
Wang et al. Biomaterials Research          (2023) 27:121  
https://doi.org/10.1186/s40824-023-00461-z

REVIEW Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Biomaterials Research

Photothermal therapy of copper 
incorporated nanomaterials for biomedicine
Rong Wang†, Ziwei Huang†, Yunxiao Xiao†, Tao Huang1* and Jie Ming1*   

Abstract 

Studies have reported on the significance of copper incorporated nanomaterials (CINMs) in cancer theranostics 
and tissue regeneration. Given their unique physicochemical properties and tunable nanostructures, CINMs are used 
in photothermal therapy (PTT) and photothermal-derived combination therapies. They have the potential to over-
come the challenges of unsatisfactory efficacy of conventional therapies in an efficient and non-invasive manner. 
This review summarizes the recent advances in CINMs-based PTT in biomedicine. First, the classification and structure 
of CINMs are introduced. CINMs-based PTT combination therapy in tumors and PTT guided by multiple imaging 
modalities are then reviewed. Various representative designs of CINMs-based PTT in bone, skin and other organs are 
presented. Furthermore, the biosafety of CINMs is discussed. Finally, this analysis delves into the current challenges 
that researchers face and offers an optimistic outlook on the prospects of clinical translational research in this field. 
This review aims at elucidating on the applications of CINMs-based PTT and derived combination therapies in bio-
medicine to encourage future design and clinical translation.
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Graphical Abstract

Introduction
Globally, cancer incidences and mortality rates are rap-
idly increasing [1]. Traditional treatment options, such as 
surgery, chemotherapy, and radiotherapy are limited by 
low efficacies, drug resistance and significant side effects 
[2, 3]. Chronic skin wound healing and bone defect repair 
are common clinical challenges [4, 5]. Rapid advances in 
nanomedicine have facilitated extensive research in mul-
tifunctional light-induced nanoplatforms for cancer and 
tissue regeneration [6, 7]. Photothermal agents (PTAs) 
irradiated by specific light wavelengths can induce local 
hyperthermia by absorbing photon energy and convert-
ing the increased kinetic energy into thermal energy. 
This process, known as photothermal therapy (PTT), is 
a highly effective and non-invasive treatment method 
that can induce cancer cell or pathogenic bacterial death 
[8–10]. Moreover, PTT can facilitate other therapies by 
improving tissue perfusion and enhancing cell membrane 
permeability. These effects can enhance the overall thera-
peutic effects and overcome the limitations associated 
with single treatment approaches [11, 12]. Various syner-
gistic therapies have been developed by combining PTT 
with other modalities, such as chemotherapy, chemody-
namic therapy (CDT), and photodynamic therapy (PDT) 
[13–16].

Compared with other noble metal nanoparticles, cop-
per nanoparticles have gained significant attention due 
to their high natural content and cost-effectiveness [17]. 
As an indispensable trace element in the human body, 
copper is directly involved in a variety of biological pro-
cesses and not only promotes angiogenesis and wound 
healing, but also has significant antibacterial advantages 
[18]. Copper incorporated nanomaterials (CINMs) have 
an intense and tunable localized surface plasmon reso-
nance (LSPR) in the near-infrared (NIR) biological win-
dow, which brings excellent photothermal conversion 
efficiency (PCE) for PTT and photoacoustic imaging 
(PAI) [19–22]. CINMs have good catalytic properties 
and mediate Fenton-like reactions more efficiently than 
iron-based nanomaterials under a wide range of pH con-
ditions [23]. CINMs can also function as photosensitizers 
to induce bacterial and tumor cell death via PDT [24, 25]. 
The optical properties and catalytic activities of CINMs 
can be improved by adjusting their shapes, sizes and 
composition [17]. Given these properties, the significance 
of CINMs has been investigated in various biomedical 
applications, such as tumor imaging and treatment, and 
tissue regeneration [26–31]. As an excellent candidate 
for personalized nanomedicines, CINMs can provide a 
platform for combination of multiple therapeutic and 



Page 3 of 36Wang et al. Biomaterials Research          (2023) 27:121  

diagnostic modalities to visualize synergistic therapeutic 
effects. However, it is undeniable that the oxidizing ten-
dency of copper under atmospheric conditions limits the 
preparation of copper nanoparticles. The agglomeration 
of copper nanoparticles may reduce the specific surface 
area, and the stability during catalysis is not satisfac-
tory, which may affect the catalytic activity [17, 29]. The 
dose-dependent cytotoxicity may limit the application of 
CINMs in biomedical fields [32, 33]. All these issues need 
more attention in the future.

Several reviews on CINMs have been published, but 
few systematic and comprehensive summaries are avail-
able [34–38]. Considering the rapid development of 
CINMs in the biomedical field, we report on recent 
advances in photothermal-derived combination therapies 

of CINMs for cancer therapy, cancer imaging, and tissue 
regeneration in this review (Tables 1 and 2, and Fig. 1). 
This review begins with an overview of the classification 
and structure of CINMs, followed by representative stud-
ies of various CINMs-based photothermal combination 
therapies in cancer therapy and imaging, and a discus-
sion of the current problems of the various therapies. The 
applications of CINMs-based PTT in tissue regeneration, 
such as skin and bone, are then summarized. Moreover, 
the biosafety of CINMs is discussed. Finally, the current 
challenges, possible solutions and future prospects for 
clinical translational research are considered. This review 
aims at elucidating the applications of PTT-derived 
combination therapies of CINMs in biomedicine and to 
encourage future designs and clinical translation.

