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Abstract 

Malignant bone tumors are characterized by severe disability rate, mortality rate, and heavy recurrence rate owing 
to the complex pathogenesis and insidious disease progression, which seriously affect the terminal quality of patients’ 
lives. Photothermal therapy (PTT) has emerged as an attractive adjunctive treatment offering prominent hyperther-
mal therapeutic effects to enhance the effectiveness of surgical treatment and avoid recurrence. Simultaneously, 
various advanced biomaterials with photothermal capacity are currently created to address malignant bone tumors, 
performing distinctive biological functions, including nanomaterials, bioceramics (BC), polymers, and hydrogels et al. 
Furthermore, PTT-related combination therapeutic strategies can provide more significant curative benefits by reduc-
ing drug toxicity, improving tumor-killing efficiency, stimulating anti-cancer immunity, and improving immune sensi-
tivity relative to monotherapy, even in complex tumor microenvironments (TME). This review summarizes the current 
advanced biomaterials applicable in PTT and relevant combination therapies on malignant bone tumors for the first 
time. The multiple choices of advanced biomaterials, treatment methods, and new prospects for future research 
in treating malignant bone tumors with PTT are generalized to provide guidance.
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Graphical Abstract

Malignant bone tumors seriously affect the terminal quality of patients’ lives. Photothermal therapy (PTT) 
has emerged as an attractive adjunctive treatment enhancing the effectiveness of surgical treatment and avoiding 
recurrence. In this review, advanced biomaterials applicable in the PTT of malignant bone tumors and their distinctive 
biological functions are comprehensively summarized for the first time. Simultaneously, multiple PTT-related com-
bination therapeutic strategies are classified to optimize practical clinical issues, contributing to the selection of bio-
materials, therapeutic alternatives, and research perspectives for the adjuvant treatment of malignant bone tumors 
with PTT in the future.

Introduction
Malignant bone tumors are characterized by a severe 
disability rate, mortality rate, and heavy recurrence rate 
that seriously affect the terminal quality of patients’ 
lives [1]. According to the tissue origin, malignant bone 
tumors can be divided into primary and metastatic 
tumors. Primary malignant bone tumors mainly include 
osteosarcoma, Ewing sarcoma, and chondrosarcoma [2]. 
Osteosarcoma is the most common primary bone tumor 
and the third-most common cancer in minors. The risk 
factors of osteosarcoma comprise the patient’s treat-
ment history of radiotherapy or chemotherapy, Paget 
and hereditary retinoblastoma, and other genetic dis-
eases. However, its definitive etiology is still obscure [3]. 
Metastatic bone tumors are defined as secondary tumor 
that migrates from other parts of the body and colonizes 
the bone, occurring in 65–80% patients with terminal 
breast or prostate cancer and in 35–42% patients with 
terminal thyroid, lung, or kidney cancer, and associated 
with a higher incidence rate than primary bone tumors 
[4]. Owing to the specific microenvironment of bone 
tissue, migrating tumor cells prefer to be recruited from 
the vasculature. In addition, tumor cells can also inter-
fere with the metabolic balance of bone tissue, leading 
to osteolytic or osteogenic destruction in the metastatic 
lesion [5, 6]. Both primary and metastatic bone tumors 
attribute to devastating outcomes such as pain, hyper-
calcemia, nerve compression syndromes, and pathologi-
cal fractures [7].

Notably, the current treatment of malignant bone 
tumors focuses on the curettage of the tumor and sub-
sequently reconstruction of bone integrity. However, the 
overall physical condition of patients is extremely weak 
in the terminal stage, and extensive resection surgery 
brings great burdens to patients, and the recurrence rate 
is still ranging between 2 and 17% [8, 9]. Moreover, to 
minimize recurrence, bone tissue surrounding the tumor 
is resected as much as possible, causing critical tumor-
derived bone defects in the surgical area subsequently 
[10]. Appropriately, biomaterials of bone tissue engineer-
ing can be instrumental in this process, as biomaterials 
inserted into tumor-derived bone defects not only restore 
bone stability but also remove residual tumor cells from 
the margins in combination with other therapeutics [5]. 
Although the overall survival and limb salvage rates have 
both improved, efficacy remains to be optimized and sys-
temic side effects cannot be ignored [11, 12]. Therefore, 
a more efficient, safe, and versatile treatment strategy for 
bone tumors desperately deserves consideration.

PTT, a novel adjuvant tumor therapeutic strategy that 
converts light energy into heat energy, subjects tumor 
cells to high temperatures between 41  °C and 45  °C 
thereby killing them [13]. The high temperature increases 
vascular permeability and blood flow to the tissue simul-
taneously, alleviating hypoxia of tumors, thus expedi-
tiously improving the curative effect and enrichment 
capacity of anticancer drugs [14]. Exogenous stimuli are 
indispensable in this process, especially near-infrared 
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laser (NIR). Laser wavelengths in the NIR range (NIR, 
650–1700  nm) provide deeper tissue penetration due 
to less scattering and reabsorption, lower energy, and in 
comparison to visible light (< 1  mm) [15]. Furthermore, 
with the relatively high absorption coefficients of human 
tissues in the visible range of the electromagnetic spec-
trum, the excitation wavelengths applied in PTT are 
generally specified in the "biological window", the NIR-I 
(650–950 nm) or NIR-II spectral ranges (1000–1700 nm) 
[16]. Notably, for protection against potential skin dam-
age during PTT, the maximum permissible exposure 
(MPE) for the 808 nm laser is limited to 0.33 W/cm2 [17]. 
Whereas the low energy of the long wavelength photons 
will allow for a corresponding enhancement of the MPE, 
thereby allowing NIR-II with a relatively high MPE [18]. 
Therefore, long-wavelength NIR promises better pros-
pects for clinical applications.

Indeed, photosensitizers are instrumental in this pro-
cess, being responsible for converting light into heat 
energy under NIR radiation [19, 20]. Significantly, the 
therapeutic efficacy depends on diverse parameters of the 
photosensitizer, including size effect, photothermal con-
version efficiency, surface chemistry, physiological stabil-
ity, and biodegradability [21]. Classical photosensitizers 
generally consist of indocyanine green (ICG) [22], gold 
(Au) [23, 24],  Fe3O4 [25, 26], carbon [27, 28], graphene 
oxide (GO) [29, 30], and black phosphorus (BP) [31] 
et al.; however, the poor biostability, short blood half-life, 
and limited accumulation at the tumor site observed with 
some conventional photosensitizers like ICG, which is 
affecting their therapeutic efficacy seriously [32]. Conse-
quently, current research has discovered innovative strat-
egies to adjust the size, surface functionalization, and 
coating of photosensitizers, even loading ICG by nano-
materials to possess efficient precision PTT [33].

Meantime, recent research reveals that the strategy of 
combining biomaterials with PTT exclusively for bone 
tumor treatment exhibits preferable capabilities to elimi-
nate tumor tissue and reconstruct bone tissue without 
significant side effects [34]. Following the biological, 
chemical, and physical criteria for multifunctional pho-
tothermal biomaterials, photosensitizers are frequently 
employed as nanomaterials for modification or com-
ponents incorporated into biomaterials of bone tissue 
engineering, including nanomaterials, bioceramic (BC) 
scaffolds, hydrogels, and polyether ether ketone (PEEK) 
et al. [35–37]. Research on multiple photothermal mate-
rials is actually an attempt to identify biomaterials more 
applicable for the treatment of bone tumors, not limited 
to being minimally invasive, non-toxic, and highly effec-
tive, but also regenerating bone to repair tumor-derived 
bone defects [38].

However, the application of PTT in deep and inter-
nal bone tumors is severely compromised as a result of 
thermal resistance, limited irradiation area, and depth 
of penetration. Normal tissue necrosis and pro-inflam-
matory response may be produced by exorbitant PTT if 
the power density of NIR is solely increased, by which 
immune surveillance and immune editing were inhib-
ited subsequently to weaken the immune response [39]. 
Therefore, combination therapy with PTT has emerged 
as a prospective alternative to monotherapy for the con-
venience of promoting therapeutic performance [40, 41]. 
PTT presents a promising potential for combination with 
alternative treatments due to its low toxicity, minimal 
side effects, and simplicity of operation. The combination 
of chemotherapy, photodynamic therapy (PDT), chemo-
dynamic therapy (CDT), and immunotherapy augments 
the effectiveness of oncology treatment and even the 
repair of bone defects [42, 43].

In this review, various biomaterials currently applied 
in the study of PTT for malignant bone tumors are sys-
tematically classified for the first time, as well as the 
loading modality and functions of photosensitizers are 
introduced to provide a reference for elevating PTT effi-
cacy. Furthermore, we also discuss the combination of 
PTT with several therapeutic strategies for reducing side 
effects, improving autoimmunity, and mobilizing TME 
to depress malignant tumor cells. This review focuses 
on the multiple choices of available biomaterials and 
combination therapeutic strategies of PPT, for reference 
to future research in the treatment of malignant bone 
tumors (Fig. 1).

Biomaterials for malignant bone tumors treated 
with PTT
The application of biomaterials for bone tissue engineer-
ing as fillers is indispensable since the treatment of bone 
tumors is frequently associated with significant tumor-
derived bone defects [5]. As mentioned above, more 
impressive tumor suppression can be accomplished by 
appropriately matching the photothermal capabilities 
with the biomaterial properties. Moreover, as diverse as 
the unique advantages and applications are, different bio-
materials exert their specific biological effects in the PTT 
of malignant bone tumors. Significantly, the photother-
mal properties of different biomaterials are principally 
based on photosensitizers, and most photosensitizers 
consist of nanomaterials. The reason for presenting a 
classification of different photothermal materials in this 
section, including nanomaterials, is related to the differ-
ential advantages of the physicochemical properties and 
characterization of specific biomaterials in the efficacy of 
bone tumors.
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Nanoscale biomaterials
Nanomaterials demonstrated enormous advantages in 
improving the therapeutic efficacy of malignant bone 
tumors [44], including tunable penetration ability, sus-
tainability in the circulation system, precise targeting, 
enhanced drug utilization, and PTT-triggered drug 
release [45]. Nanomaterials are fundamentally divided 
into metallic and non-metallic nanomaterials, respec-
tively combining its inherent properties with PTT will 
provide appreciable benefits in treating malignant bone 
tumors [46]. Metallic nanomaterials are the collective 
expression for nanomaterials with metallic properties 
composed of metallic elements or mainly metallic ele-
ments. Non-metallic nanomaterials, generally known 
as other than metallic nanomaterials, are the materials 
obtained from organic and inorganic materials or various 
organic and inorganic materials in appropriate combina-
tions after certain physical or chemical treatments [47].

