrication with
TME-regulating capacity for CDT-augmented SDT. Reproduced with permission.[®*] Copyright 2021, American Chemical Society (ACS). E) Synthesis
pathway and mechanistic overview of mFeP@st nanoparticles. Reproduced with permission.[%®] Copyright 2024, Elsevier. F) Preparation and potent in
vivo antitumor efficacy of ASPNFP. Reproduced with permission.[23] Copyright 2023, American Chemical Society (ACS). G) SPFeNOC construction via
nanoprecipitation/cell membrane camouflage and dual-targeting strategy for amplified bone metastasis theranostics. Reproduced with permission.[®’]
Copyright 2023, Wiley-VCH.
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(mFeP@si) for GPX4-targeted siRNA delivery. pH-responsive
siRNA release silenced GPX4, while US-activated ROS and GSH
depletion induced ferroptosis and ICD, remodeling the TME and
restoring cisplatin sensitivity (Figure 6E).

Zhang’s semiconducting polymer nanoinducer (ASPNFP)!*)
utilized Fe;O4-loaded carriers where ultrasound-triggered ROS
initiated Fe,O4 release, amplifying -OH via Fenton effects.
Concurrent PAO-catalyzed polyamine decomposition synergisti-
cally enhanced oxidative damage (Figure 6F). Their SPFeNOC
system(®’1 achieved dual tumor/osteoclast targeting via hy-
brid membranes, enabling NIR/MR imaging-guided therapy
(Figure 6G). Yumita et al.[%®! confirmed PEG-functionalized CNTs
as potent sonosensitizers through 'O, generation.

4. Bone Infectious Disease

Bone infections, caused by pathogens like bacteria or fungi, form
deep inflammatory lesions beneath the skin. Conventional sys-
temic pharmacotherapy often fails to penetrate deep tissues effec-
tively, limited by poor targeting, adverse effects, and rising drug
resistance. These challenges require novel therapies. PDT acti-
vates PS to generate ROS for precise pathogen killing, offering
enhanced targeting and minimal risk of microbial resistance, po-
sitioning it as a potential replacement for chemotherapy.®®! How-
ever, SDT is emerging to overcome PDT’s poor tissue penetration
and combat antibiotic resistance.

4.1. PDT in Bone Infectious Disease: Antibiofilm and
Immunoadjuvant Approaches

4.1.1. PDT with Hematoporphyrins: Bacterial Membrane Disruption
and Oxygen Self-Supply

Hematoporphyrin-based PS, including 5-ALA and PpIX, have
been utilized in treating bone infectious diseases such as os-
teomyelitis. Notably, studies report significant reduction in os-
teomyelitic lesions and marked suppression of biofilm growth
following transdermal 5-ALA-PDT administration.['®! However,
standalone use of porphyrin-based PS like 5-ALA faces limi-
tations such as suboptimal efficacy and poor biocompatibility.
Consequently, the development of high-efficiency, multifunc-
tional nanoparticles has emerged as a research priority. Pan
et al.l'% developed vancomycin-modified graphene oxide quan-
tum dots/PpIX (Van-GQDs/PpIX) nanocomposites (Figure 7A).
Van confers bacterial cell wall targeting while GQDs: i) co-load
Van/PplX; i) enhance targeted delivery; iii) create additional Van-
binding sites; and iv) amplify X-ray activation (2 Gy, 6 MV) for
efficient pathogen eradication at low radiation doses. This strat-
egy offers a low-radiation, high-targeting therapeutic approach
for deep-seated infections like osteomyelitis, though in vivo safety
and broad-spectrum antimicrobial efficacy require further valida-
tion.

LD40, a novel photosensitizer, belongs to the class of base-
amino-acid-modified aminophenyltetraporphyrin compounds.
Yin et al.1%) evaluated LD4-mediated PDT combined with low-
dose gentamicin for treating methicillin-resistant Staphylococcus
aureus (MRSA)-induced tibial osteomyelitis in rabbits. While this
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study proposes a novel strategy for drug-resistant osteomyeli-
tis, further investigations are needed to assess its applicability
against other pathogens and clinical translation feasibility.

4.1.2. Dye-Based PDT Systems: ICG-Loaded Nanocarriers and
Synergistic Antibiotics

Dye-based PS such as ICG and toluidine blue have been widely
used in PDT for bone infectious diseases. Toluidine blue-PDT
(5 ug mL~Y, 660 nm laser) inhibits S. aureus growth(1%] and con-
trols osteomyelitis in animal models.'%*]

The development of multifunctional and highly targeted ther-
apeutics has gained substantial attention. Lu et al.['%] engineered
BMUIG nanoparticles (bovine serum albumin-MnO,-UBI29-41-
ICG-gentamicin) achieving dual-modal imaging (ICG-mediated
photoacoustic + MnO,-enhanced MRI, r; = 6.06 mM~! s7!) and
synergistic therapy (Figure 7B). UBI29-41 peptide enables bacte-
rial targeting, while acidic TME-activated MnO, catalyzes oxygen
generation to amplify ICG-PDT, combined with low-dose gen-
tamicin (0.5 pg mL™").

Clinical allograft implants are highly susceptible to bacte-
rial biofilm colonization (e.g., by S. aureus), leading to implant-
associated infections (IAls), which often fail conventional antibi-
otic therapies due to pathogen resistance. Post-biofilm formation,
the physical barrier created by extracellular polymeric substances
impedes immune cell infiltration and antimicrobial penetra-
tion, frequently necessitating revision surgery. Yuan et al.l'%] de-
signed a Ti-M/I/RGD implant coating (Figure 7C). Mesoporous
polydopamine nanoparticles co-load ICG and covalently conju-
gate RGD peptides, enabling simultaneous PDT/PTT bacterial
elimination and RGD-mediated osteogenesis—providing a non-
invasive solution to biofilm-related IAIs.

4.1.3. Biofilm-Smart PDT: pH-Responsive ROS Burst and
Extracellular Matrix Degradation

IAIs often exhibit persistent and recurrent characteristics due
to hypoxic and acidic microenvironments as well as im-
munosuppressive factors (e.g., regulatory T cells, Tregs) that
inhibit immune responses. To address this refractory is-
sue, Jiang et al.l'’l addressed this by developing a photo-
immunomodulatory nanoplatform (BMCV) targeting Staphylo-
coccus aureus-induced IAIs (Figure 7D). MnO, catalyzes H,0,-
to-oxygen conversion in acidic conditions to amplify Ce6-
PDT efficacy, while ROS-mediated extracellular DNA degrada-
tion disrupts biofilm integrity. This strategy simultaneously re-
verses biofilm-immunosuppressive microenvironments in drug-
resistant infections.