Table 1 Applications of CINMs-based PTT in cancer therapy and imaging

Nanomaterial Therapeutic remarks Laser parameters Tumor model Reference

IPNs PTT/chemotherapy/PDT 980 nm, 2.0 W·cm−2, 15 min 4T1 tumor [14]

Cu2O@CaCO3@HA (CCH) PTT/PDT/CDT/immunotherapy 1064 nm, 0.5 W·cm−2, 5 min CT26.WT tumor [15]

LDH-CuS PTT/CDT/PDT/PAI/lysosome-targeting 808 nm, 1.5 W·cm−2, 5 min 4T1 tumor [39]

Gox@CuS PTT/CDT/PDT/starvation therapy 808 nm, 5.0 W·cm−2, 10 min B16F10 tumor [40]

TRF-mCuGd PTT/CDT/MRI 808 nm, 0.8 W·cm−2, 10 min MDA-MB-231 
and MCF-7/DDP 
tumors

[27]

Cu3BiS3 nanorods PTT/radiotherapy/PAI/CT 1064 nm, 1.0 W·cm−2, 6 min 4T1 tumor [41]

Cu2MoS4 (CMS)/Au PTT/PDT/immunotherapy/CT/PAI 808 nm, 0.5 W·cm−2, 5 min U14 tumor [19]

BCGCR PTT/CDT/MRI/NIRF 980 nm, 0.8 W·cm−2, 10 min U87MG tumor [42]

HMSNs@PDA-Cu PTT/CDT 808 nm, 0.6 W·cm−2, 3 min MCF-7 tumor [43]

ICG/Cu-LDH@BSA-DOX PTT/PDT/chemotherapy 808 nm, 0.3 W·cm−2, 2 min B16F0 tumor [44]

HMON@CuS/Gd PTT/PDT/MRI/fluorescence 808 nm, 0.8 W·cm−2, 8 min HGC-27 tumor [45]

CuS NPs-PEG-Mal PTT/immunotherapy 808 nm, 0.45 W·cm−2, 5 min 4T1 tumor [46]

FA-CD@PP-CpG PTT/PDT/chemotherapy/immuno-
therapy

650 nm, 4.5 mW·cm−2, 5 min for PDT; 
808 nm, 0.987 W·cm−2, 5 min for PTT

4T1 tumor [47]

CuS@OVA-PLGA-NPs PTT/immunotherapy 980 nm, 1.0 W·cm−2, 10 min 4T1 tumor [48]

CuS-SF@CMV PTT/immunotherapy/chemotherapy 808 nm, 0.6 W·cm−2, 5 min H22 tumor [49]

Cu2MnS2 NPs PTT/MRI/MSOT 1064 nm, 0.6 W·cm−2, 10 min S180 tumor [50]

Cu2ZnSnS4 (CZTS)@BSA PTT/MRI/PAI 808 nm, 1.0 W·cm−2, 5 min H22 tumor [51]

Cu2-xSe-Au Janus NPs PTT/CDT/photocatalytic therapy/
CT/PAI

808 nm, 0.36 W·cm−2, 10 min 4T1 tumor [52]

C-m-ABs PTT/PDT/CDT/chemotherapy/MRI/
PA/NIRF

808 nm, 1.4 W·cm−2, 8 min MGC-803 tumor [53]

Au@Cu2O PTT/PAI 808 nm, 1.0 W·cm−2, 5 min HCT tumor [22]

Core–satellite nanoconstructs (CSNC) PTT/PDT/PET/fluorescence/Cerenkov 
luminescence/Cerenkov radiation 
energy transfer

980 nm, 4.0 W·cm−2, 10 min for PTT; 
660 nm, 0.05 W·cm−2, 20 min for PDT

4T1 tumor [54]

BPMN-CuS/DOX PTT/chemotherapy/CDT 808 nm, 1.0 W·cm−2, 3 min B16F10 tumor [55]

PZTC/SS/HA PTT/CDT 1064 nm, 1.0 W·cm−2, 10 min HCT-116 tumor [56]

Cu-BTC@PDA PTT/CDT 808 nm, 1.0 W·cm−2, 10 min B16F10 tumor [57]

CAL@PG NPs PTT/chemotherapy/CDT 1064 nm, 1.35 W·cm−2, 10 min MHCC97H tumor [58]

Cu(II)/LRu/PDA NPs PTT/PDT/MRI/photoacoustic tomog-
raphy

808 nm, 1.0 W·cm−2, 12 min for PTT; 
660 nm, 1.0 W·cm−2, 12 min for PDT

HeLa tumor [59]
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The classification and structure of CINMs
Many CINMs have been reported for biomedical appli-
cations, mainly including copper oxides, copper-based 
chalcogenides, copper nanoalloys, and copper-incorpo-
rated nanocomposites. Copper oxides include CuO and 
 Cu2O, which are p-type semiconductor and have been 
widely used in batteries, gas sensors, and catalysis [65]. 
In the biomedical field, copper oxides can induce oxida-
tive stress to play a tumor-killing role, and can also cata-
lyze the generation of oxygen from endogenous hydrogen 

peroxide  (H2O2) to alleviate tumor hypoxia [32, 66, 67]. 
Moreover, copper oxides have potent antibacterial activ-
ity and potential to promote wound healing [68]. The 
compositional, structural, and stoichiometric diversity of 
copper chalcogenides endows them with excellent elec-
trical, optical, and magnetic properties, and they show 
great potential for energy conversion, energy storage, 
and biomedical applications [69, 70]. Binary copper chal-
cogenides, including  Cu2-xS,  Cu2-xSe,  Cu2-xTe (0 ≤ x ≤ 1), 
are widely used in photothermal therapy and biomedical 