Metallic nanomaterials
Metallic nanomaterials have attracted great attention 
in PTT for reasons of their specific physical properties, 

including gold-based nanomaterials, platinum-based 
nanomaterials, rare metal and alloy nanomaterials, and 
multi-element metal–organic frameworks (MOFs) [48]. 
The mechanism of energy absorption in PTT occurs as 
a result of the interaction between light and the con-
ducting electrons on the surface of metallic nanomate-
rials, leading to the subsequent release of a portion of 
this energy as heat. When the illumination wavelength 
resonates with the surface plasma frequency (localized 
surface plasmon resonance, LSPR), absorption contrib-
utes to optimal heat dissipation [49]. Gold nanoparticles 
(GNPs) are the most versatile substances applied in pho-
toresponsive hyperthermia for the reason of their excel-
lent biocompatibility and modifiability [50]. In particular, 
GNPs with different sizes can absorb incident photons 
and convert them into heat, as well as with smaller sizes 
exhibit better NIR absorption and scattering due to their 
optimal harmonized optical resonance [51], which can 
be efficiently converted into heat energy to ensure effec-
tive PTT even low-radiation energy [52]. The recurrence 
of malignant bone tumors after surgical resection is con-
sistently one of the major contributors to poor prognosis. 

Fig. 1 The schematic of application of advanced biomaterials and combination therapeutic strategies in PTT for malignant bone tumors
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GNP-aided PTT, acting as a new adjuvant therapy, can 
eliminate residual tumor cells on the resection edge to 
prevent tumor recurrence. Inspired by this, Marina et al. 
performed subtotal tumor resection in tumor-bearing 
mice to simulate the clinical situation of incomplete 
tumor resection [53], afterwards, administrating GNP-
aided PTT in the surgical area exhibited permanent 
tumor suppression with a higher survival rate than with-
out PTT, thus demonstrating the potential of GNP-aided 
PTT as adjuvant therapy after tumor resection. Similarly, 
to enhance the tumor-killing effect, various modifications 
of metallic nanomaterials have been suggested in the 
follow-up research [22, 54]. A double drug-loaded thera-
peutic GNP was wrapped around by a dual shell consist-
ing of MOF and mesoporous silica [55], guaranteeing the 
stability of drugs and enabling pH-responsive drug deliv-
ery in the acidic TME. Additionally, the targeted peptide 
(dYNH) and indocyanine green (ICG) were assembled on 
the outermost layer to ensure the accurate targeting of 
tumor cells (Fig.  2A). Progressive enhancement of fluo-
rescence signal at the tumor site was observed in vivo at 
different times points post-injection (Fig. 2B, C), thus sig-
nificantly killing bone tumor cells (Fig. 2D).

Excellent targeting performance is an indispensable 
prerequisite for enhancing therapeutic efficacy [56], for 
the reason of NPs without targeting capability neces-
sitate extensive amounts of nanosystems, intense laser 
power, and elevated PTT temperatures, which suscep-
tible normal tissue to burns [57]. Therefore, to improve 
the targeting ability of NPs, cell products including 
tumor cell targeting ligands, bone cell biomarkers, and 
cell membranes were applied for surface modification 
of NP, the biocompatibility and bioavailability of NP are 
significantly improved by such a coating strategy [58, 59]. 
Typically, the membranes of normal human cells such as 
mesenchymal stem cells (MSC), macrophages, red blood 
cells, and platelets were extracted followed by processed 
onto the surface of NPs because escaping the attack of 
macrophages is critical for the therapeutic effects of 
nanomaterials [60, 61]. Kim et  al. have been dedicated 
to coating gold nanostars with a mixture of erythrocyte 
membrane and platelet membrane to evade rapid clear-
ance of macrophages [62]. It was obvious that such a dou-
ble-membrane camouflage strategy not only equipped 
the NP with cancer-targeting ability but promoted the 
tumor-killing effectiveness of PTT. Alendronate sodium 
(ALN) is considerably preferred because of its bone-tar-
geting properties [63], but its circulation period in  vivo 
remains to be elevated further. Whereas ALN complexes 
encapsulated by hyaluronic acid are capable of overcom-
ing physiological barriers, enhancing the accumulation of 
modified nanomaterials in the bone tumor region in vivo 
and the uptake of target cells in vitro [64].

Peptide modification is another strategy that bestows 
NP with tumor-targeting ability [65]. The surface of 
metallic NPs can be modified by antibodies such as 
CD133, CD163, CD271, and HER-2, which are intimately 
associated with tumor cell behavior such as self-renewal, 
differentiation potential, signal transduction, and drug 
tolerance [66, 67]. These antibodies can anchor tumor 
cells specifically, enabling NP excellent tumor-targeting 
ability and possessing better anti-tumor effects than 
those without modification [68]. For instance, GNPs 
accompanied by CD133-targeted peptide were employed 
in accurately amassing in osteosarcoma, significantly 
accelerating the temperature of tumor tissue than sur-
rounding normal tissue with the intensive introduction 
of GNPs, killing osteosarcoma cells subsequently [69]. 
Necessarily effective not only when targeting tumor tis-
sue, but considerable therapeutic benefits can also be 
exhibited by targeting bone fragments. A dendritic NP 
was modified by eight aspartic oligopeptides (Asp8) with 
excellent affinity to hydroxyapatite (HA), primarily ori-
entating to the bone tissue around tumors by Asp8 and 
inhibiting tumor growth consequentially through PTT. 
During the treatment period, none of the mice in the 
experimental group showed any significant decrease in 
body weight indicating negligible systemic toxicity [70].

Apart from ordinary metallic elements, some rare 
metallic elements are used to synthesize NPs for treat-
ing malignant bone tumors, expanding the horizon of 
optional metallic NP in PTT [71, 72]. For example, a 
novel 150 nm oxygen-rich vacancy tungsten bronze NP 
 (NaXWO3) possessed significant tumor ablation effects 
under NIR predicated on the increased expression of 
the apoptotic markers Bax and p-Akt. Additionally, the 
expressions of osteoclastic RANKL and Sclerostin were 
inhibited, disturbing downstream osteoclast genesis. The 
 NaXWO3 NP provided new insights into PTT for the 
application of rare metallic elements [73]. Alternatively, 
 GdPO4/chitosan (CS)/Fe3O4 NP could simultaneously 
realize bone defect healing and thermal ablation of post-
operative residual tumor cells;  Gd3+, as a rare metallic 
element of it, promoted the proliferation and differentia-
tion of osteoblasts, activating the BMP-2/Smad/RUNX2 
signaling pathway to facilitate bone regeneration, simul-
taneously inducing M2 polarization of macrophages to 
stabilize the vascularized system and provide oxygen and 
nutrition for osteogenesis [74]. NP composed of diverse 
rare elements therefore could achieve multifunction 
involving photothermal ablation of postoperative residual 
tumor and bone defect healing, which possesses promis-
ing prospects in treating malignant bone tumors.

Alloyed nanomaterials are also a popular domain 
in the PTT of bone tumors [75–77]. NiTi alloy was 
manufactured into a multi-scale hierarchical structure 
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composed of a three-dimensional micro-nano struc-
ture. The alloyed nanomaterials significantly inhibited 
the growth of osteosarcoma and simultaneously accel-
erated the osteogenic differentiation of osteoblasts 
positively through PTT [78]. Similarly, an innovative 

approach to modifying NiTi was proposed, femtosec-
ond laser, fabricating groovelike micro-nanostructures 
to reinforce osseointegration by intensive contact guid-
ance. Finally, polydopamine (PDA) modification was 
applied to enhance the photothermal properties and 

Fig. 2 A Schematic illustration of the fabrication for theranostic GNP and the antitumor mechanisms in the tumor cell. B The fluorescence signal 
of NP and green fluorescent protein-labeled A549 cells in the frozen section of the tumor 48 h after administration of NP. Scale bar: 100 µm 
and 50 µm. C The bioluminescence (labeled A549 cells) and fluorescence (NP in blue) images of the mice with spinal metastasis at 0, 3, 8, and 24 h 
after injection. D TUNEL fluorescence images described apoptosis in tumor slices. Abbreviations: Alpelisib (BYL719), tetraethyl orthosilicate (TEOS), 
Cetyltrimethyl Ammonium Bromide (CTAB), indocyanine green (ICG), polyethylene glycol (PEG), poly acrylic acid (PAA), BYL719@Au@MOF-BAM, 
BYL719@Au@MOF@MS-ICG (BAMM), BYL719&Cisplatin@Au@MOF@MS-ICG (BCAMM), BCAMM modified with dYNH targeting peptide (BCAMMD). 
Scale bar: 20 µm.  Reproduced with permission from Ref. [55]
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chemical stability of NiTi, completely eradicating oste-
osarcoma in mice with desirable osteogenic effects [79].