Existing PDT strategies primarily focus on bactericidal stages,
lacking dynamic regulation of the TME during subsequent bone
repair. Xie et al.l!%®] engineered a peptide-derived bilayer hydro-
gel (AA-MAR) for osteomyelitis (Figure 7E). The system enables
spatiotemporally controlled release: the upper layer’s photosen-
sitizer eliminates pathogens and induces macrophage M1 po-
larization, while the lower layer’'s BMSCs promote osteogenesis
and macrophage M2 reprogramming. This integrates antibacte-
rial action, immunomodulation, and bone regeneration within a
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Figure 7. PDT applications in bone infectious diseases. A) Synthesis pathway and mechanistic overview of Van-GQDs/PpIX nanocomposite. Reproduced
with permission.['®11 Copyright 2016, Elsevier. B) BMUIG preparation for dual-modality imaging/phototherapy in osteomyelitis management. Repro-
duced with permission.['%] Copyright 2019, Elsevier. C) NIR-triggered remote-controlled PDT/PTT synergy eliminating pre-existing S. aureus biofilms on
Ti-M/I/RGD implants. Reproduced with permission.[19] Copyright 2019, Elsevier. D) BSA@MnO, @Ce6@Van (BMCV) nanoplatform. Reproduced with
permission.['97] Copyright 2024, American Chemical Society (ACS). E) Composition pathway of AD-Ce6/Apt and AA-MAR structural schematic. Repro-
duced with permission.l'%] Copyright 2022, Springer Nature. F) AgB NDs for postoperative infection control with promising clinical translation potential.
Reproduced with permission.["""] Copyright 2022, Wiley-VCH. G) MW-wirelight neon chip-powered mw-PDT platform. Reproduced with permission.[112]

Copyright 2024, American Chemical Society (ACS).

single platform. This study proposes an innovative strategy in-
tegrating PDT-mediated antibacterial activity, immunomodula-
tion, and bone repair for osteomyelitis management.

4.1.4. Alternative PDT Strategies

Biofilm-Smart PDT: pH-Responsive ROS Burst and Extracellu-
lar Matrix Degradation: Fullerenes (C60), with their unique
sp?-carbon structure and ROS-generating capacity, are promis-
ing photosensitizers; however, their hydrophobicity limits prac-
tical applications. Hydroxylated fullerols (C60(OH)30) overcome
this, eliminating MRSA under NIR femtosecond laser irradiation
(228.8 n] pixel~?) via two-photon absorption (¢ = 1187.5 GM).[1%]
Generating '0, and O,-~, they achieve complete bacterial inacti-
vation within 3.67 s. Hydroxylation enhances aqueous solubility
(particle size: 1.05 + 0.02 nm) and biocompatibility, with TEM
confirming membrane damage and DNA oxidation. This work
demonstrates a novel nanophotosensitizer strategy for deep-
tissue drug-resistant infections.

Organic room-temperature phosphorescent (RTP) materials,
which generate abundant triplet excitons, are potential photo-
sensitizers, though their photodynamic mechanisms remain un-
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clear. Chao et al.!%l developed a host-guest system (BP/BQD)
using microfluidics to control NP size (105-220 nm) and crys-
tallinity. This redirects triplet exciton decay toward ROS genera-
tion, synergizing Type I/II reactions with 20X accelerated ROS
production for low-toxicity PDT in deep-tissue infections.
Metal-Functionalized Nanoparticles Facilitate Enhanced Photo-
dynamic Osteomyelitic Therapy: Postoperative MRSA infections
pose significant clinical challenges due to high recurrence and
mortality rates, as conventional debridement and vancomycin fail
to eradicate biofilm-resident bacteria or activate immune surveil-
lance. Tang et al."!l created BSA-stabilized Ag-S quantum dots
(AgB NDs, Figure 7F). Under NIR, they synergistically release
Ag*, generate ROS, and provide photothermal effects while dys-
regulating bacterial genes (upregulated heat shock/antioxidant
genes; downregulated virulence/biofilm genes). Treatment accel-
erated healing, reduced inflammation (CRP/IL-6), and induced
immunogenic cell death to establish immune memory.
Microwave (MW)-induced photodynamic therapy (mw-PDT)
was proposed to overcome limitations in deep-tissue infection
treatment, such as insufficient laser penetration and antibiotic re-
sistance. While MW offers superior tissue penetration, its energy
alone cannot directly generate ROS. Qiao et al.1?] synthesized a
dual-responsive material, CNT-FeTHQ (carbon nanotubes/iron-
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Figure 8. SDT-based therapy for osteomyelitis management. A) Immunostimulatory HMMP-based nanovaccine for in situ osteomyelitis immunother-
apy. Reproduced with permission.["™! Copyright 2022, American Chemical Society (ACS). B) Defect-engineered CeTCPP-Au sonosensitizer for enhanced
SDT against osteomyelitis via ultrasound-activated electron trapping. Reproduced with permission.[118] Copyright 2023, Wiley-VCH. C) Mechanistic
pathway of sonodynamic therapy for S. aureus-infected osteomyelitis disruption. Reproduced with permission.l'®l Copyright 2023, Ivyspring Interna-
tional Publisher. D) HNTM-MoS,-driven sonocatalytic detoxification and MRSA elimination in SDT-targeted osteomyelitis treatment. Reproduced with

permission.!'2%] Copyright 2022, American Chemical Society (ACS). E) RBC-HNTM-Pt@Au nanocatalyst for biofilm-penetrating sonodynamic eradica-
tion of osteomyelitis. Reproduced with permission.['?'] Copyright 2021, American Chemical Society (ACS). F) Au/TNT@PG nanostructure-mediated
dual-function therapy. Reproduced with permission.l'2# Copyright 2022, Wiley-VCH.

based conductive metal-organic framework). The wireless plat-
form (CNT-FeTHQ-TS) activates neon lamps via microwaves,
achieving 99.63% bactericidal efficacy against S. aureus through
combined photothermal/photodynamic effects with excellent
biocompatibility (Figure 7G).