Table 2 Applications of CINMs-based PTT in tissue regeneration

Nanomaterial Therapeutic remarks Laser parameters Bacteria/tumor model Performance Reference

CS-PLA/PCL membranes PTT/release of  Cu2+/pat-
terned membranes

808 nm, 0.4 W·cm−2, 
15 min

B16F10 tumor; diabetic 
wound

Antitumor and wound 
healing

[31]

PATA-C4@CuS PTT/PDT/bacteria-
targeting

980 nm, 1.5 W·cm−2, 3 min Bacteria-infected wound Antibacterial and wound 
healing

[60]

CuS NDs PTT/release of  Cu2+ 808 nm, 2.5 W·cm−2, 1 min MRSA-infected diabetic 
wound

Antibacterial and wound 
healing

[61]

Cu3SnS4 nanoflakes PTT/PDT/release of  Cu2+/
bacteria-targeting/active 
SERS imaging substrate

808 nm, 1.0 W·cm−2, 
10 min

MRSA-infected wound Antibacterial, wound 
healing and bacteria 
detection in vitro

[62]

BG-CFS scaffolds PTT/release of  Ca2+,  SiO4
4−, 

 PO4
3−,  Cu+,  Se2+ and  Fe3+

808 nm, 0.55 W·cm−2, 
10 min 

Saos-2 bone tumor; femo-
ral defect

Antitumor and bone 
reconstruction

[63]

Cu-DCA NZs PTT/relief of hypoxia/
release of  Cu2+

808 nm, 1.0 W·cm−2, 5 min Staphylococcus aureus (S. 
aureus)-infected diabetic 
wound

Antibacterial and wound 
healing

[64]

Fig. 1 Schematic diagram of CINMs-based PTT in antitumor and tissue regeneration applications
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imaging due to the tunable LSPR [23, 52, 70–73]. Of 
these, the most versatile copper sulfide has been used 
for tumor imaging and therapy, antibacterial, and tis-
sue regeneration [74–76]. Ternary and quaternary cop-
per chalcogenides can be prepared by introducing the 
main-group metals (Sn, Bi) and transition metals (Fe, Zn, 
Cr), which can adjust the fundamental properties of the 
nanomaterial, increase its functionality and provide wide 
scope for meeting the requirements of final application 
[51, 63, 70, 77]. Copper nanoalloys have made progress 
in sensing applications and enzyme-like catalytic appli-
cations. Compared to single metals, copper nanoalloys 
have controllable compositions, shapes, and sizes, which 
can affect the geometry and electronic surface structure, 
and thus the catalytic activity and selectivity [78, 79]. 
Copper nanoalloys also exhibit excellent photothermal 
properties, drug-carrying capacity and imaging capabil-
ity, which are expected to be multifunctional therapeutic 
diagnostic nanoplatforms [80, 81]. Copper-incorporated 
nanocomposites have been considered as personalized 
nanoplatforms for biomedical applications due to the 
flexibility and versatility by cleverly combining different 
materials with different functional groups and structures 
through strategies such as in  situ growth, self-assembly 
and epitaxial growth [82, 83].

The synthesis methods of CINMs are diversified, 
mainly including chemical treatment, thermal treat-
ment, photochemical method, sonochemical method, 
electrochemical methods [84]. CINMs with various com-
positions, structures, sizes, and morphologies can be 
prepared by controlling experimental parameters such as 
reaction method, reagent, and reaction time [65]. These 
characteristics are closely related to the properties and 
applications of CINMs. Zero-dimensional copper-incor-
porated nanodots usually have ultra-small hydrodynamic 
sizes and good biocompatibility [85]. One-dimensional 
(1D) nanostructures, such as nanotubes, nanowires, and 
nanorods are widely used for sensor development due to 
good electrochemical catalytic properties and have also 
been attempted for anticancer and antibacterial appli-
cations [86, 87]. Two-dimensional copper-incorporated 
nanosheets (NSs) have large specific surface area and thin 
thickness, exhibiting high loading capacity and stimulus 
responsiveness, which are very attractive for stimulus-
responsive therapeutic agent delivery and phototherapy 
[88, 89]. Three-dimensional (3D) copper-incorporated 
nanostructures, including hollow nanospheres, solid 
nanospheres, nanoflowers, nanocubes, have been more 
explored in biomedicine due to the superior photother-
mal properties and structural stability [26, 75, 90–92]. 
Specific functional requirements can be met by precisely 
adjusting the structure and morphology of CINMs. For 
example, hollow copper sulfide nanoparticles (HCuS 

NPs) are considered suitable carriers because of the tun-
able pore size and morphology, hollow structure, and 
good photothermal conversion properties. They can 
attach targeting ligands, imaging markers and therapeu-
tic agents, thereby providing additional functionality and 
enabling the preparation of temporally and spatially con-
trolled “smart” nanomaterials and real-time therapeutic 
monitoring [93, 94].

Applications of CINMs‑based PTT in Cancer therapy
Compared to conventional treatments, PTT is efficient 
and non-invasive, however, it has various limitations 
[95]. For instance, the penetration depth of light limits 
its applications to superficial lesions. Moreover, over-
expressed heat shock proteins (HSPs) can increase the 
ability of tumor cells to resist high temperatures, and 
residual tumor cells at the lesion margin often lead to 
tumor recurrence and distant metastasis. High-intensity 
lasers in therapy can damage healthy tissues around the 
tumor [96, 97]. Tumor heterogeneity and drug resist-
ance can also affect the efficacy of PTT [98]. The efficacy 
of PTT alone is also low. Fortunately, the combination 
of PTT with various therapies via intelligent designs has 
the potential for achieving better therapeutic outcomes 
(Fig. 2) [104, 105].