Non‑metallic nanomaterials
Non-metallic nanomaterials primarily include PDA NP, 
silica NP (SLN), graphene, liposome, and protein NP. 
Notably, the mechanism of photothermal conversion 
of non-metallic nanomaterials involves the activation 
of electrons within the molecules to produce electron–
hole pairs when under NIR. These electron–hole pairs 
are transmitted consistently within the material and 
assimilated into thermal energy ultimately [80]. In addi-
tion, some non-metallic carbon-based nanomaterials 
are characterized by strong absorption of NIR, and the 
molecules will be excited from the ground state to the 
lowest excited singlet state when they are exposed to 
NIR. The non-radiative relaxation pathway decays back 
to the ground state in a manner that produces a pho-
tothermal effect subsequently, due to molecules in the 
excited state being unstable [81]. In contrast to metal-
lic nanomaterials, carbon-based nanomaterials are not 
affected by their geometry as they exhibit significant 
absorption and scattering across the entire biologi-
cal spectral range. And some non-metallic nanoma-
terials are rich in catechol/quinone moieties thereby 
anchoring specific molecules to biomaterials through 
chemical or physical bonding [82]. The excellent bio-
compatibility, biodegradability, and structural versatility 
are also among the attractions of non-metallic nanoma-
terials to researchers [83]. Currently, the application of 
NIR-responsive thermogenic polymer nanoplatforms 
is of increased interest in cancer therapy, principally 
attributed to responsive polymer NP in target tissues 
triggered to deliver tumor therapeutic agents when sub-
jected to specific stimulation [84].

PDA, the polymer of dopamine monomers synthe-
sized through oxidative self-polymerization, contains 
functional groups such as catechol, amine, and imine 
[85]. Intensive photothermal conversion efficiency 
was achievable when photosensitizers were incorpo-
rated into PDA with inherent photothermal conversion 
capability [86]. More importantly, both internal (glu-
tathione) and external (near-infrared light) will trigger 
the degradation of PDA, achieving controllable drug 
release [87, 88]. Sun et al. synthesized curcumin (CM)-
loaded CS NP by using an ionic gel method, and further 
functionalized them with PDA coating; the amount 
of drug release was significantly elevated, which was 
responsible for the drug delivery behavior by pH/
NIR dual-stimulus–responsive of PDA. The high drug 
release rate at pH 5.5 was more consistent with the pro-
cedure in the acidic conditions of TME [89]. In addition 
to the satisfactorily controlled release of the medicine, 

accumulating PDA NP in tumor tissues is also essential 
in PTT, which involves restrictions on the elimination 
of the reticuloendothelial system and the ineffective-
ness of tumor tissue targeting. It can be well addressed 
by the camouflaged coating of the stem cell membrane 
(SCM) [90]. Synthesizing PDA-NP camouflaged by the 
SCM reduced the attachment of biomolecules such as 
serum proteins to the surface with a durable circula-
tion time in the blood. In contrast to the blood residue 
rate without SCM-coated NPs (16.7%), a more obvi-
ous value was achieved by SCM modification (86.4%), 
rendering better enrichment in tumors to maximize 
the tumor-killing effect (Fig. 3). Later, the fluorescence 
intensity of PDA@SCM NPs in liver, spleen and lung 
was lower than that of PDA NPs, further confirming 
that the modification of SCM on the surface of PDA 
NPs reduced the phagocytosis of NPs by organismal 
organs [91].

Not only that, multiple functional groups of PDA per-
mit it to be modified with targeted drugs or peptides, 
contributing to the precision of PDA nanomaterials for 
targeting bone tumors [85]. Loading ALN into PDA NP 
is an appropriate strategy because PDA can carry a vari-
ety of drugs and ALN possesses rich groups and targeting 
capabilities [92]. Therefore, a novel PDA NP was coupled 
with ALN and modified with DOX, presenting accurate 
bone targeting properties, photothermal conversion effi-
ciency, drug loading capacity, and multimodal imaging 
modalities [92]. As described above Asp8 has demon-
strated excellent bone-targeting properties, as well as the 
tripeptide Arg-Gly-Asp (RGD) was extensively used as a 
tumor-targeting ligand with the capacity for bone remod-
eling [93]. Kong et  al. thereby modified Asp8 and an 
RGD-derived peptide onto PDA@Gd NP, enabling spe-
cific binding to integrin receptors that are overexpressed 
on cancer cells. Efficient aggregation in the tumor region 
realized photothermal ablation of tumors, inhibition of 
osteolysis, and magnetic resonance imaging, developing a 
versatile theranostic nanoplatform [94]. Recently, a novel 
bone tumor-targeting peptide (BTTP) was designed to 
accomplish further improvement in targeting capability. 
Notably, the KCQGWI-GQPGCK polypeptide fragment 
of BTTP could be cleaved by matrix metalloproteinases 
(MMP) secreted by bone tumors after the nanosystem 
was targeted to the bone interface, followed by exposing 
a cell-penetrating peptide that directs the nanosystems 
specifically into bone tumor cells to exert PPT (Fig.  4) 
[95]. Therefore, it is original for breaking the barrier 
imposed by the microenvironment on tumor cells by 
using specific enzymes of the TME, thereby improving 
the obstacle of difficult targeting of bone tumor cells.

SLN is characterized by adjustable pore size, 
large specific surface area, and simplified surface 
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functionalization, making them promising candidate 
materials for PTT in tumors [96, 97]. For example, 
a super-porous SLN modified by GNPs for delivery 
of a synthetic short-strand DNA molecule contain-
ing an unmethylated CpG motif was used as an adju-
vant vaccine for cancer therapy. The nanocarrier with 
a durable survival rate could deliver CpG and activate 
the immune system to suppress bone tumor develop-
ment [98]. Similarly, constructing a homogenous silica 
nanoplatform equipped with tumor-homing ability, 
ICG-modified SLN was coated with human osteosar-
coma 143B cell membrane, showing excellent stability 
in the physiological environment and superior spe-
cific targeting ability [99]. Notably, in contrast to PDA, 
non-biodegradability is the most conspicuous flaw in 
the current research and development of silicon-based 
nanomaterial therapeutic platforms [100]. However, 
an organic–inorganic hybrid hollow mesoporous sili-
cone nanocapsule system was synthesized based on the 
"chemical homology" mechanism, the disulfide bonds 
(-S–S-) of which could be biodegradable when exposed 
to the TME. This microenvironmentally responsive dis-
integration framework provides a platform for rapid 

drug release, which facilitates the development of novel 
degradable silica nanoplatforms for PTT of malignant 
bone tumors [101]. Even so, there was no combination 
of therapeutic and diagnostic research about nano-
silica until Li et  al. synthesized a hollow mesoporous 
silicone nanocapsule that was modified by CuS NP@
bovine serum albumin (BSA) through the disulfide 
bond reaction. The introduction of CuS enabled the 
silica NP to be operated with photoacoustic imaging, 
the concealability of which in blood circulation was 
improved by BSA to avert premature depletion [102].

Hydrophobic drugs are difficult to deliver to the 
target area efficiently because of their poor solubil-
ity [103]. Notably, liposome-mediated NP is respon-
sible to be used as carriers, elevating water dispersion 
[104]. A liposome-mediated NP platform (IR-7-LIPo/
HA-CPG), synthesized by polyvalent immune adjuvant 
(HA-CPG) and liposome-containing fluorophore (IR-
7-LIPo) through the lipid film hydration method, the 
water dispersity and drug-delivery capabilities of which 
were remarkably improved, playing roles in eradicat-
ing tumors and inhibiting tumor metastasis with the 
combination of PTT and immunotherapy [105]. To 

Fig. 3 Schematic illustration of the preparation process of PDA-SN38@SCM NPs and its application to CPT of malignant bone tumor. Abbreviation: 
polydopamine (PDA), 7-ethyl-10-hydroxycamptothecin (SN38).  Reproduced with permission from Ref. [91]
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achieve an intensive drug payload without intervention 
by foreign materials, carrier-free nanomedicine will 
be available, which is assembled from small-molecule 
therapeutic drugs. A kind of multifunction NP (MHD-
DI) was made up of double-targeted prodrugs (the 
hyaluronic acid skeleton carries methotrexate and dox-
orubicin) and small molecule-assembled drugs (DOX-
ICG complex). MHD-DI was approximately 200 nm in 
size and could be lysed by PH/NIR stimulus to accel-
erate drug release [106]. In conclusion, compared with 
metal NP, the unique advantages of non-metallic NP in 
terms of degradability and biocompatibility can provide 
more options and development trends for the PTT of 
bone tumors.

Bioceramics (BC)
BC scaffolds mainly include calcium phosphate scaf-
folds (including HA, bidirectional calcium phosphate, 

and tricalcium phosphate [TCP]), calcium silicate 
 (CaSiO3) scaffolds, and bioactive glass (silicate, borate, 
and black glass) [107, 108]. Attractively, BC scaffolds 
are in accord with the composition of bone tissue and 
characterized by excellent biocompatibility, osteogen-
esis ability, and mechanical stability [109]. The photo-
thermal properties of BC scaffolds are predominantly 
accessed through functionalized modification of pho-
tosensitizers albeit some BCs inherently possess weak 
photothermal properties, followed by NIR- stimuli to 
promote bone defect repair potentially [110]. Photo-
thermal BC scaffolds permit better rehabilitation of 
tumor-derived bone defects on account of their physi-
cal filling effect compared to administrations of photo-
thermal nanomaterials alone. Two principal strategies 
are available for the functionalization of photothermal 
BC scaffolds, including external surface modification 
and internal homogeneous functionalization [111], and 

Fig. 4 Schematic representation of the BTTP-MOF@PDA/DOX (TM@P/DOX) nanosystem synthesis and the proposed mechanism for the targeted 
chemo-photothermal therapy (CPT) of bone tumor cells using this nanosystem. Abbreviation: D8-KCQGWIGQPGCK-R8-C (bone tumor cell targeting 
peptide, BTTP), MOF@PDA (M@P), BTTP-MOF@PDA (TM@P).  Reproduced with permission from Ref. [95]
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this section will present the advantages of BC scaffolds 
in the PTT of bone tumor treatment, distinguished by 
the two modification strategies.