For IAls, Wang et al. synthesized PEG-modified Cu9S8
nanoparticles via one-step wet chemistry.[!'*] Under NIR excita-
tion, Cu9S8 synergized PTT and PDT effects to continuously gen-
erate ROS, including 'O, and hydrogen peroxide, causing bacte-
rial membrane rupture and genomic DNA damage. Crucially, the
material exhibited favorable biocompatibility in vivo, underscor-
ing its potential for clinical translation.

4.2. SDT in Bone Infectious Disease: Mechanical Biofilm Rupture
and Dynamic Defense

4.2.1. SDT with Porphyrins Sensitizers: Nanozyme-Mediated
Bacterial Lysis

Single-component hematoporphyrin-based compounds are
rarely applied in SDT for osteomyelitis, often integrated
into multifunctional nanoparticles. Lin et al.'¥l developed
a biomimetic nanovaccine, HMMP (macrophage/tumor cell
membrane-fused MnOx@PpIX), which triggers explosive ROS
release via SDT to eliminate bacteria and release broad-spectrum
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antigens, offering a dual-functional strategy combining localized
sterilization and systemic immune activation for osteomyelitis
(Figure 8A). The MnOx core decomposes in the infected mi-
croenvironment (IME) to generate oxygen, enhancing the SDT
efficacy of PpIX. Concurrently, the tumor cell membrane acts
as an immune adjuvant, synergizing with Mn?* to promote DC
maturation and macrophage M1 polarization. Notably, HMMP
induced long-term memory immunity, providing sustained
protection against reinfection.

A dual-functional sonosensitizer composed of porphyrin-like
Zn single-atom catalysts (g-ZnN4) and MoS2 quantum dots (g-
ZnN4-MoS2) was reported to integrate efficient antibacterial ac-
tivity and osteogenic promotion.'’! Feng et al. constructed het-
erointerfaces to facilitate charge separation under ultrasound, re-
ducing the activation energy of O, and significantly enhancing
10, yields, achieving a 99.58% antibacterial rate against MRSA
in vitro. Moreover, the sustained release of Zn?* (<5 mg L™!) at
safe concentrations promoted osteogenic gene expression (ALP,
RUNX2, COL-I). This strategy provides a multifaceted, low-
toxicity solution for SDT in bone infectious diseases.

4.2.2. Ultrasound-Activated Nanomotors: Physical Disruption of
Antibiotic Resistance

To improve the targeting precision of the dye-based photo-
sensitizer IR780, Chen et al.'% developed M2 macrophage
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membrane-coated PLGA NPs (M2/IR780@PLGA) against
MRSA. The M2 membrane enables inflaimmatory target-
ing, while subsequent ultrasound (1 MHz, 2 W cm™?)
triggers IR780-generated 'O,. This synergy potently inhib-
ited MRSA growth and eradicated biofilms. With demon-
strated biocompatibility, this system constitutes a precision
sonodynamic-immunomodulatory strategy for resistant MRSA
infections.

Hospital-acquired MRSA osteomyelitis treatment is chal-
lenged by insufficient deep-drug delivery and MRSA-driven
immunosuppression. A sonodynamic immunotherapeutic
nanovesicle, VCG@MMW, was developed to address this.!'!7]
It uses mannose-grafted M1 macrophage microvesicles for
targeted delivery. These vesicles carry vancomycin-crosslinked
micelles containing ICG. In models, VCG@MMW enhanced
survival, induced M1 macrophage polarization, activated T-cells,
bolstered defense against primary and homologous trans-
ferred MRSA infections, improved clearance, and reduced
recurrence risk. This strategy combines targeted delivery, sono-
dynamic therapy, and immune reprogramming for deep MRSA
infections.

4.2.3. Alternative SDT Strategies

Metal-organic frameworks (MOFs), pivotal porous compounds
formed by metal ions/clusters connected via organic linkers to
create tunable 3D architectures, offer promising platforms for de-
veloping high-performance sensitizers.

Zheng et al.l8 proposed a novel strategy for designing
MOF-based sonosensitizers via dynamic defect engineering.
Their cerium-based MOF (CeTCPP) integrated with in situ re-
duced gold nanoparticles (CeTCPP-Au) demonstrated potent
anti-MRSA osteomyelitis activity (Figure 8B). The CeTCPP-
Au/US combination exhibited potent bactericidal effects against
S. aureus and E. coli, reduced systemic IL-6 levels, and dimin-
ished inflammatory cell infiltration. Similarly, Zeng developed a
defective homojunction porphyrinic MOF (D-PCN-2) for MRSA
osteomyelitis by modulating the crystallization of PCN-222 using
acetic acid as a modulator, forming an integrated PCN-222/PCN-
224 heterostructure.l''”) Under US activation, D-PCN-2 effec-
tively suppressed MRSA proliferation, disrupted bacterial mem-
branes, reduced inflammatory cell infiltration at infection sites,
and promoted macrophage M2 polarization

Porphyrinic MOFs, exemplified by hollow nanotubular metal-
organic frameworks (HNTMs), represent another 3D scaffold.
Building on this, Wang et al.l’ engineered an HNTM-Ti,C,
MXene Schottky heterojunction (HN-Ti,C,; Figure 8C), where
Ti;C, enhanced US-driven charge separation in HNTM, ampli-
fying ROS generation and MRSA inhibition. Low-intensity US
(1.5 W cm™?) further activated Ca?*/Wnt pathways, promoting
BMSC osteogenesis via cell cycle/DNA replication/apoptosis reg-
ulation, though targeting efficacy requires optimization. Addi-
tionally, Feng et al.'%! developed RBC-HNTM-MoS, (Figure 8D)
by electrostatically anchoring MoS, onto HNTM; US-polarized
MoS, augmented HNTM’s sonocatalysis for potent ROS produc-
tion while disrupting bacterial membrane integrity via metabolic
interference. The RBC-coating enhanced biocompatibility, en-
abling erasure of deep infections, inflammation attenuation, M2
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macrophage polarization, bone loss reduction, and accelerated
regeneration post-US (1.5 W cm™2). Meanwhile, Yu et al.l'?!]
constructed RBC-HNTM-Pt@Au (Figure 8E) with Pt atoms
(bandgap reduction, enhanced O, adsorption) and Au nanorods,
which significantly lowered pro-inflammatory cytokines, induced
M2 polarization, and preserved bone volume. Collectively, these
studies establish antibiotic-free sonodynamic platforms for deep
bone infection management.