CINMs‑based PTT/chemotherapy combination therapy
Chemotherapy is a common approach in cancer research 
and clinical applications. However, due to the lack of 
tumor specificity, the conventional chemotherapeutic 
drugs often lead to severe side effects [96, 106]. Multid-
rug resistance (MDR) may also lead to treatment failure 
[107]. PTT-induced increase in local temperature can 
facilitate chemotherapeutic drug absorption and trans-
portation by promoting the permeability of tumor cell 
membranes, and also enhance the sensitivity of can-
cer cells to DNA-damaging drugs by disrupting DNA 
repair mechanisms [12]. Thus, PTT can enhance chem-
otherapeutic efficacy. Synergistic PTT/chemotherapy 
nanoplatforms with the ability to respond to the tumor 
microenvironment (TME) is an effective therapeutic 
strategy [96].

Chemotherapeutic drug delivery into tumors involves 
five steps; blood circulation, tumor accumulation, tumor 
penetration, cellular internalization, and drug release, 
in a process known as the CAPIR cascade [108]. Drug 
delivery systems (DDSs) have become research hotspots 
due to their ability to improve drug stability and biocom-
patibility, and to target as well as modulate drug release 
[109, 110]. There is a need to design DDSs that can opti-
mally function in the aforementioned five steps, because 
the desired functions may play opposite roles in differ-
ent steps and it is challenging to rationally coordinate 
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them to maximize DDS functions [108, 111]. Xiong et al. 
developed dendrimer-entrapped copper sulfide nanopar-
ticles (CuS DENPs) that could prolong the circulation 
time and increase tumor accumulation [112]. The CuS 
DENPs possessed dual-stimulus responsiveness of pH 
and redox, which were characterized by slightly acidic 

TME-induced charge reversal for enhanced tumor pen-
etration/uptake and glutathione (GSH)-sensitive doxo-
rubicin (DOX) release for improved anti-tumor effects. 
Copper sulfide nanoparticles (CuS NPs) enhanced chem-
otherapy by exerting photothermal effects in the second 
near-infrared (NIR-II) window (Fig. 3A, B). In vivo, CuS 

Fig. 2 Schematics of CINMs-based PTT for cancer combination therapy. A Combination of PTT and chemotherapy. Reproduced with permission 
[99]. Copyright 2021, Elsevier. B Combination of PTT and PDT. Reproduced with permission [100]. Copyright 2018, American Chemical Society. C 
Combination of PTT and radiotherapy. Reproduced with permission [101]. Copyright 2020, Wiley-VCH. D Combination of PTT and gene therapy. 
Reproduced with permission [102]. Copyright 2021, Elsevier. E Combination of PTT and immunotherapy. Reproduced with permission [103]. 
Copyright 2020, American Chemical Society. F Combination of PTT and CDT. Reproduced with permission [67]. Copyright 2022, American Chemical 
Society
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DENPs significantly inhibited tumor growth and had no 
systemic toxic effects (Fig.  3C, D). The multifunctional 
nanoplatform can integrate the necessary functions into 
one DDS, which energizes the construction of PTT com-
bined chemotherapeutic nanoplatforms.

In vitro, DDSs have performed well, however, their 
clinical applications are limited by their unknown meta-
bolic processing and toxicity in  vivo [114]. Therefore, 
conversion of clinically approved drugs into anticancer 
drugs in specific TME is among the effective strategies. 
Disulfiram (DSF), a therapeutic agent for alcoholism, 

Fig. 3 CINMs-based PTT/chemotherapy combination therapy. In vivo therapeutic mechanisms of functionalized CuS DENPs showing (A) 
anti-fouling properties and (B) dual responsiveness to the tumor environment. C Representative images of 4T1 tumor mice models after different 
treatments. D H&E and TUNEL staining of tumor tissues. Reproduced with permission [112]. Copyright 2021, Wiley-VCH. E Synthetic procedures 
and therapeutic mechanisms of DSF@PEG-HCuSNPs. F Live-dead staining and flow cytometry analysis after different treatments. G Tumor volume 
and (H) tumor inhibition rate of 4T1 tumor mice after different treatments. Reproduced with permission [113]. Copyright 2021, American Chemical 
Society
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has been confirmed to treat cancer. In the physiological 
milieu, DSF can be converted to diethyldithiocarbamate 
(DTC), which exerts cytotoxic effects by chelating  Cu2+ 
to generate Cu(DTC)2 [109]. This strategy requires suf-
ficient  Cu2+ in tumor tissues to achieve adequate anti-
tumor effects. Liu et  al. loaded DSF with polyethylene 
glycol (PEG)-modified HCuS NPs and constructed DSF@
PEG-HCuSNPs for PTT-enhanced DSF-mediated chem-
otherapy (Fig. 3E–H) [113]. DSF@PEG-HCuSNPs under-
went degradation in the acidic TME and released  Cu2+ 
and DSF, achieving the self-supply of  Cu2+ and in  situ 
generation of Cu(DTC)2 to kill cells. This study provides a 
new perspective for development of novel nanoplatforms 
for tumor therapy by photothermal enhancement and 
chemical chelation reactions that enable TME-activated 
in situ “nontoxic to toxic” drug transformation.