External surface modification
Surface modification of BC material is one of the main 
methods to equip it with photothermal ability [112]. Ma 
et al. prepared β-TCP scaffolds coated with Cu-contain-
ing mesoporous silica (MSN) by spin coating method, 
the uniform and dense spherical nanolayers formed on 
the surface of the scaffolds guaranteed photothermal 
activity under NIR and promoted the expression of oste-
ogenic marker genes [113]. Graphene has a high specific 
surface area, good cytocompatibility, and excellent ther-
mal conductivity is crucial to enhancing the efficiency 
of photothermal. The superposition gain of several 
advantages can be maximized in the BC scaffolds with 
graphene coating based on excellent thermal conduc-
tivity [114, 115]. However, conventional graphene coat-
ing methods generally inevitably introduce  Mn2+ and 
acids into graphene, potentially challenging biosafety. 
Notably, chemical vapor deposition is a novel approach 
that avoids the potential bio-toxicity of residual metal 
ions and enhances the bonding strength of graphene 
and β-TCP (G-TCP), which is primarily achieved by the 
thermal reduction of carbon occurring on the BC sur-
face. Meanwhile, an excellent photothermal effect was 
shown by G-TCP, causing > 90% death of osteosarcoma 
cells when exposed to 808 nm NIR irradiation [116]. In 
addition, bismuth coating BC scaffold can accompany 
both photothermal anti-tumor effects and osteogenic 
activity [117]. As mentioned earlier, PDA as photosensi-
tizer is distinguished by biocompatibility, biodegradabil-
ity, and outstanding photothermal conversion efficiency. 
Accordingly, BC scaffolds with PDA coating are deemed 
promising for PTT of malignant bone tumors. 3D print-
ing BC scaffolds with uniform self-assembled PDA 
nanolayers/calcium phosphate coating can kill bone 
tumor cells through its controllable photothermal effect 
and support the adhesion and proliferation of rabbit 
bone mesenchymal stem cells (rBMSCs), promoting 
repairing bone defects after PTT [118].

Nanosheets (NS) tend to exhibit better photother-
mal properties than bulk materials when used as coat-
ing materials [119]. Recently,  MoSe2 NS was used to 
functionalize the surfaces of BC scaffolds for PTT, 
since Mo and Se are essential trace elements with an 
active role in human metabolism, facilitating bone 
regeneration and even photothermal conversion effi-
ciency [120]. Moreover, ultrathin MXene NS is a 
hybrid of metallic carbide/nitride/carbonitride com-
plex with large specific surface areas and adjustable 
physicochemical properties [121, 122], which are more 

applicable as surface modification of BC. Pan et  al. 
have been dedicated to integrating 2D  Ti3C2 MXene 
with BC scaffolds (TBGS) and implanted the scaffolds 
into the subcutaneous osteosarcoma model and bone 
defect model of nude mice respectively [123]. They 
discovered that bone tumor cells were effectively killed 
by PTT, and the regeneration rate of bone tissue was 
accelerated (Fig.  5). However, as a type of photosen-
sitizer,  Ti3C2 MXene is mainly confined to the NIR-I 
with poor tissue penetration depth, while biomateri-
als belonging to the NIR-II window manifest deeper 
near-infrared light penetration depth and higher pho-
tothermal conversion efficiency, which is convenient 
to kill deep bone tumors by PTT [124]. Such trouble 
can be resolved by Nb-based Mxene NS, a kind of BC 
integrating with 2D  Nb2C MXene NS that exhibited 
predominant photothermal conversion capability even 
in deep tissue within the NIR-II biological window. 
Moreover, along with NS degradation the Nb-based 
species being released significantly promoted the neo-
genesis of blood vessels and bone tissue, and immune 
cells were simultaneously recruited to the lesion 
area, accelerating BC degradation to allow new bone 
growth [125]. Similar NS, 2D borocarnitride (BCN) 
NS, can interact with Ca ions sites of BC scaffolds and 
construct hydrogen bondings between BC scaffolds, 
providing compact coating. Because of the specific 
photonic response of BCN in the NIR and bone regen-
eration capacity derived from abundant hydroxyl func-
tional groups and boron elements, an ideal therapeutic 
effect of PTT on bone tumors and bone tissue min-
eralization was achieved [126]. Furthermore, because 
BCN nanosheets are regarded as carbon-based materi-
als that degrade slowly, BCN may degrade and decom-
pose in  vivo and ultimately be excreted through the 
humoral circulation [127]. Copper-coordinated tetra-
kis (4-carboxyphenyl) porphyrin (Cu-TCPP) NS-mod-
ified BC scaffold also expressed effective photothermal 
ablation and bone regeneration analogously [128].

Adhesion agents are distinctive factors in the modifi-
cation of BC surface. In a study by Dang et al., poly (D, 
L-Lactide) (PDLLA) was therefore adopted as the adhe-
sive material to compactly coat TiN particles on the 
TCP scaffold [129]. Up to 48% photothermal conversion 
efficiency of TiN particles endowed the scaffold with 
excellent photothermal properties, simultaneously the 
rough surface structure was conducive to cell adhesion 
as well as with enhanced compressive strength of TCP 
scaffolds after coating PDLLA. In several other stud-
ies by Dang et al., heme particles [130], and  LaB6 [131], 
were respectively integrated into 3D printing bioac-
tive glass–ceramic scaffold instead of TiN particles via 
PDLLA as ever. In conclusion, PDLLA was applied as 
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an applicable medium to tightly combine scaffolds with 
different therapeutic drugs, guaranteeing efficient utili-
zation of photosensitizers on BC scaffolds and propos-
ing a unique perspective for the development of novel 
multifunctional scaffolds for PTT. In addition, carbon 

aerogel (CA) also can be used as a coating with a high 
specific surface area and enhancing roughness, recruit-
ment osteogenic proteins to repair bone defects. Mean-
time, this type of carbon-based biomaterial possessed 
considerable infrared absorbance and laser thermal 

Fig. 5 2D  Ti3C2 MXene modified BC scaffold (TBGS) for the PTT of bone tumors and repair of bone defects. A Schematic illustration of the synthesis 
process of TBGS, ablation of bone tumor, and reconstruction of bone tissue. B CLSM images of hBMSCs stained with DAPI (cell nuclei, blue 
fluorescence) and rhodamine phalloidin (cytoskeleton, red fluorescence) on BGSs/TBGSs on days 1 and 7. Scale bar: 100 µm. C H&E staining 
and Goldner staining of rat crania implanted with BGS and TBGS at week 24. Scale bar: 2 mm and 500 µm. D Goldner staining of TBGS group 
at different periods, namely weeks 8, 16, and 24. The defect areas were implanted with BGS and TBGS. Black asterisks mark implanted scaffolds 
that were not biodegraded completely. Yellow triangles indicate osteogenesis. Abbreviation: Bioactive glass scaffolds (BGS),  Ti3C2-BG scaffold (TBGS), 
Nanosheets (NSs). Scale bar: 200 µm.  Reproduced with permission from Ref. [123]
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conversion efficiency, presenting a potentially versatile 
platform for the healing of post-operative bone defects 
in osteosarcoma based on the beneficial synergy of the 
excellent photothermal and osteogenic capabilities of 
CA coating [132].

Internal homogeneous functionalization
Internal homogeneous functionalization can ensure pho-
tosensitizer is evenly distributed within BC scaffolds, 
providing stable efficacy of photothermal conversion, 
and improving the mechanical properties of BC scaffolds 
[133]. Yao et al. have dedicated to mixing PDA with HA 
and carboxymethyl chitosan as the bio-ink to fabricate 
3D printing BC scaffolds. The internal PDA particles, 
HA, and carboxymethyl chitosan were evenly distributed 
within the scaffold to ensure multiple thermal effects 
of the composite BC scaffolds and the improvement of 
mechanical properties [134]. Similarly, a 3D printing 
porous scaffold was synthesized by graphene NSs incor-
porated with apatite/gelatin composites, and the prolif-
eration of osteoblasts on it was significantly increased 
under NIR irradiation, this is not only attributed to simi-
lar composition between apatite/gelatin composites and 
natural bone tissue, but graphene also has good biocom-
patibility [135]. Surface functionalization is elusive in 
contrast to the compositional similarity of natural bone 
tissue exhibited by internal homogeneous functionalized 
BC scaffolds. In addition, analogous bifunctional scaf-
folds with osteogenesis were also available by  CaTiO3 BC 
scaffolds, providing a promising strategy for the rehabili-
tation of tumor-induced bone defects and PTT, and the 
stable photothermal capacity [136].

Akermanite (AKT) BC has been considered to correlate 
with significantly enhanced compressive strength, can be 
modified as bifunctional materials for photothermal kill-
ing bone tumors and repairing bone defects [137, 138], as 
well as can be functionalized with photothermal capac-
ity through internal mixing. Moreover, for the reason 
of porous structures contributing to angiogenesis, cell 
migration, and nutrient transport, thus porous BC scaf-
folds would be beneficial to repairing bone defects while 
killing bone tumor cells through PTT [139, 140]. A free 
carbon-embedded porous larnite scaffold with uniform 
interconnected macropores was successfully fabricated, 
by incorporating silicone in 3D printing  CaCO3 and 
converting it to ceramic under an inert gas atmosphere, 
which exhibited an excellent photothermal efficiency 
compared with the pure larnite scaffold. Meanwhile, 
in  vitro study presented the expression of osteogenesis 
genes including ALP, OCN, and Runx-2 were upregu-
lated. The elevated osteogenic differentiation-induced 
capability was also observed by this modified scaffold in 
critical-sized rat calvaria defects [141].

Hydrogel‑related biomaterials
Hydrogel is a kind of 3D mesh gel composed of interlaced 
hydrophilic polymers, which possess water-absorbing 
ability and interconnected porous structure. Due to their 
distinct physical and chemical properties, hydrogels gen-
erally served as carriers for cells and drug transporta-
tion and controlled release [142]. Simultaneously, precise 
injection into the bone tumor area through minimally 
invasive approaches could minimize unnecessary dam-
age to normal tissue [143]. Hydrogels can be further 
presented with photothermal capabilities through the 
homogeneous incorporation of photosensitizers based 
on the above advantages. In particular, hydrogels applied 
as drug delivery systems show significant advantages in 
PTT [144]. This section summarizes the research on the 
PTT of bone tumors by modified hydrogels in recent 
years. Notably, different types of modified hydrogels have 
obvious discrepant mechanical strength, photothermal 
conversion efficiencies, and degradable ability, such as 
cellulose hydrogels [145, 146], agarose-based hydrogels 
[147], and CS hydrogels [148].