Current research efforts are actively exploring innovative
sonosensitizers. Some researchs reported that emodin (EM)
is one kind of efficient sonosensitizers.['??] Li et al. incorpo-
rated EM into Mn-doped TiO, nanorods (ED-TOM),!123] where
sonogenerated ROS synergistically disrupt bacterial membranes,
accelerate Mn?* uptake to induce ferroptosis-like effects, and
promote M2 polarization with osteogenic differentiation. In
parallel, Cheng et al.'?* engineered Au/TNT@PG nanoparti-
cles by functionalizing Au-doped titanate nanotubes (Au/TNT)
with guanidine-rich polymers (PG) to target MRSA Dbiofilms
(Figure 8F). Here, Au/TNT acts as a US-responsive scaffold
while PG enhances biofilm penetration. The nanoparticles ex-
hibit peroxidase-mimicking activity under US irradiation, aug-
menting SDT via '0, generation. They concurrently attenu-
ate pro-inflammatory cytokines (INF-a/IL-1p) and elevate anti-
inflammatory cytokines (IL-4/IL-10) in bone tissue. With demon-
strated biosafety, this platform offers enhanced efficacy against
deep biofilm infections.

5. Degenerative Metabolic Bone Diseases

5.1. PDT in Degenerative Bone Disorders: Synovial Fibroblast
Ablation and Cartilage Preservation

Research on the applications of PDT in degenerative and
metabolic bone disorders has been relatively understudied com-
pared to its use in bone tumors and infectious bone diseases. This
review focuses on the therapeutic potential of PDT in conditions
such as rheumatoid arthritis (RA) and osteoarthritis (OA).

5.1.1. Rheumatoid Arthritis Management

RA, the most common chronic inflammatory disease, is char-
acterized by persistent synovitis, irreversible joint destruction,
and progressive disability. Current clinical management relies on
DMARDs, NSAIDs, and glucocorticoids to attenuate disease pro-
gression. However, chronic administration of these agents is as-
sociated with severe complications, including myelosuppression
and hepatic impairment. PDT, particularly in combination with
chemotherapeutic regimens, has emerged as a promising alter-
native strategy to address these limitations.

Natural PS for RA-PDT: Enhanced Permeability and Biosafety:
Hypericin (HYP), a naturally occurring polycyclic phenanthrop-
erylenequinone isolated from Hypericum perforatum, represents
one of the most potent photosensitizers capable of selec-
tively inducing apoptosis in RA fibroblast-like synoviocytes (RA-
FLS).[125126] Leveraging this property, Abd-El-Azim et al.'?’] pi-
oneered a microneedle-enhanced PDT approach utilizing HYP-
loaded emulsomes (HYP-EMLSs) delivered via hollow micronee-
dles (Ho-MNs, 1200 pm; AdminPen system) for RA treatment
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Figure 9. PDT/SDT combined strategies for bone degenerative disorders. A) HYP-EMLs/Ho-MNs synergistic strategy for targeted RA immune mod-
ulation. Reproduced with permission.['?7] Copyright 2024, Elsevier. B) 5-ALA@DMNA microneedles: synthesis route and dual-action therapeutic
mechanism. Reproduced with permission.l'?8] Copyright 2023, Elsevier. C) Mitochondrial-targeted “less-is-more” PDT: Ce6@M-Lip. Reproduced with
permission.!3% Copyright 2015, Springer Nature. D) Au-DEN-MTX-IR780 multimodal nanoplatform for NIR-Il photothermal/chemodynamic synergy.
Reproduced with permission.l'32] Copyright 2019, Elsevier. (E) Cuy.,S, nanozyme-driven tri-modal therapy. Reproduced with permission.l'3#] Copy-
right 2018, Wiley-VCH. F) PFHNs/TM nanohybrid: synthesis mechanism and in vivo inflammation resolution/bone remodeling axis. Reproduced with
permission.! %01 Copyright 2022, Taylor & Francis. G) siBiMPNH nanotherapeutic system. Reproduced with permission.'*'l Copyright 2024, Elsevier.
H) BiPM@IOK dual-function nanoregulator: macrophage polarization control + hyperplastic synoviocyte depletion in refractory RA. Reproduced with
permission.! 2] Copyright 2024, Springer Nature. 1) Rh-SPX/HSA nanocomplex. Reproduced with permission.!°] Copyright 2021, Elsevier.

(Figure 9A). The HYP-EMLs, prepared through thin-film hydra-  abled spatially controlled PDT!!?®! (Figure 9B). Following in-
tion, demonstrated superior transdermal penetration (1560 um  tracellular conversion to PpIX within RA-FLS, 635 nm irradi-
depth in human skin) compared to free HYP. This nanocarrier-  ation (100 mW cm~2) triggered ROS generation, which sup-
based delivery system establishes a targeted therapeutic platform  pressed cell migration and induced apoptosis via ROS-dependent
for localized RA intervention. mechanisms. Complementarily, verteporfin (BPD-MA) achieved

Porphyrin-Based PS for RA-PDT: Development of Multifunctional ~ optimal therapeutic outcomes at 2 mg kg=1.112%1 Recent ad-
Theranostic Strategies: Porphyrin-based compounds show estab-  vances include theranostic composites like TSPP-TiO, nanocrys-
lished efficacy for RA therapy. A dissolvable microneedle ar-  tal hybrids (TP) for early inflammation detection and preci-
ray encapsulating 5-aminolevulinic acid (5-ALA@DMNA) en-  sion therapy!’*] (Figure 9C). Upon 635 nm activation, TP gen-
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erated cytotoxic ROS and 'O,, selectively promoting RA-FLS
apoptosis and reducing serum IL-17/TNF-a, with fluorescence
imaging confirming TP accumulation at pre-symptomatic joints
16 days before clinical manifestation. Post-treatment outcomes
demonstrated expanded joint spacing, reduced synovial ero-
sion, decreased leukocyte/lymphocyte infiltration, and absent
hemotoxicity.