Tumor cells develop drug resistance by reducing drug 
uptake, inactivating drugs, increasing drug efflux, and 
activating metabolic or detoxification pathways [115]. 
Clinically, MDR is one of the most important causes of 
chemotherapeutic failure [107]. Inhibition of overex-
pressed P-glycoprotein (P-gp) in tumor cells is one of 
the most extensively studied strategies. P-gp can pro-
mote cytotoxic drug efflux and reduce intracellular 
drug concentration [116, 117]. In a study of advanced 
hepatocellular carcinoma, Lenvatinib (LT), and  Cu2-xS 
nanocrystals (NCs) were encapsulated by poly (d,l-lac-
tide-co-glycolide) (PLGA). The resulting  Cu2-xS-LT@
PLGA NPs reversed the MDR properties of LT by sup-
pressing P-gp expressions [118]. This might be because 
 Cu2-xS exerted NIR-II photothermal effects to accelerate 
LT release, and ameliorated TME by depleting GSH and 
alleviating hypoxia, which suppressed P-gp.  Cu2-xS-LT@
PLGA NPs exhibited super-additive chemophotother-
mal therapeutic efficacy in tumor-bearing mice models, 
superior to monotherapy or theoretical combination 
therapies. Zhang et  al. designed copper-palladium alloy 
tetrapod NPs (TNP-1) with excellent PCE and the ability 
to induce cytoprotective autophagy for the treatment of 
drug-resistant tumors [81]. They confirmed that TNP-1 
induced autophagy by promoting the production of reac-
tive oxygen species (ROS) in the mitochondria rather 
than by destroying lysosomes. TNP-1-mediated PTT in 
synergy with an autophagy inhibitor (3-methyladenine) 
exerted significant anti-tumor effects in drug-resistant 
and triple-negative breast cancer mice models. This 
proof-of-concept study is unique in the current context 
of using conventional chemotherapeutic drugs in combi-
nation with PTT against MDR.

It is undeniable that CINMs-mediated combination 
therapy of PTT and chemotherapy has considerable 
potential in anti-tumor therapy. In addition to the excel-
lent photothermal properties, CINMs are widely used 

as drug carriers by virtue of the flexible nanostructures. 
A variety of multifunctional CINMs offer a new oppor-
tunity to solve the problem of poor effect of traditional 
chemotherapy. However, the current research results still 
have some problems that limit the clinical translation, 
such as the unclear therapeutic mechanism of PTT com-
bination chemotherapy based on CINMs, the inability 
to predict the appropriate drug loading capacity, the fact 
that DDSs are usually insufficient to deliver drug doses 
that produce the desired efficacy, and the possibility that 
the encapsulated drugs may be released prematurely and 
lead to significant chemotherapeutic side effects [119]. To 
address these issues, further exploration of tumor sign-
aling pathways and alternative mechanisms, as well as 
careful consideration of the genetic heterogeneity and 
diversity of tumors, are needed when designing CINMs 
for tumor synergistic PTT and chemotherapy [106]. 
Moreover, the rational design of enhanced passive dif-
fusion and active targeting can be used to overcome the 
cellular barrier that prevents the therapeutic agent from 
entering the target site and ensure effective uptake by 
cancer cells [107].

CINMs‑based PTT/CDT combination therapy
Independent of exogenous stimuli and oxygen, CDT can 
generate cytotoxic hydroxyl radicals (·OH) using endog-
enous substances. This Fenton or Fenton-like reaction is 
a potential tumor treatment strategy with TME modula-
tion and high specificity properties [120, 121]. However, 
conventional CDT is often limited by insufficient endog-
enous  H2O2, the weakly acidic environment of the TME 
(pH 5.6–6.8), and GSH overexpression [104, 122, 123]. 
The copper-mediated Fenton-like reactions can occur 
under a wide range of pH conditions and exhibit faster 
reaction rates above 35 °C than the typical iron-driven 
Fenton reactions [124, 125]. The heat generated by PTT 
damages tumor cells and promotes Fenton-like reactions, 
thereby enhancing CDT efficacy [42, 43, 67, 126]. The 
PTT/CDT synergistic strategy against cancer cells has a 
fascinating potential for development.

Development of CINMs with excellent Fenton-like and 
photothermal properties is a major research direction. 
Zhang et  al. developed a copper-based metal-organic 
framework (Cu-DBC) that significantly enhanced ·OH 
production by photothermally enhanced Fenton-like 
reaction under NIR irradiation [127]. Yao et  al. pre-
pared a nanoreactor  (Cu2-xS@MnO2) capable of exerting 
dual-mode CDT and mild PTT (Fig. 4A) [128].  Cu2-xS@
MnO2 had acidic TME-responsive copper-based cata-
lytic properties and GSH-responsive manganese-based 
catalytic properties to trigger bimodal CDT. The  Cu2-xS 
NPs achieved mild PTT (41.8–45 °C) due to the good 
photothermal properties in the NIR-II window, while 
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the exterior manganese dioxide  (MnO2) layer promoted 
oxidative stress by depleting GSH and inactivating glu-
tathione peroxidase 4, both of which improved the cata-
lytic performance of CDT. In vivo,  Cu2-xS@MnO2 had an 
excellent ability to eliminate tumors in  situ and inhibit 
distant metastases.