Alginate (ALG) is a kind of hydrophilic straight-chain 
polysaccharide existing in the cell wall of brown algae, 
which is structurally composed of β-D-mannuronic acid 
and α-L-glucuronic acid block copolymer, with exten-
sively applied in bone tissue engineering [149, 150]. The 
simultaneous treatment of tumor removal and bone heal-
ing is considered to be a critical proposal for malignant 
bone tumors. Therefore, through the combination of 
up-conversion lanthanide-gold hybrid NPs and ALG, a 
novel near-infrared light-responsive hybrid hydrogel was 
developed (UCNP-Au-ALG). Under NIR irradiation, the 
temperature of the hydrogel reached 84℃ with a pho-
tothermal conversion efficiency of 36.7%. As shown in 
Fig.  6, solid tumors were completely eradicated without 
recurrence by injecting hydrogel into the subcutaneous 
tissue surrounding the tumor. In addition, the mechani-
cal properties of ALG will be improved to keep the sta-
bility of tumor-derived bone defects as much as possible 
followed by injection into the high  Ca2+ environment of 
bone tissue [151]. In terms of biodegradability, an inject-
able dual crosslinking hydrogel was fabricated based on 
furan-sodium ALG/bis-maleimide-polyethylene glycol/
copper-doped bioactive glass–ceramic microspheres. 
Owing to the degradable performance of the hydrogel, 
the photosensitizers were released and degraded into 
beneficial ions of Si, Ca, and Cu, thereby no bio-toxicity 
impacted the adjacent tissue, up-regulating the expres-
sion of osteogenic genes and significantly promoting the 
formation of new bone in models of the tumor-derived 
defect [6].

Gelatin is a hydrophilic colloid of large molecules 
with poor mechanical properties, the methacrylate 
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group is usually employed as an agent to augment the 
mechanical properties of gelatin, termed methacrylate 
gelatin (GelMA) [152, 153]. However, the mechanical 
properties of GelMA still need to be further improved 
as biomaterials of bone tissue, additionally, the modifi-
cation of photothermal properties can be accomplished 

simultaneously in the process of reinforcing mechani-
cal properties [154]. For example, incorporating black 
phosphorus (BP) NS into GelMA prepared a thera-
peutic nano-composite hydrogel with mechanical 
reinforcement, on account of the intense interactions 
between the cell-bonding domains of GelMA and the 

Fig. 6 Schematic illustration of the fabrication and application of the UCNP-Au-Alg hydrogel in the PTT of tumor and bone rehabilitation. A 
Injection of UCNP-Au-Alg into the high  Ca2+ environment of bone tissue accelerated its mechanically stable formation of it. B X-ray images 
from different periods of PBS and UCNP-Au-Alg hydrogel treatment of the tibia, where the red dotted circles represent the distinction 
between defects. Scale bar: 1 cm. C 3D micro-CT images of the tibias treated by PBS or UCNP-Au-Alg hydrogel 14 days after treatment. Scale bar: 
1 mm. D Pathological sections of tibias treated by PBS and UCNP-Au-Alg hydrogel 14 days after surgery. Abbreviation:  NaGdF4:Yb, Er@NaGdF4:Yb, 
Nd (UCNP), polyethyleneimine (PEI), alginate (Alg).  Reproduced with permission from Ref. [151]



Page 14 of 30Chao et al. Biomaterials Research          (2023) 27:116 

surface charge of BP. Moreover, cancer cells could be 
eliminated by the prominent photothermal effect of 
BP within GelMA while inhibiting bacteria with the 
capability of bone regeneration [155]. The mechanical 
properties of hydrogel can also be improved by incor-
porating montmorillonite-strontium into the GelMA 
while simultaneously purchasing potential bone regen-
eration [156]. In addition, a bifunctional hybrid hydro-
gel for the prevention of tumor recurrence and bone 
rehabilitation was brought into view. Hybridizing Au 
nanorods and nHA in GelMA /methacrylate chon-
droitin sulfate hydrogel to fabricate, possessing the sig-
nificant capability of bone regeneration is attributed to 
the similarity with the extracellular matrix, which pro-
motes the proliferation and osteogenesis differentiation 
of MSC [38].

Other biomaterials
Bone cement, as a well-established commercial polymer 
biomaterial employed in the orthopedic field, features 
high strength, injectability, and plasticity [157]. Bone 
cement can be functionalized with thermogenic ability 
by incorporating photosensitizers during the polymeriza-
tion. For example, an inorganic calcium carbonate bone 
cement with photothermal capability was synthesized 
by mixing GO particles through co-precipitation. This 
modified bone cement showed significantly enhanced 
mechanical properties than pure bone cement for the 
reason of the charge interaction between tricalcium 
silicate and GO. As for biocompatibility and osteogenic 
activity, the proliferation of osteoblasts and the activity 
of ALP were promoted by this composite bone cement, 
preserving the photothermal effect of GO simultane-
ously [158]. Likewise, inorganic calcium phosphate bone 
cement (CPC) was mixed with cobalt-coordinated tet-
rakis (4-carboxyphenyl) porphyrin (Co-TCPP) MOF to 
synthesize composite CPC, possessing excellent photo-
thermal properties. The compressive strength of modi-
fied CPC doped with only 1% Co-TCPP was significantly 
greater than CPC alone. Notably, Co ions released by 
bone cement could promote angiogenesis in  vivo and 
play a crucial role in promoting bone regeneration. 
Therefore, this photothermal bone cement with inject-
ability and plasticity has a broad development prospect 
in repairing critical and irregular bone defects caused by 
tumor curettage [159].

PEEK, a thermoplastic material with high-temper-
ature stability, has attracted much attention in bone 
tissue engineering because of its similar mechani-
cal properties to natural bone tissue [160, 161]. PEEK 
applied for PTT of malignant bone tumors is primar-
ily predicated on photosensitizers modification, pro-
viding photothermal conversion ability. Zhang et  al. 

have been dedicated to synthesizing PEEK/graphene 
nanocomposite, wherein an antibacterial stearyl tri-
methylammonium chloride-HA layer was coated by 
electrophoretic deposition on its surface, enabling an 
active photothermal conversion effect [162]. Moreover, 
the bioactive coating reversed the bioinert deficiency 
of PEEK, and effective treatment was put forward by 
the excellent anti-tumor and anti-bacteriostatic abil-
ity. In subsequent research [163], the reliability and 
development prospect of this 3D printing multi-func-
tional PEEK scaffold was processed revalidation, and 
the prominent bone regeneration capability of tailored 
porous scaffolds in combination with the coating was 
emphasized (Fig.  7). Recently, a layer-by-layer assem-
bled BP-NS/CS composite coating was deposited onto 
3D printing PEEK scaffold, achieving on-demand laser-
induced heating and drug release. It is of significance 
that the composite coating augments the biocompat-
ibility of PEEK and the expression of osteogenic-related 
genes [164]. In addition to PEEK, polycaprolactone 
(PCL) is another common polymer applied for 3D 
printing scaffolds as an appropriate substitute for bone 
repair, similarly, the inherent biological inertia hinders 
its extensive application [165, 166]. The incorporation 
of  SrCuSi4O10 NS into PCL to ameliorate its biologi-
cal inertia is a plausible alternative. In addition, fol-
lowing the degradation of the composite scaffolds, the 
sustained release of bioactive ions (Sr, Si, and Cu) not 
only promotes osteogenic differentiation of rBMSCs 
and angiogenic differentiation of HUVECs in vitro but 
also enhances new bone formation with increased vas-
cularity in vivo. Moreover, its photothermal conversion 
efficiency was about 46.3% under NIR-II, and the NIR-
II window with more penetrability enabled it to treat 
deeper malignant bone tumors without side effects 
than under NIR-I [167].

PTT‑related combination therapy in the treatment 
of bone tumors
The low-toxicity side effects and simple operating pro-
cedure of PTT deserve to be appreciated, while the 
limited penetration depth of NIR frequently disturbs 
treatment depth resulting in unsatisfactory treatment 
effects. In addition, excessive PTT has the potential 
to generate necrosis and produce a proinflamma-
tory response [168], which subsequently weakens the 
immune response by inhibiting immune surveillance 
and immune editing [169, 170]. Notably, the cur-
rent combination therapy with PTT effectively com-
pensates for the deficiencies of traditional treatment 
and singular PTT. With the combination of chemo-
therapy, PDT, CDT, and immunotherapy, impressive 
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improvements in the PTT of malignant bone tumors 
can be achieved. Moreover, PTT-related combination 
therapeutic strategies based on advanced materials 
are different in function while more convenient, safe, 
and practical than traditional therapy [171]. Therefore, 
the application of several advanced biomaterials and 

strategies of combination therapy in PTT for malig-
nant bone tumors are summarized in Table 1. Notably, 
all the included research in Table 1 was accomplished 
for both in vivo and in vitro experimentation as studies 
with both in  vivo and in  vitro experiments have rela-
tively better scientific credibility.