Dye-Based PS for RA-PDT: Low-Power PDT and Multimodal
Synergistic Therapy: To resolve the conflicting efficacy-safety
profile of PDT in RA (low-power PDT insufficiently eliminat-
ing pro-inflammatory cells versus high-power PDT exacerbat-
ing inflammation), Zou et al.3!l engineered mitochondrial-
targeted liposomes (Ce6@M-Lip) modified with ApoPep-5 pep-
tide (Figure 9C). This strategy achieved efficient Ce6 accumu-
lation in the mitochondria of pro-inflammatory macrophages,
enhancing low-power PDT efficacy while preventing HMGB1
release-triggered persistent inflammation under high-power con-
ditions. Concurrently, Pandey!'3?] designed IR780-gold nanohy-
brid dendrimers (Au-DEN-MTX-IR780 NPs) for RA chemo-
photothermal-photodynamic triple therapy (Figure 9D). Gold
nanoparticles were functionalized with thiolated dendrimers
(DEN), covalently linked to MTX, and loaded with the NIR pho-
tosensitizer IR780. NPs targeted inflammatory joints via MTX,
where IR780 generated photothermal effects under 808-nm laser
irradiation and synergized with MTX to amplify ROS production.

Capitalizing on fibroblast activation protein (FAP) overexpres-
sion in RA cells, Dorst et al.['*}] designed anti-FAP antibody-
IRDye7000DX conjugates for selective ablation of FAP* synovial
fibroblasts. FAP-targeted PDT (FAP-tPDT) demonstrated high
specificity and biosafety, though further optimization of illumi-
nation protocols and repeat dosing is required to sustain thera-
peutic effects.

Metal-Organic Framework PS: Suppression of RA-FLS Prolifera-
tion and Hypoxia Mitigation: Numerous metal-based PS archi-
tectures have been explored. Lu et al.['**] synthesized cysteine-
modified flower-like Cu,.,S, nanoparticles via a one-pot method,
pioneering their application in RA PDT-PTT combination ther-
apy (Figure 9E). NIR-activated Cu,.,S, preserved bone architec-
ture with increased bone mineral density (BMD) and bone vol-
ume/total volume ratios, while suppressing synovial hyperplasia,
cartilage erosion, and pro-inflammatory cytokine expression.

Building on copper-based materials, Huang/"**! designed
yolk-shell octahedral Au NR@CuS nanoparticles for multi-
modal RA treatment. By integrating Au nanorod (NR) plas-
monic effects with CuS-derived photothermal/catalytic proper-
ties, they achieved 67.2% photothermal conversion efficiency
and generated hydroxyl radicals (-OH) via Fenton-like reac-
tions and photocatalysis. Hyaluronic acid (HA) and vasoac-
tive intestinal peptide (VIP) modifications enabled synovium
targeting, while MTX loading provided chemotherapeutic syn-
ergy. This platform exemplifies precision-targeted multimodality
for RA.

MOF-based nanosystems have recently demonstrated thera-
peutic potential in RA. Zhao et al.['3¢l and Zhang et al.'*’! in-
dependently developed HA-modified MOF platforms targeting
CD44-overexpressing macrophages. Zhao’s FT-HA-MTX NPs
utilized Fe3* to catalyze -OH/O, generation from H,0,, allevi-
ating hypoxia-mediated PDT resistance while combining pho-
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tothermal/PDT effects. Zhang’s TPNPs-HA employed PCN-224
for 660 nm-triggered ROS production and hypoxia-activated tira-
pazamine (TPZ) release. Both systems showed excellent biocom-
patibility, offering multi-mechanistic synergism for precise RA
treatment.

Bio-Derived and Hydrogel-Based Photosensitizing Nanoplatforms:
Integrated Polytherapeutic Theranostics: Emerging PSs are in-
creasingly explored for RA-PDT. Gabriel et al.'*! developed a
thrombin-sensitive prodrug (T-PS) by conjugating pheophorbide
a to a PEGylated polylysine carrier via a thrombin-cleavable pep-
tide linkage. Thrombin-mediated cleavage restored PS fluores-
cence and phototoxicity. T-PS combined with 665 nm photoir-
radiation (25 ] cm~2) significantly induced synovial apoptosis.
This thrombin-activated strategy presents a low-toxicity therapeu-
tic approach; however, longitudinal studies are required to evalu-
ate its sustained efficacy and capacity to mitigate inflammation-
driven sequelae.

Li’s team pioneered multimodal RA nanotherapies.*"]
Folate-targeted mesoporous silica nanoparticles (SMPFs) co-
encapsulated a semiconducting polymer (PCPDTBT) and
hypoxia-activated tirapazamine (TPZ). NIR irradiation trig-
gered chemo-photothermal-photodynamic synergy, reducing
macrophage viability and alleviating rat adjuvant-induced arthri-
tis (AIA). Subsequently, folate-PEI-coated hollow nanoparticles
(PFHNs/TM, Figure 9F) co-delivered TPZ and Mcl-1 siRNA,[140]
silencing the antiapoptotic protein to synergize with PTT, PDT,
and hypoxia-activated chemo (HaCT)—establishing a quadruple
mechanism (QTM). Both systems demonstrated folate-targeted
delivery and biocompatibility but need optimization of pho-
totherapeutic penetration and siRNA lysosomal escape for
clinical translation.

Recent innovations integrate stimuli-responsive hydrogels
for multitarget RA therapy. Wu et all'*!l developed pH-
sensitive nap-peptide hydrogels (siBIMPNH) encapsulating
CD86/NF-kB/MAPK-p38 siRNA and bismuthene nanosheets
(BiNS), releasing payloads in acidic synovial microenviron-
ments (Figure 9G). siRNA suppressed dendritic cell/macrophage
activity while BiNS-mediated PTT/PDT (808/660 nm) eradi-
cated FLS. Parallelly, they engineered IOK peptide hydrogels
(BiPM@IOK) co-loading MTX and BiNS/PEI'*! (Figure 9H)
for pH-triggered release. MTX inhibited macrophage acti-
vation, and BiNS phototherapy eliminated FLS, synergisti-
cally promoting cartilage repair—exemplifying novel immune-
microenvironment modulation strategies. These platforms ex-
emplify novel immunomodulation-microenvironment remodel-
ing strategies for RA.