The highly dynamic antioxidant system in tumor cells, 
including antioxidant molecules and enzymes, limits the 
efficiency of CDT by accelerating ROS depletion [104, 
130]. The TME with insufficient acidity affects the rates 
of Fenton-like reactions [131]. Therefore, overcoming the 
pH-associated limitations and increasing the oxidation 
potential are potential effective strategies for enhanc-
ing CDT [104]. Zuo et  al. synthesized a  Cu2+-based 

single-site nanocatalyst (Cu-SSC) with good photother-
mal performance, and combined it with 4-(2-aminoethyl) 
benzene sulfonamide (BS) to form a biodegradable nano-
catalyst (Cu-SSC@BS) [123]. The  Cu2+ reacted with over-
expressed GSH to generate  Cu+ for Fenton-like reactions, 
while disrupting the antioxidant system (Fig. 4B). The BS 
inhibited carbonic anhydrase IX and prevented tumor 
invasion as well as metastasis by suppressing extracel-
lular matrix degradation. Moreover, BS decreased intra-
cellular acidity to promote Cu-SSC@BS biodegradation 
and release of  Cu2+ as well as BS, achieving self-cyclically 
enhanced CDT. The Cu-SSC@BS effectively inhibited 
tumor progression and metastasis under laser irradiation 
by synergistic PTT/self-circulating CDT.

Fig. 4 CINMs-based PTT/CDT combination therapy. A  Cu2-xS@MnO2 nanoreactors for NIR-II hypothermal PTT and GSH consumption synergistically 
enhanced CDT. Reproduced with permission [128]. Copyright 2021, American Chemical Society. B Cu-SSC@BS for synergistic PTT and self-circulating 
CDT against breast cancer. Reproduced with permission [123]. Copyright 2022, Elsevier. C  CuO2@mPDA/DOX-HA (CPPDH) for CDT/PTT/
chemotherapy through  H2O2 self-supply and GSH depletion. Reproduced with permission [105]. Copyright 2021, American Chemical Society. D 
SC@G nanosheets for synergistic NIR-II PTT-enhanced starvation/CDT against cancer. Reproduced with permission [129]. Copyright 2020, Wiley-VCH
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The levels of  H2O2 in tumor tissues cannot meet the 
demands for efficient CDT, thus, various  H2O2 supply 
systems have emerged, which can be divided into two 
categories: external  H2O2 delivery and endogenous  H2O2 
activation [16, 40, 43, 132]. Xiao et al. used copper perox-
ide  (CuO2) to realize  H2O2 self-supply [105]. The  CuO2 
produced  Cu2+ and  H2O2 in acidic environments, and 
 Cu2+ reacted with GSH to form  Cu+, which catalyzed 
 H2O2 to generate ·OH (Fig. 4C). They realized the combi-
nation of PTT, CDT, and chemotherapy by loading DOX 
and constructing mesoporous polydopamine (PDA) on 
 CuO2 surfaces, which exhibited excellent photothermal 
effects and could be cleaved in acidic TME.

Glucose oxidase (GOx) has been active in the field of 
multifunctional nanoplatforms for tumor therapy [40, 
67]. The GOx can block energy supply to cancer cells 
by catalyzing the production of gluconic acid and  H2O2 
from glucose in tumors, promoting cancer cell starva-
tion. This process achieves TME acidification and in situ 
 H2O2 production, thereby ensuring efficient CDT [133, 
134]. Based on this strategy, Yang et al. conjugated GOx 
with strontium copper tetrasilicate  (SrCuSi4O10) to 
develop multifunctional SC@G NSs for synergistic NIR-
II PTT-enhanced starvation/CDT against cancer [129]. 
The SC@G NSs exhibited high PCE (46.3%) in the NIR-
II window. The generated heat enhanced the catalytic 
activities of GOx in tumor starvation therapy, TME acid-
ity regulation, and  H2O2 production, which enhanced 
CDT effects. Amplification of acidity accelerated NSs 
degradation and release of  Sr2+ as well as  Cu2+, which 
promoted in  situ conversion of  H2O2 to ·OH (Fig.  4D). 
This synergistic PTT/CDT/starvation therapy exhibited 
significant antitumor effects and good biocompatibility 
in 4T1 tumor-bearing mice. Intravenously administration 
of SC@G NSs had no significant effect on blood glucose 
levels.

Due to the limited efficiency of single Fenton-like reac-
tion of CINMS, the strategy of increasing the reaction 
rate by PTT and designing TME-responsive CINMs has 
been widely recognized. Although many studies have 
been published, the current results still fail to achieve 
“zero release” of CINMs in healthy tissues [121]. There-
fore, CINMs should be designed according to specific 
tumors to increase the enrichment in tumor tissues, thus 
achieving the win-win goal of maximizing efficacy and 
minimizing side effects. It is necessary to overcome the 
factors limiting the CDT reaction rate, such as insuffi-
cient acidity, insufficient  H2O2, and high GSH in TME, 
so as to ensure the antitumor efficacy of combination 
therapies.

CINMs‑based PTT/PDT combination therapy
PDT is an emerging photoactivation strategy that gen-
erates cytotoxic ROS, including  H2O2, ·OH, superoxide 
anion radicals, and singlet oxygen (1O2) by activating 
photosensitizers under laser irradiation at specific wave-
lengths [95, 135, 136]. These ROS induce cancer cell 
apoptosis or necrosis by directly killing cells, damaging 
the tumor vasculature, and activating immune responses 
[19, 110, 137]. Currently, PDT has been applied to skin 
diseases as well as certain cancers, such as esophageal 
and lung cancers [136, 138]. PDT requires three essential 
elements: photosensitizers, light, and molecular oxygen 
[9, 139]. The therapeutic applications of PDT are limited 
by its dependency on oxygen, poor tissue permeability, 
and uneven photosensitizer distribution [140, 141]. Mild 
hyperthermia of PTT can enhance cellular uptake of pho-
tosensitizers, improve tumor tissue perfusion, increase 
oxygen content, enhance ROS production, and promote 
apoptosis by destroying the mitochondria [142, 143]. 
Meanwhile, ROS can destroy HSPs, which play tumor 
cell protective roles during PTT, enhancing the efficacy 
of PTT [128, 144]. This PTT/PDT synergistic therapy can 
overcome the inadequacy of monotherapy and improve 
the antitumor effects of phototherapy [44, 98].