Fig. 7 Schematic diagram of the bioactive coating reversing the bioinert deficiency of 3D printing PEEK scaffold. A Schematic illustration 
of the fabrication and associated multi-functions of the scaffold. B CLSM images of MC3T3-E1 cells cultured with different scaffolds for 1 day. 
Scale bar: 50 µm. Abbreviation: electrophoretically deposited (EPD), hydroxyapatite (HA), stearyltrimethylammonium chloride (STAC), cancer drug 
cisplatin (DDP), PEEK (P), PEEK/graphene (PG), PEEK/graphene/HA (PGH), PEEK/graphene/HA/DDP (PGHD).  Reproduced with permission from Ref. 
[163]
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Combination of PTT and chemotherapy
PTT presents a restricted killing effect on tumor cells 
away from scaffolds, only adjacent tumor cells will be 
eliminated within an extremely limited distance [172]. 
Although traditional chemotherapy is a common sys-
temic treatment with obvious side effects, the adverse 
reactions would be effectively averted if the controllable 
local release of chemotherapy drugs could be achieved 
[173]. In addition, PTT is not limited to being a thera-
peutic method for malignant bone tumors but a trig-
ger for accelerating drug release. Therefore, prospective 
applications were consequently described by the combi-
nation therapy of PTT and chemotherapy, alternatively 
termed CPT [5, 174].

Constructing biomaterial scaffolds with local drug 
delivery systems (LDDS) is one of the most frequent 
combination therapies, persistently releasing chemo-
therapeutic agents from implanted biomaterials around 
the tumor area for a durable period. Efficient tumor inhi-
bition and fewer systematic side effects were acquired 
simultaneously owing to the intensive local chemo-
therapeutic concentrations [175, 176]. DOX is the most 
widely used chemotherapeutics in PTT of malignant 
bone tumors, and NP is often applied as the drug car-
rier [63, 177]. In terms of excellent killing efficiency, it is 
emphasized that elevate drug encapsulation and release 
rate. Therefore, Lu et al. have been dedicated to design-
ing mesoporous silica-coated bismuth sulfide NP with a 

Table 1 Application of several advanced biomaterials and strategies of combination therapy in PTT for malignant bone tumors

Abbreviations: ICG Indocyanine green, ZOL Zoledronate, PLGA Poly (lactic-co-glycolic acid, BYL719 Alpelisib, ROS Reactive oxygen species, PEI Polyethyleneimine, GNR 
Golden nanorod, cGAMP Cyclic dimeric guanosine monophosphate-adenosine monophosphate, TCP Tricalcium phosphate, R837 An immune adjuvant, Nb2C Niobium 
carbide, GelMA Methacrylate gelatin, SP Sulfonated polyetheretherketone, TOB Tobramycin, CPC Calcium phosphate bone cement, Co-TCPP Cobalt-coordinated 
tetrakis (4-carboxyphenyl) porphyrin, GO Graphene oxide

Biomaterial Combination 
therapeutic 
strategies

Composition Type of 
photosensitizers

Therapeutic agents for 
bone tumor

Functions Ref.

NPs chemotherapy Fe3O4 NPs/ZOL ICG ZOL-modified PLGA Magnetic targeting/
Bone targeting/Con-
trolled drug release

 [22]

chemotherapy GNPs/mesoporous silica/
MOF/ BYL719/ cisplatin

ICG BYL719/ cisplatin Tumor targeting/Photoa-
coustic imaging

 [55]

PDT AgBiS2 NPs AgBiS2 NP ROS CT imaging/Antibacterial  [192]

immunotherapy GNR/PEI/cGAMP/anti-
PD-1

GNR cGAMP/anti-PD-1 Reverse immune toler-
ance

 [216]

BC scaffolds chemotherapy TCP scaffold/TiN micro-
particles/DOX

TiN microparticle DOX Multiple therapeutic 
platform

 [129]

PDT Inorganic  CaSiO3 bioce-
ramic/Fe

Fe ROS Mechanical support/ 
Osteogenesis

 [133]

immunotherapy Biodegradable bioglass 
scaffold/Nb2C MXene 
NS/Mesoporous silica/
R837

Nb2C@Si NS R837/anti-PD-1 Robust immune 
memory

 [215]

Hydrogels chemotherapy Hybrid methylcellulose 
hydrogel/Curcumin-
loaded microspheres

IR820 Curcumin Controlled drug release/
Osteogenesis

 [145]

chemotherapy PDA/ n-HA/ cisplatin/oxi-
dized sodium alginate/
CS

PDA Cisplatin Sustained drug release/
Osteogenesis

 [148]

PDT PNT-gel ICG ROS Controlled release ICG 
by gel-sol transition

 [237]

antibacterial therapy GelMA hydrogel/MXene 
NSs/SP/PDA

PDA and MXene TOB Osteogenesis  [238]

Polymers bone regeneration CPC/Co-TCPP MOF/GO GO Co ions Osteogenesis  [159]

antibacterial therapy PEEK/Graphene NSs/
Stearyltrimethylam-
monium chloride-
hydroxyapatite

Graphene NS Stearyltrimethylam-
monium chloride-
hydroxyapatite

Antibacterial/Osteogen-
esis/Multiple therapeutic 
platforms

 [162]

bone regeneration PCL/SrCuSi4O10 NS SrCuSi4O10 NSs Sr, Cu, and Si ions Controlled and sustained 
ions release/Osteogen-
esis

 [167]
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reasonably distributed mesopore and large specific sur-
face area, wherein the encapsulation of DOX reached 
98.5%. The release of DOX would be triggered even 
under the ultralow-power density of NIR, significantly 
reducing the systematic side effects of DOX by control-
lable and responsive release behavior. Such mesoporous 
NP with a high specific surface area thus is of signifi-
cance to improve drug encapsulation [178]. In addition to 
increasing specific surface area, applying adhesion agents 
is another feasible way to improve drug delivery rate. For 
example, DOX was attached to the surface of magnesium 
alloy with PDA as the adhesion agent. The responsive 
release of DOX under the dual stimulation of heat and 
pH greatly improved the rate of drug release and thera-
peutic effect [179]. PDA-coated nanofibrous scaffolds 
have persistent stable CPT effects as well, with 85.44% 
drug delivery efficiency and a cumulative drug release of 
up to 65% for 55 days. NIR and pH dual-responsive drug 
release properties enabled excellent CPT performance 
for malignant bone tumors [180]. In several articles by 
Dang et  al., PDLLA was introduced as the appropriate 
adhesion agent to combine scaffolds with different types 
of therapeutic drugs, providing a unique insight into the 
development of CPT [129, 130].

The negative impact on osteogenesis from exorbitant 
concentrations of chemotherapeutic drugs desiderates to 
be more attention [181, 182], on account of reconstruct-
ing skeletal stability is essential after the curettage of 
bone tumor [183, 184]. Nevertheless, the significance of 
reconstructing the skeleton has been objectively balanced 
in some studies of CPT for malignant bone tumors [141]. 
A multifunctional porous scaffold composed of M-type 
ferrite particles  (SrFe12O19), mesoporous  CaSiO3, and 
CS, which prominently promote osteogenesis and the 
effect of CPT against osteosarcoma, the osteogenic effect 
of which is primarily attributed to the magnetic proper-
ties of  SrFe12O19 [185]. Similarly, excellent therapeutic 
effects were presented by a type of PDA NP loading ALN, 
by carrying osteogenic drugs to reverse the unbalanced 
microenvironment of bone destruction [92], and effec-
tively inhibits osteolysis [186]. As previously described, 
ALN elevated the accuracy of targeting and possessed 
an obvious osteogenic-promoting effect simultaneously, 
without significant toxicity to any major metabolic organ 
via evaluating hematological toxicity and liver function. 
Therefore, a clinical treatment modality of residual osteo-
sarcoma after repairing bone defects was provided by 
ALN-mediated CPT [92]. As well as reducing the toxicity 
of drugs is crucial in promoting osteogenesis, and BP NS 
could significantly reduce the long-term toxicity of con-
tinuously released DOX during bone regeneration in vivo 
[187]. Therefore, a hierarchical porous nanocomposite 
scaffold was cryogenically 3D printed by incorporating 

β-TCP, 2D BP, DOX, and high-dose osteogenic peptides. 
Based on the synergistic effect of chemotherapy and PTT, 
the tumor was inhibited at the first stage, then the recon-
struction of bone defects was achieved by the continuous 
release of osteogenic peptides in succession (Fig. 8) [187]. 
Notably, conceiving the clinical perspective on the reha-
bilitation of bone defects after surgical resection of bone 
tumor, the perspective of “first kill and then regenerate,” a 
step-by-step approach to tumor killing followed by bone 
repair is extremely meaningful.

Combination of PTT and photodynamic therapy (PDT)
PDT involves regulating the microenvironment of tumor 
cells by producing abundant reactive oxygen species 
(ROS) and hydrogen peroxide  (H2O2), characterized 
by local photodamage to the solid tumor area itself [34, 
188]. Notably, both PTT and PDT are stimulated by NIR 
irradiation, generating double benefits of tumor-killing 
by the single irradiation wherein the synergistic effect of 
ROS and hyperthermia are taking effect.

The mild thermal effect generated from PTT can aug-
ment the photosensitizer absorption of cells, simul-
taneously improving the efficiency of PDT by the 
intensive concentration of photosensitizers [189]. In 
terms of endocytosis, a kind of mesoporous bioactive 
glass doped with manganese (Mn) and loaded Ce6 into 
the mesoporous channel (5Mn-MBG/Ce6) possessed 
promoted uptake efficiency by cells when exposed to 
NIR, accumulating extensive concentrations of Ce6 in 
cells to generate more ROS. The efficiency of PDT has 
been greatly improved with the assistance of adequate 
ROS [190]. Similarly, nano bismuth (Bi) is also charac-
terized by high ROS production when exposed to NIR 
[191]. A kind of  AgBiS2 NP was fabricated by a facile 
solvothermal method, which exhibited CT contrast at 
the tumor site and excellent effects of PDT simultane-
ously with sufficient ROS after a relatively extended 
period of NIR exposure [192]. However, the heman-
giectasis and local blood transport of tumors will be 
increased after long-term heating, which may amplify 
the possibility of tumor metastasis [193]. Accordingly, 
the high yield of ROS is the prerequisite for reducing 
the duration of hyperthermia even the risk of metasta-
sis. A NIR triphenylamine-grafted boron dipyrrome-
thene derivative was capable of producing plentiful 
ROS, with even 35.2% of singlet oxygen generation effi-
ciency [194]. The further study, NPs doped with fluo-
rine, PDA, and collagen in titanium dioxide  (TiO2) 
could kill osteosarcoma cells within 10  min by the 
ROS produced under NIR irradiation. Moreover, the 
proliferation and differentiation of BMSCs were facili-
tated by the synergistic impact of PTT and PDT [195]. 
For efficient ROS production, a better alternative was 
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offered by optically active semiconducting polymers 
[196], which exerted multifunction in aiding the diag-
nosis, treatment, and prognosis of osteosarcoma [197]. 
Discrepant therapeutic diagnostic effects could be pre-
sented under different NIR biological window (NIR-I/

NIR-II) irradiation, providing fluorescent emission in 
the NIR-II and photoacoustic signal in the NIR-I. In 
addition, the semiconducting polymer NP with good 
photodynamic conversion efficiency could also enable 
CPT through carrying chemotherapeutics [197].