5.1.2. Osteoarthritis Pathogenesis

OA causes damage to nearly all joint components and is accom-
panied by varying degrees of localized functional impairment.
Traditional surgical or chemotherapeutic interventions face chal-
lenges such as perioperative management burdens, adverse drug
reactions, and poor targeting. PDT, a promising non-invasive
modality, demonstrates significant potential in OA management
by spatially confining oxidative damage to pathological cells while
sparing adjacent healthy tissues.
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Currently, research on PDT for OA remains limited,!'*!

with a predominant focus on the photosensitizer Ce6. Zharova
demonstrated preferential accumulation of Ce6 in inflamed
synovium of OA-affected knees.'*! Upon irradiation with
a 662 nm laser (120-150 ] cm=2), Ce6 induced apopto-
sis and markedly ameliorated synovitis. Furthermore, the
team elucidated that Ce6 reduced caspase-3 levels in OA
synovium to confer anti-inflammatory effects and identified
3.2 mg kg™' as the optimal therapeutic dose.'*! Notably,
while they verified the shortterm safety of PDT, compre-
hensive evaluations of Ce6-PDT’s chronic toxicity remain
unaddressed.

5.2. SDT in Degenerative Bone Disorders: Mechanical Stress
Control and Oxidative Balance

SDT has limited applications in degenerative and metabolic bone
diseases, with only sparse reports on its successful use in RA.

Wu et al.[1*®] engineered ferroferric oxide nanoparticles (Fe,0,
NPs) loaded with PpIX into live macrophages, termed Fe,O,-
PpIX@Mes, which homed to inflamed joints via cytokine-guided
migration. The Fe;O, NP incorporation enhanced PpIX pay-
load capacity and accelerated US-triggered drug release. Mean-
while, PpIX-mediated SDT synergized with Fe’*-driven Fen-
ton reactions (generating hydroxyl radicals -OH) to exert anti-
inflammatory effects. Their strategy effectively eradicated inflam-
matory cells in RA, proposing a novel targeted therapeutic ap-
proach.

Tang et al. validated the efficacy of the sonosensitizer ICG in
RA-SDT.'*”] They innovatively developed oxygen and ICG-loaded
PLGA nanoparticles (OI-NPs) to enhance sonophotodynamic
therapy (SPDT) targeting against RA fibroblast-like synoviocytes
(MH7A).['*8] Following dual 808 nm laser (0.75 W cm~2) and fo-
cused ultrasound (1.0 W cm~2) irradiation, OI-NPs elevated ROS
production by 1.4-fold compared to free ICG. This nanosystem al-
leviated hypoxic microenvironments via oxygen release triggered
by phase transition, offering a novel RA treatment strategy. How-
ever, strategies for clinical translation require prioritized atten-
tion.

Additionally, the sonosensitizer sparfloxacin (SPX) has been
explored for RA therapy. Li et al. designed concave cubic
rhodium-based nanozymes (Rh/SPX-HSA) co-loaded with SPX
and human serum albumin (HSA) to overcome the limitations
of synovial hypoxia on RA-SDT efficacy." As illustrated in
Figure 91, these nanozymes simultaneously exhibit peroxidase
(POD)- and catalase (CAT)-like activities, catalytically decompos-
ing synovial H,0O, into -OH and O,. This dual enzymatic action
alleviates local hypoxia and amplifies SPX-mediated 'O, genera-
tion.

6. Bone Regeneration

6.1. PDT in Bone Regeneration: Anti-Infective Osseointegration
and Stem Cell Activation

Traumatic heterotopic ossification (HO), triggered by aberrant
differentiation of mesenchymal stromal cells into chondrogenic
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and osteogenic tissues, faces clinical challenges such as high
recurrence rates and side effects with current therapies (surgi-
cal resection, radiotherapy). Zheng Wang et al.[®% targeted the
early chondrogenic phase of HO and proposed a PDT-based strat-
egy using a NIR probe, WL-808, composed of a collagen type
II-targeting peptide (WYRGRL) conjugated with the photosensi-
tizer IR-808. Under 808 nm laser irradiation, WL-808 generates
ROS to induce chondrocyte apoptosis and suppress ossification
(Figure 10A). However, the ROS production efficiency of WL-808
was reduced compared to IR-808 alone, necessitating further op-
timization of this nanocomposite design.

Several nanoparticles (NPs) exhibit dual functionality in sup-
pressing biofilm formation on bone implants while enhancing
osteogenesis. For instance, Huang et al. developed a titanium-
based implant material, Ti-RP-IR780-RGDC, integrating anti-
infective and osseointegration properties.['>!] Fabricated via hy-
drothermal and coating techniques, this material leverages the
photothermal conversion capability of red phosphorus (RP) for
mild PTT. Combined with IR780-mediated ROS generation un-
der 808 nm laser (PDT), it synergistically disrupts biofilms. The
RGDC peptide further facilitates osteogenic differentiation.

S.Y. Wu et al.'*?] developed NIR-responsive titanate/TiO,—X
coatings (KMNW/NaMNS) on titanium implants via one-step hy-
drothermal synthesis (Figure 10B). Mimicking bone ECM, the
hierarchical coating eradicated biofilms and enhanced osteoblast
adhesion via micro/nanotopography, upregulating osteogenic
genes (ALP, Runx2, OCN). This study offers a novel surface mod-
ification strategy for titanium implants with dual anti-infective
and osseointegrative capabilities. In a parallel approach, Yuan
et al. developed Ti-M/I/RGD (as described earlier),['%! which
combines ICG to achieve anti-infective and osteogenic functions.
Additionally, BPD-MA irradiated with a 690 nm laser has been
reported to ablate tumors while suppressing osteoclast-mediated
bone resorption, thereby promoting tumor-associated bone de-
fect repair.'53]

Diabetes significantly exacerbates bone disease severity. Man-
aging its severe complications and diabetes-orthopedic comor-
bidities presents a major clinical challenge. Studies show
PDT effectively prevents diabetic foot amputations.[>* Ren
et al.l'] developed a multifunctional nanosystem, HMSN-GOX-
LArg@Ce6IL, to address key diabetic foot ulcer (DFU) chal-
lenges: drug-resistant biofilm infection, local hyperglycemia, and
impaired circulation. This system comprises hollow mesoporous
silica nanoparticles (HMSNs) co-loaded with glucose oxidase
(GOX) and L-arginine (LArg), immobilized with Ce6IL. It com-
bats biofilm infection while moderately promoting wound heal-
ing. Although exhibiting some hemolysis (<5%), it demonstrated
acceptable biocompatibility without significant systemic toxicity,
offering a novel clinical strategy for diabetes-bone comorbidi-
ties. Additionally, TBO-chit-Au-AgNPs (Akhtar et al.) effectively
control DFU progression, markedly accelerating lesion healing
alongside biofilm elimination.!%¢!