Improving the hypoxic TME is essential for the efficacy 
of PDT [145]. Sang et  al. synthesized  Ni3S2/Cu1.8S@HA 
nanocomposites with high PCE (49.5%) by doping cop-
per into nickel sulfide  (Ni3S2) [146].  Ni3S2/Cu1.8S@HA 
possessed Z-scheme charge-transfer mechanisms that 
ensured high redox capacity and effective charge separa-
tion, which alleviated TME hypoxia by enabling intracel-
lular photocatalytic  O2 production and enhanced PDT. 
The nanocomposites had peroxidase activity that further 
generated more  O2 to improve PDT (Fig. 5A, B).

The tissue penetration of NIR light restricts photo-
therapy to superficial tumors only, thus, there is the need 
to develop nanomaterials that can absorb longer light 
wavelengths to increase light penetration depth [9, 140]. 
Shanmugam et  al. reported multifunctional CuO/Cu2O 
truncated nanocubes (TNCs) to treat multidrug-resistant 
lung tumors in deep tissues. CuO/Cu2O TNCs exhibited 
broad and extendable NIR absorption, as demonstrated 
by NIR-I (808 nm) /NIR-III (1550 nm) PTT as well as the 
combination of NIR-II (1064 nm) PDT and PTT (Fig. 5C, 
D) [26]. The extremely high molar extinction coefficient 
promoted tumor cell killing at a very low excitation light 
intensity (0.3 W·cm−2).

Ideal photosensitizers should exhibit good water 
solubility, stability, tumor tissue targeting ability, high 
quantum yield, longer wavelength absorbance, and low 
systemic toxicity [136]. To improve the efficacy of PDT 
and address the limitations of the current photosen-
sitizers, various strategies to prevent aggregation by 
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scaffolding uniformly dispersing photosensitizers, target-
ing the mitochondria, and designing activatable photo-
sensitizers have been proposed [9, 95]. Lv et al. integrated 

PTT, PDT, and hypoxia-activated chemotherapy to 
develop a mitochondria-targeted nanoplatform (HCuS-
TH302@PDA-Ce6/TPP NP) [142]. The HCuS NPs were 

Fig. 5 CINMs-based PTT/PDT combination therapy. A Synthetic procedures and therapeutic mechanisms of  Ni3S2/Cu1.8S@HA. B Intracellular 
ROS and hypoxia levels in Mda-Mb-231 cells under normal and hypoxic conditions. NC10@HA represents  Ni3S2 NPs doped with 10%  Cu2+. 
Reproduced with permission [146]. Copyright 2021, American Chemical Society. C Schematic illustration of the in vivo experiment of CuO/
Cu2O TNCs against drug-resistant lung cancer. D Viabilities of H69AR cells treated with anti-EGFR-CuO/Cu2O TNCs under dark and NIR light 
conditions at 37 and 4 °C, respectively (**p < 0.01 and ***p < 0.001). Reproduced with permission [26]. Copyright 2021, American Chemical Society. 
E Synthetic procedures and therapeutic mechanisms of HCuS-TH302@PDA-Ce6/TPP NPs. F Cellular uptake and mitochondrial co-localization 
of HCuS@PDA-Ce6 NPs and HCuS@PDA-Ce6/TPP NPs in B6F6 cells. MTG represents Mito-Tracker Green, a mitochondrial staining dye. Reproduced 
with permission [142]. Copyright 2022, Springer Nature. G Synthetic procedures and therapeutic mechanisms of NP-Cu as an endogenous 
 H2S-responsive intelligent nanoplatform. Reproduced with permission [147]. Copyright 2022, American Chemical Society
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drug carriers with good photothermal conversion prop-
erties and loaded with the thermosensitive drug (TH302) 
that could release the cytotoxic DNA crosslinker, bromo-
isophosphoramide mustard, in the hypoxic TME. The 
PDA coating served as a photothermal sensitive gate-
keeper to maintain HCuS NPs stability. Triphenyl phos-
phonium (TPP) was used to target the mitochondria, 
while Chlorin e6 (Ce6) acted as a photosensitizer. There-
fore, NPs preferentially accumulated in the mitochon-
drial inner membrane to gradually activate PDT and PTT 
under laser irradiation at different wavelengths (660 nm 
and 808 nm). The generated local heat accelerated TH302 
release to achieve synergistic cancer cell killing (Fig. 5E, 
F). This subcellular targeting strategy enhances cytotoxic 
activities by restricting nanomaterials to vulnerable orga-
nelles, such as lysosomes and the mitochondria, thereby 
preventing ROS from being consumed in the cytoplasm 
[39, 45, 100].

The activatable photosensitizer strategy enhances the 
antitumor effects of phototherapy, alleviates the potential 
toxicity caused by residual photosensitizers and relieves 
patients from the discomfort of light exposure avoid-
ance for a long time after treatment. Yang et al. quenched 
the photosensitizer (Ce6) by chelating  Cu2+ on assem-
bled nanostructures to ensure deactivation states during 
cycling [147].  Cu2+ can react with endogenous  H2S that is 
highly expressed in colon cancer to generate CuS to acti-
vate PTT in situ, while activating PDT by achieving fluo-
rescence recovery of Ce6 (Fig.  5G). Sun et  al. prepared 
trimodal synergistic cancer therapeutics (Cu/CDs-Ce6 
NPs) by assembling  Cu2+, Ce6, and carbon dots, which 
achieved a quenched state of Ce6 [148]. The functions of 
Ce6 were restored by overexpressing GSH and  H2O2 as 
well as lowering the pH in the TME. This is a potential 
strategy for development of precision tumor therapy.