Fig. 8 Schematic diagram of “first kill and then regenerate” by CPT. A Schematic illustration of a cranial defect in a rat with a multifunctional scaffold 
implanted by PTT ablation of a tumor in a nude rat, local chemotherapy, and reconstruction. B Live and dead images of rBMSCs were cultured 
on different scaffolds on day 3. Scale bars: 200 µm and 100 µm. C Viability of rBMSCs on days 3 and 7. D The proliferation of rBMSCs on scaffolds 
in the 7 days. E Temperature distribution of tumor tissue implanted with scaffolds in vivo. F Effect of NIR laser power on the temperature increase 
of BDPTP scaffolds. G Effect of temperature increase of different scaffolds irradiated by NIR laser. For panels C and D, *p < 0.05. Abbreviations: 
mesenchymal stem cell (MSC), black phosphorus (BP), tricalcium phosphate (TCP), poly (lactic-co-glycolic acid (PLGA), TCP/PLGA (TP), P24/TCP/
PLGA (PTP), DOX/P24/TCP/PLGA (DPTP), BP/P24/TCP/PLGA (BPTP), DOX/P24/BP/TCP/PLGA (BDPTP).  Reproduced with permission from Ref. [187]
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Nitric oxide (NO) exerts diversified functions in many 
physiological and pathological circumstances, con-
stantly associated with ROS [198, 199]. The high level of 
NO is inclined to pro-oxidative cytotoxic effects, which 
in reaction with ROS generates cytotoxic peroxynitrite 
 (ONOO−) and other reactive nitrogen species (RNS), 
thereby impairing the function of biological macromol-
ecules [200]. Lee et  al. designed a diethylenetriamine/
nitric oxide adduct-loaded polylactic acid combined with 
ICG and used it as an exogenous NO donor. ROS pro-
duced by ICG reacted with NO and release  ONOO−, 
causing multiple biomolecular damages to osteosar-
coma cells [201]. Similarly, a 2D  Nb2C MXene-wrapped 
3D printing BC scaffolds coating mesoporous silica pos-
sessed prominent photothermal conversion efficiency 
and productivity of NO, thereby elevating the anti-
tumor effect. It is also has been demonstrated that high 
concentrations of NO released in the first phase enable 
anti-tumor properties, and low concentrations of NO in 
the later phase enhance vascular regeneration and bone 
regeneration in the scaffold [202]. The uniqueness of the 
NO treatment mechanism combined with PTT deserves 
to reference. As shown in Fig. 9, a composition of rare-
earth elements-saturable titanium dioxide nano-shovel/
quercetin/L-arginine  (TiO2@UCN/Qr/LA) was modified 
on titanium implant, facilitating the generation of ROS 
when exposed to NIR-II. ROS reaction with LA can sub-
sequently release NO, thereby exhibiting desirable inhi-
bition of osteosarcoma. Moreover, additional functions 
including infection prevention and angiogenesis promo-
tion were also presented [203].

Because LA catalysis with ROS can produce numer-
ous NO free radicals to assist in tumor killing [204], it is 
a feasible method to obtain more NO free radicals con-
sequently by adding LA onto orthopedic implants. An 
LA-modified mesoporous nanocomposite was devel-
oped as a therapy platform, applying for the generation 
of NO triggered by ROS to coordinate the efficacy of 
PTT. Its excellent photothermal conversion efficiency, 
ROS production rate, and concomitant NO release abil-
ity make it an ideal biomaterial for killing osteosarcoma 
cells [205]. Mitochondrial apoptosis is an inevitable sign 
of tumor necrosis, with activating of the caspase cascade 
[206, 207]. Therefore, Zeng et  al. prepared a modified 
GO nanocomposite to target mitochondrial, eradicating 
tumors. The synergistic therapy of PTT and PDT was 
realized under NIR irradiation simultaneously inhibiting 
adenosine triphosphate synthesis after NP accumula-
tion in the mitochondria. Drug resistance and growth of 
bone tumors can be reduced by inhibiting the mitochon-
drial function of tumor cells [208]. In conclusion, PDT 
and CPT are effective therapeutic methods based on 
PTT, actively mobilizing components of the TME to kill 

tumors and reduce the possible side effects of the additive 
as well as providing a prospective treatment program.

Combination of PTT and immunotherapy
The tumor-specific neoantigen mutation will contribute 
to the resistance of chemotherapeutics [209, 210]. How-
ever, tumor immunotherapy does not directly attack 
tumor cells, but rather induces an immune response 
from the body’s immune system [211]. The tumor immu-
nological response includes cellular humoral immunity, 
among which cellular immunity plays the most signifi-
cant role. T cells, DCs, macrophages, and NK cells are all 
involved in anti-tumor cellular immunity [212, 213]. As 
a therapeutic approach, PTT can induce the apoptosis 
of tumor cells rather than necrosis. Moreover, the anti-
gen fragments generated by tumor cell apoptosis will be 
presented to the DCs to achieve recruitment and matu-
ration, activating plenty of immune T cells consequently 
in the tumor environment [214]. Therefore, based on the 
immune regulation ability of PTT, in combination with 
immunotherapy will observably enhance tumor suppres-
sion. Thereby, this immunosuppressive microenviron-
ment could be profoundly reversed under the influence 
of the photothermal effect [75, 98].

The immune capacity of the organism can be appropri-
ately mobilized by PTT combined with immunotherapy, 
avoiding dependence on additional therapies [211]. For 
instance, a niobium carbide  (Nb2C) modified novel 3D 
printing scaffold (BG@NbSiR) was implanted, followed 
by injecting anti-programmed cell death protein-1 ligand 
(PD-L1) to regulate the TME. Notably, the primary and 
metastatic tumors were eliminated concurrently, further-
more, establishing a persistent immune memory in the 
host body to prevent tumor recurrence [215]. Although 
the methods of establishing bone metastasis and recur-
rent models did not comprehensively comply with the 
practical clinical situation, this research was significant 
in treating bone metastasis of breast cancer, involving 
biosafety, tumor elimination, long-term immune mem-
ory, and significant osteogenic properties of the above. 
In contrast, a composite of S–Au conjugated polyethyl-
eneimine (PEI) and golden nanorod (GNR), interacting 
with cyclic dimeric guanosine monophosphate-aden-
osine monophosphate (cGAMP) through electrostatic 
(GNR-PEI/cGAMP), generating thermal in situ immune 
vaccines to recruit DC-capturing tumor-associated anti-
gens [216]. Amplification and activation of dendritic cells 
(DC) could be further stimulated by cGAMP, motivat-
ing the specific immune killing of cytotoxic T cells. The 
predominant mechanism is associated with the block-
age of immune checkpoints and reversion of tumor 
immune tolerance microenvironment by immune regu-
lation (Fig. 10). Inspired by tumor immunity induced by 
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DC, Sun et al. developed intelligent organic DCs (iDCs), 
which could stimulate T cells in the tumor to secrete 
cytokines in  situ. T cells would be activated when iDCs 
entered cells of lymph nodes, then migrate to the tumor 
site and secrete cytokines to reduce the HSP expression 
of cancer cells, in which the sensitivity to heat stress of 

cells was increased, reversing the immune suppression 
of the TME [217]. Therefore, enhancing the maturation 
of DCs is essential for improving the immunotherapeu-
tic capacity, and improving the infiltration of cytotoxic T 
lymphocytes in primary and distant tumors [218]. Under 
NIR, a new nanoplatform could trigger the activation of 

Fig. 9 Mechanism diagram of NO treatment combined with PTT. A Schematic illustration of  TiO2@UCN/Qr/LA nano-shovel on Ti implants for tumor 
ablation, biofilm elimination, vascularization, and bone regeneration. B H&E, TUNEL, and Ki-67 staining of tumor sites on day 15. Scale bar: 200 µm. 
Abbreviation: Quercetin (Qr), L-Arginine (LA), human umbilical vein endothelium cells (HUVECs), vascular endothelial growth factor (VEGF), bone 
marrow mesenchymal stem cells (BMSCs), titanium dioxide nano-shovel/quercetin/L-arginine  (TiO2@UCN/Qr/LA), Osteogenesis-related gene (OCN, 
OPN, and RUNX2).  Reproduced with permission from Ref. [203]
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innate immunity through the cGAS-interferon gene sign-
aling pathway, releasing immune adjuvant, and tumor cell 
protein antigens to reinforce adaptive immunity simul-
taneously [219]. Notably, the synergistic effect of innate 
and adaptive immunity in the presence of PTT promoted 
the maturation of DCs, activating a virtuous cycle of 

cancer immune through the dead tumor cells and viable 
immune cells, contributing to the controlled release of 
immune adjuvant and the infiltration of cytotoxic lym-
phocytes into the tumors.