6.2. SDT in Bone Regeneration: Acoustic-Stimulated
Mineralization and Repair Acceleration
SDT is currently predominantly utilized to expedite bone regen-

eration in infectious bone defects. Based on Ti;C, nanosheets,
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Figure 10. PDT/SDT promotes bone regeneration through multi-pathway activation. A) Composition and mechanism of WL-808. Reproduced with
permission.['] Copyright 2023, Elsevier. B) Fabrication of biomimetic Ti-titanate/TiO,—X heterostructures for implant-associated infection treatment
and osseointegration. Reproduced with permission.['>2] Copyright 2024, American Chemical Society (ACS). C) Synthesis and dual-mode application of C-
T@Ti;C, nanosheets. Reproduced with permission.[”] Copyright 2023, Springer Nature. D) In vivo targeted repair of infectious bone tissues via HN25.
Reproduced with permission.['>8] Copyright 2023, Wiley-VCH. E) 3VSM-based therapy for infectious bone defects. Reproduced with permission.[1>°]
Copyright 2024, Springer Nature. F) Mn/HSAE@BCP synthesis and functional mechanism. Reproduced with permission.['%% Copyright 2024, Wiley-

VCH.

Wang et al. previously developed HN-Ti,C, using a HNTM strat-
egy (as described in detail earlier).[') Meanwhile, Yu et al.[’”] en-
gineered CaO,-TiOx@Ti;C, nanosheets via Ti,C, MXene oxida-
tion by Ca0,, generating Ti** /Ti**-containing TiOx. In acidic mi-
croenvironments, H, O, release triggers -OH generation via Fen-
ton reaction (CDT), while ultrasound activates TiOx for ROS pro-
duction (Figure 10C). This nanocatalytic platform addresses deep
orthopedic infections synergistically.

In a related approach, Ma et al.'*® synthesized ALN-
modified defect-engineered porphyrinic metal-organic frame-
works (HN25), which effectively eradicated MRSA infections
while enhancing bone repair through dual mechanisms: sup-
pression of osteoclast activity and modulation of the redox
microenvironment (Figure 10D). Additionally, an ultrasound-
responsive VS,/MXene Schottky heterojunction nanomaterial
(VSM) was reported for synergistic treatment of MRSA-infected
bone defects.!’! Synthesized via a hydrothermal method, VSM
comprises VS, nanorods anchored on two-dimensional Ti,C,
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MXene substrates. This heterojunction system integrates robust
antibacterial effects (via CDT/SDT synergy) with osteogenic ca-
pacity, offering a non-invasive strategy for managing infected
bone defects (Figure 10E).

Furthermore, Gao et al.[1®%! designed a 3D-printed biphasic cal-
cium phosphate (BCP) scaffold functionalized with manganese
single-atom nanozymes (Mn/HSAE@BCP). The scaffold cat-
alyzes H,0, conversion into ROS within acidic microenviron-
ments. Under SDT, it generated substantial ROS, exhibiting po-
tent antibacterial activity against S. aureus and E. coli while en-
hancing osteogenic markers (COL1, Runx2, OCN, OPG) to ac-
celerate bone regeneration in infected defects (Figure 10F).

7. Conclusions and Future Perspectives

This review summarizes recent advances in the application of
PDT and SDT for bone-related pathologies. Although PDT and
SDT have been explored in various contexts and shown promis-
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ing outcomes, most studies remain confined to the design, de-
velopment, and preclinical validation of photo-/sonosensitizers
in animal models. Translating these findings into clinical prac-
tice represents a significant undertaking and continues to face
numerous shared challenges.

7.1. Current Clinical Challenges

(1) Tissue Penetration and Energy Delivery Efficiency: In photo-
dynamic therapy (PDT), visible light (<700 nm wavelength) ex-
hibits limited penetration depth (<5 mm), which hinders the
effective treatment of deep-seated bone tumors or infected le-
sions. While SDT offers superior tissue penetration capacity, the
uneven energy distribution of acoustic fields may compromise
treatment precision. (2) Biosafety and Pharmacokinetics of Sen-
sitizers: Current photosensitizers and sonosensitizers, such as
porphyrin derivatives and ICG, face critical clinical translation
barriers due to inherent limitations. Poor aqueous solubility in
agents like mTHPC and zinc phthalocyanine compromises for-
mulation stability and bioavailability. Rapid systemic clearance,
exemplified by ICG’s hepatic elimination within minutes, hin-
ders therapeutic accumulation in bone. Furthermore, potential
phototoxicity—manifested by prolonged cutaneous photosen-
sitivity following BPD-MA administration—necessitates post-
treatment light avoidance; long-term retention risks, includ-
ing splenic and hepatic sequestration of porphyrins, require
chronic toxicity monitoring. Critically, comprehensive assess-
ments remain underdeveloped: detailed in vivo degradation pro-
files are lacking for chlorin e6, and longitudinal studies eval-
uating chronic outcomes like nephrotoxicity from metal-based
NPs (e.g., TiO,) are insufficient.To bridge this safety-efficacy
gap, advanced material design must integrate toxicological pro-
filing with therapeutic optimization. Rigorous assessment of
organ-specific toxicity, dose-dependent risks, and immunogenic-
ity should align with efficacy metrics to define viable therapeutic
indices. Ignoring these priorities undermines translational valid-
ity, as seen in repeated failures to achieve sustained tumor control
without off-target damage in complex bone microenvironments.
(3) Complex Modulation of Tumor Microenvironments: Hypoxic
zones in bone tumors significantly impair PDT efficacy, while
ROS-scavenging proteins (e.g., MTH1) and immunosuppressive
microenvironments further restrict therapeutic outcomes. Addi-
tionally, biofilm formation in infectious bone diseases reduces
antibacterial PDT/SDT susceptibility. (4) Insufficient Standard-
ization of Treatment Parameters: Optimization of light/sound in-
tensity, frequency, and sensitizer dosage lacks standardized pro-
tocols. Moreover, translational mechanisms bridging preclinical
studies and clinical demands remain underexplored, limiting the
reproducibility and safety of therapeutic regimens. (5) Mechanis-
tic Complexity in Multimodal Synergistic Therapies: Combining
PDT/SDT with chemotherapy, immunotherapy, or gene therapy
holds potential, but their synergistic mechanisms—such as tem-
poral sequence effects and dose dependency—require in-depth
elucidation to mitigate risks of off-target effects or hyperactivated
immune responses.