Tumor-associated macrophages (TAM) also play a vital 
role in tumor inhibition. M1 and M2 are two different 

Fig. 10 Schematic representation of the biomaterial design mechanism for the combination of PTT and immunotherapy. A Schematic illustration 
for the synthesis of GNR-PEI/cGAMP, the combination of localized tumor vaccine and anti-PD-1, the checkpoint blockade and tumor immune 
tolerance microenvironment reversed. B The proportion of CD8.+ T cells and MDSCs in distant tumors. Abbreviation: golden nanorod (GNR), 
thiolated PEI (PEI-SH), PEI conjugated GNR (GNR-PEI), cyclic dimeric guanosine monophosphate-adenosine monophosphate (cGAMP), dendritic 
cells (DCs), cytotoxic T lymphocytes (CTLs).  Reproduced with permission from Ref. [216]
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polarization states of TAM. M1 act in an anti-tumor 
role, while M2 is inclined to promote tumor growth and 
invasion [220, 221]. In recent research, GO and poly-
ethylene glycol was used as photosensitizers, inducing 
macrophages to differentiate into the M1 phenotype and 
inhibiting the differentiation process of the M2 pheno-
type by PTT. Therefore, once TAM was induced into an 
optimal M1 polarization state, providing a prominent 
anti-tumor effect. The theoretical basis demonstrated by 
this study provides a new idea for PTT combined with 
immunotherapy [222].

Combination of PTT with other treatments
Chemodynamic therapy (CDT) is a therapeutic strat-
egy for regulating TME, primarily relying on the Fenton 
response in the presence of ferrous or transition metal 
ions [223, 224]. Both NIR and heat will accelerate the 
Fenton reaction, improving the effect of CDT, which 
are definitely advantages that deserve to be sufficiently 
applied in PTT [225, 226]. To achieve prominent syner-
gistic therapeutic efficiency of PTT, PDT, and CDT, Prus-
sian blue analog (PBA) NPs with extensive absorption 
efficiency were introduced. CDT inhibited tumor inva-
sion through the regulation of the epithelial-mesenchy-
mal transition process, providing a novel direction for the 
photothermal combination of CDT in the treatment of 
malignant bone tumors [227]. For cascading the effects of 
PTT, CPT, and CDT therapeutic modalities, a nanoplat-
form was designed and could be modulated by the TME. 
Notably, the boronate–catechol linkage of it could be 
cleaved when in acidic and  H2O2 over expression TME, 
thereby chemotherapeutics and  Fe2+ were released to ini-
tiate CPT and CDT [228]. Considering the TME could be 
modulated by CDT, a nanomedicine based on oxygen-
perfluorotributylamine was composed of a PDA-coated 
UIO-66 MOF as the drug carrier to load TPZ, activating 
the oxygen-dependent HIF-1α pathway when exposed to 
NIR, further enhancing hypoxia in the TME to induce 
apoptosis of osteosarcoma cells subsequently [229]. CDT 
is an effective treatment, however, its therapeutic impact 
is severely restricted by the overexpression of GSH [230]. 
To resolve this dilemma, an excellent nanocatalytic plat-
form consumed GSH through the release of  Fe3+ and 
 Cu2+ mediated redox reactions in the presence of NIR, 
substantially intensifying CDT efficacy and the anti-oste-
osarcoma effects of synergistic CDT/PTT/CPT [231].

Notably, cancer stem cells (CSCs) are mainly respon-
sible for contributing to drug resistance and leading to 
recurrence, or metastasis [232]. To eradicate CSCs, a 
NIR photoactivated carbon nano angle (CNH) complexes 
could be driven to disrupt intracellular  Ca2+ homeosta-
sis of CSC when  Ca2+-dependent CNHs were degraded 
under NIR. Carcinogenic Wnt/β-catenin signaling was 

consequently triggered to inhibit tumor cells as shown 
in Fig.  11 [233]. From this, oxygen-independent free 
radical-based thermotherapy is of great significance in 
treating bone tumors under hypoxic conditions. Fortu-
nately, thermodynamic therapy (TDT) presented pro-
spective applications in hypoxic tumor treatment based 
on oxygen-irrelevant free radicals [234]. But overexpres-
sion of glutathione (GSH) in tumor cells scavenges free 
radicals, significantly reducing the therapeutic effect 
of TDT [235]. Hu et  al. conceive of accumulating free 
radicals in mitochondria to consume redundant GSH, 
enhancing the synergistic effect of PTT and TDT [236]. 
A hollow mesoporous  MnO2 nanoplatform was accord-
ingly designed and applied by them, oxidizing intracellu-
lar GSH to glutathione disulfide (GSSG) by  MnO2 under 
NIR irradiation; then, abundant free radicals were accu-
mulated in the mitochondria to reduce the mitochondrial 
potential, contributing to mitochondria-mediated apop-
tosis of tumor cells.

Conclusion and future perspectives
Given the complex pathogenesis and insidious disease 
progression of malignant bone tumor, the long-term sur-
vival rate and end-stage life quality of patients are unsat-
isfactory. Moreover, chemotherapy, curettage, and other 
traditional primary treatments accompany problems 
such as damage to normal bone tissue, tumor recurrence, 
and systemic toxic side effects. Nevertheless, the iterative 
innovation of PTT-related biomaterials and the continu-
ous improvement in combination therapeutic strategies 
has brought a better opportunity for the radical elimi-
nation of malignant bone tumors in the future, which is 
exciting news for patients.

The modifying methods and features of advanced 
photothermal biomaterials have been adequately intro-
duced in this review. Nanomaterials are accepted to be 
the most familiar photothermal biomaterials based on 
inherent advantage properties. In addition, BC scaf-
folds are capable of photothermal through surface 
coating or internal homogenization of photosensitiz-
ers, simultaneously osteogenesis will be promoted by 
adjusting the mesoporous materials, roughness, and 
surface area. Although hydrogels are not applicable as 
a substitute for bone tissue without desirable mechani-
cal properties, excellent thermal therapeutic effects can 
be simultaneously present with modified high-intensity 
hydrogels. Furthermore, some other biomaterials can 
retain biological activity, mechanical properties, and 
chemical properties while producing efficient photo-
thermal effects. The strategy of combination therapy 
is an appropriate treatment applied for reducing drug 
toxicity, elevating tumor-killing efficiency, stimulat-
ing anti-cancer immunity, and amplifying immune 
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sensitivity. Improving the drug delivery rate and 
release rate, ROS production efficiency, and activa-
tion of immune cells will constantly enlighten further 
research in promoting PTT-related combination ther-
apy. Furthermore, a solid foundation for improving the 
efficiency of PTT-related combination therapy in bone 
tumors has been established and has the potential to 
transform into clinical treatment in the near future.

Further improvements are of necessity in photo-
thermal biomaterials and combination therapeutic 
strategies in the aspects of wavelengths of NIR. Nota-
bly, restricted by the NIR laser penetration depth 
and the distance from the body’s surface to the bone, 
the effectiveness of photothermal therapy in animal 

experiments differs from its clinical application. There-
fore, accelerating the technological maturity of photo-
thermal therapy and facilitating its clinical translation 
is an imperative ongoing direction. Involving various 
photosensitizers requires discrepant wavelengths of 
NIR for heat production and most photosensitizers 
have weak photoresponsivity at deeper sites, thereby 
elevating the photothermal conversion efficiency of 
photosensitizers to exert hyperthermia in deep bone 
tumor tissues is crucial. Moreover, the potential or 
underestimated negative effects of photothermal bio-
materials on bone tumor therapy deserve attention 
and further evaluation. Most scientists are consist-
ently emphasizing the advantages and attractions of 

Fig. 11 Schematic illustration of the mechanism for eradication CSCs by near-infrared photoactive carbon nanohorn (CNH) complexes; (A) In 
the absence of stimuli, transient receptor potential vanilloid family type 2 (TRPV2) channels are maintained in the off-state to maintain intracellular 
 Ca2+ homoeostasis. PKCα is inactivated because of low concentrations of cytosolic  Ca2+. β-catenin that is stabilized and accumulated in the cytosol 
translocates into the nucleus and activates its target genes, leading to cancer proliferation. B In the presence of stimuli, antibody-guided CNH 
targets TRPV2 receptors and activates TPRV2 channels through the heat generated from laser radiation.  Ca2+ influx via TRPV2 channels increases 
PKCα activity, leading to β-catenin phosphorylation. This phosphorylation promotes rapid degradation of cytosolic β-catenin by the proteasome. 
Thus, the expression levels of genes that are involved in cell survival and stemness are repressed, resulting in apoptosis and inhibition of cancer 
stemness. Abbreviation: a protein kinase that directly phosphorylates β-catenin in the presence of  Ca2+ and promotes its degradation (PKCα), 
PEGylated CNH (PCNH).  Reproduced with permission from Ref. [233]
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biomaterials in PTT of bone tumors, despite without 
significant side effects, but the fate of biomaterials after 
PTT application is often neglected, including bioma-
terials degradation and immunogenicity. Moreover, 
the physiological environment within the body is very 
complex and unpredictable. Therefore, the practical or 
clinical application of biomaterials in PTT and its com-
bination therapy strategies is a tremendous challenge.

Moreover, regulating TME to achieve better tumor 
treatment effects by PTT is another vital issue, even com-
prehensively mobilizing the advantages of materials to 
eliminate tumor cells as well as reduce side effects. The 
long-term metabolic rate and biocompatibility should 
also be considered in vivo while improving the targeting 
ability of nanoscale photosensitizers. For example, cur-
rent biomaterials are generally restricted by the efficacy 
range of hyperthermia therapy and whether this defi-
ciency will be avoided by regulating the TME. However, 
owing to the influence of skin and tissue thickness on 
NIR penetration efficiency, the regulation of NIR power 
and density also needs to be investigated. Specifically, the 
balance between toxicity, photothermal effects, and the 
promotion of osteogenesis is of primary concern.

Collectively, this review summarizes the currently 
available advanced biomaterials and combination thera-
peutic strategies applied in the PTT of malignant bone 
tumors. In particular, the design of multifunctional bio-
materials should consider the advantages of PTT-related 
combination therapy, ensuring it is more appropriate for 
suppressing and rehabilitating malignant bone tumors. 
This combination strategy provides novel options for the 
specific combination therapy of malignant bone tumors 
in the coming years.
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