With shifting patterns of global diseases, comorbidity rates
involving other conditions such as diabetes and skeletal disor-
ders are gradually but steadily increasing.['®!] How PDT/SDT ad-
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dresses these comorbidity challenges has emerged as a critical
research topic.

7.2. Emerging Therapeutic Opportunities

1) Development of Novel Sensitizers: Designing multifunc-
tional nanosensitizers (e.g., MXene-based heterojunctions,
metal single-atom catalysts) with near-infrared-1I (NIR-II) re-
sponsiveness, hypoxia-activated or oxygen self-supplying ca-
pabilities, coupled with targeting modifications (e.g., bone-
homing peptides, antibody conjugation) to enhance lesion-
specific accumulation efficiency.

2) Construction of PSDT Combined Therapy Systems: Integrat-
ing the spatiotemporal synergy of PDT and SDT (PSDT),
leveraging sonodynamic effects to enhance photosensitizer
penetration or utilizing photothermal effects to promote
acoustic cavitation, thereby achieving dual-targeting eradica-
tion of deep-seated lesions.

3) Microenvironment Modulation and Immune Reprogram-
ming: Developing ROS-responsive nanocarriers combined
with immune checkpoint inhibitors (e.g., anti-PD-1) or
ferroptosis inducers to reverse tumor-immunosuppressive
microenvironments.!'%2] Additionally, catalytically decompos-
ing H,0, or neutralizing acidic microenvironments may al-
leviate oxygen-dependent limitations of PDT/SDT.

4) Intelligent Theranostic Platforms: Advanced platforms inte-
grating diagnostic imaging modalities (e.g., NIR-II fluores-
cence, photoacoustic imaging) with PDT/SDT therapeutic
functions will enable precise spatiotemporal control. These
systems leverage artificial intelligence algorithms to dynam-
ically optimize light/sound parameters based on real-time
feedback, ensuring accurate dosimetry delivery tailored to het-
erogeneous tissue environments. It is also possible to leverage
Al technology to identify appropriate sensitizers and aid in the
development of intricate multifunctional nanoparticles.[1%%]
IoT-enabled sensors facilitate real-time treatment response
monitoring by tracking physiological biomarkers (e.g., tissue
oxygenation, ROS generation) and structural changes in bone
lesions. Coupled with predictive analytics, this integrated ap-
proach supports data-driven personalization of therapeutic
protocols to maximize efficacy while minimizing off-target ef-
fects in complex orthopedic microenvironments.

5) Clinical Translation and Standardization: Establishing pa-
tient stratification-based treatment guidelines and conduct-
ing multicenter clinical trials to validate long-term safety.
Promoting Good Manufacturing Practice (GMP)-compliant
large-scale production of nanosensitizers and refining regu-
latory frameworks to accelerate their translation from bench
to bedside.

Through interdisciplinary innovation and technological con-
vergence, PDT/SDT holds promise in overcoming current ther-

apeutic limitations, offering efficient and personalized non-
invasive solutions for bone-related pathologies (Figure 11).

7.3. Concluding Remarks

PDT and SDT, as non-invasive precision therapeutic modali-
ties, demonstrate unique potential for managing bone-related
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pathologies. PDT enables targeted ablation of pathological cells
via type I (free radical cascade) and type II (singlet oxygen) re-
actions mediated by photosensitizers, and has been success-
fully applied in preclinical studies of superficial bone tumors
and infectious bone defects. In contrast, SDT leverages the
deep-tissue penetration of ultrasound waves combined with
mechanochemical damage induced by acoustic cavitation, of-
fering non-invasive intervention strategies for deep-seated le-
sions such as osteomyelitis and bone metastases. However, their
clinical translation remains limited by the unique pathologi-
cal features of bone diseases: energy attenuation caused by the
highly mineralized bone matrix, hypoxia and immunosuppres-
sion in tumor microenvironments that impair ROS generation
efficiency, and heterogenous bone anatomical structures hinder-
ing targeted sensitizer delivery.

To address these challenges, multi-mechanistic synergistic
strategies represent critical avenues to overcome current ther-
apeutic limitations. Recent studies indicate that combining
PDT/SDT with immune checkpoint inhibitors activates anti-
tumor immune responses by inducing ICD, thereby reversing
immunosuppressive microenvironments. Smart carriers loaded
with catalytic nanomaterials (e.g., CeO, @MZXene, metal single-
atom enzymes) can catalyze endogenous H, O, decomposition to
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generate oxygen, alleviating hypoxia-induced restrictions on ROS
production. Bio-inspired targeting systems (e.g., bone-homing
peptide-functionalized or cell membrane-camouflaged nanopar-
ticles) significantly enhance sensitizer accumulation efficiency
in complex bone microenvironments. Furthermore, the photo-
sonodynamic collaborative therapy (PSDT) achieves spatiotem-
poral energy complementarity, enabling simultaneous precision
ablation of superficial lesions and deep-tissue penetration, pro-
viding innovative solutions for multifocal bone diseases.

Despite promising preclinical validation of PDT/SDT efficacy,
clinical translation faces multiple obstacles: insufficient long-
term biocompatibility and pharmacokinetic data for photosen-
sitizers/sonosensitizers; lack of standardized protocols for treat-
ment parameters (e.g., light dose, acoustic intensity, and irradi-
ation sequence); and mechanistic complexity and potential off-
target risks in multimodal combined therapies. These factors im-
pede the initiation of large-scale clinical trials and reproducibility
of therapeutic outcomes.

Future research should prioritize three domains: novel sen-
sitizer development, integration of intelligent theranostic tech-
nologies, and translational medical validation. Through multidi-
mensional advancements in material innovation, technical con-
vergence, and clinical verification, PDT/SDT could overcome lim-
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itations of conventional therapies, establishing a transformative
paradigm for bone disease management that ultimately improves
patient prognosis and quality of life.
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