The combination of PTT and PDT is complex, and 
close coordination of the light absorber, light source, and 
therapy response monitoring should be ensured when 
designing a phototherapy regimen based on CINMs.
Sequential treatments of PTT and PDT may be more 
effective than simultaneous treatments of PTT and PDT, 
and thus more studies are needed to select the appro-
priate treatment sequence and treatment interval [149]. 
Moreover, the development of CINMs with longer light-
responsive wavelengths, high PCE, high ROS yield, and 
rapid degradation in vivo is a future endeavor.

CINMs‑based PTT/radiotherapy combination therapy
Radiotherapy is a classical cancer treatment approach 
that induces apoptosis and necrosis in a non-invasive 
manner. It is usually classified as external beam radio-
therapy, radionuclide therapy, and brachytherapy [150]. 
Radiotherapy utilizes high-energy ionizing radiation 

to damage the DNA directly or indirectly by reacting 
with water molecules to produce ROS [151]. However, 
hypoxia in the TME limits the effects of radiotherapy 
and mediates tumor cell resistance to radiotherapy, as 
hypoxia-induced malignant clones, immune evasion, and 
interference with DNA damage responses promote can-
cer progression [141, 152, 153]. Mechanistically, PTT can 
enhance hypoxic cancer cell sensitivity to radiotherapy 
by increasing perfusion and improving oxygenation [12, 
154].

Many nanoplatforms incorporating PTT and radio-
therapy can promote oxygen levels in the TME to achieve 
oxygen self-replenishment, thereby enhancing the effi-
cacy of radiotherapy [151, 155]. Jiang et  al. synthesized 
an oxygen self-supply system (CuS@CeO2 NPs) consist-
ing of ultrafine CuS NPs and mixed valenced Ce element 
[101]. The nanoenzyme  CeO2 catalyzed oxygen genera-
tion from endogenous  H2O2 in tumor cells. The ultrafine 
CuS NPs were released deep into tumor cells and played 
dual roles of secondary radical emitters and PTT agents 
under X-ray and NIR-II irradiation, respectively. The 
spindle-shaped CuS@CeO2 NPs were more conducive to 
cellular endocytosis and could synergize with radiother-
apy as well as PTT to treat hypoxic tumors. This study 
achieved long-term alleviation of hypoxia by remodeling 
the TME into a tumor niche that is conducive to radio-
therapy by catabolizing endogenous  H2O2 and photo-
thermally increasing perfusion, which provides a positive 
strategy for radiosensitization of deeply hypoxic tumors.

Due to the relatively small differences in responses of 
normal and tumor tissues to ionizing radiation, repeated 
high doses of ionizing radiation may damage healthy tis-
sues around the tumor to cause serious toxic side effects 
to patients [96]. Various high effective atomic number 
(Z) nanomaterials (gold, bismuth, wolfram, gadolinium, 
and platinum) have been developed as radiosensitiz-
ers to facilitate radiation energy deposition into tumors, 
thereby reducing repeated exposures to high radiation 
doses [141, 156, 157]. Zhang et al. synthesized  CuxS/Au 
NPs (1 < x < 2) that can be used for thermal radiotherapy 
in the NIR-II window (Fig. 6A) [158]. Integration of gold 
and  CuxS altered the electron transitions of  CuxS, result-
ing in high PCE (44.2%) of  CuxS/Au NPs (Fig.  6B, C). 
Tumor cell oxygenation was improved under 1064 nm 
laser irradiation (Fig.  6D, E). Huang et  al. reported 
dumbbell-shaped heterogeneous copper selenide-gold 
 (Cu2-xSe@Au, CSA) NPs as radiosensitizers for syner-
gistic photothermal radiotherapy (Fig.  6F, G) [73]. The 
CSA heterostructures exhibited higher Z and more 
severe DNA damage in tumor cells compared to the frag-
ments alone and their mixtures (Fig. 6I, J). The CSA het-
erostructures also exhibited enhanced PCE (80.8%) and 
had a great potential for PTT (Fig. 6H). Isogram analysis 
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showed a synergistic antitumor effect of PTT and radio-
therappy after CSA heterostructures treatment (Fig. 6K). 
Li et al. synthesized  Cu3BiS3 nanorods that induced PTT 
under NIR-II irradiation and deposited radiation energy. 
Therefore, they can be used to achieve synergistic ther-
moradiotherapy [41]. Nanomaterials with both radio-
sensitization and photothermal effects are becoming a 
research hotspot.

CuS, which is achieved by replacing copper atoms with 
radioisotope 64Cu or by directly adding radiolabels such 
as 131I or 64Cu, is one of the most commonly applied NPs 
for radionuclide therapy [150]. Fiorito et al. constructed 
a heterostructure  (Fe3O4@Au@Cu2-xS) that was the first 
multifunctional nanoplatform to integrate PTT, radio-
therapy and magnetic hyperthermia (MHT) [159]. Gold 
and  Cu2-xS acted as PTAs to excite PTT while  Fe3O4 

Fig. 6 CINMs-based PTT/radiotherapy combination therapy. A Synthetic procedures and therapeutic mechanisms of  CuxS/Au-PEG NPs. B 
Thermal images and C photothermal conversion abilities of  CuxS/Au-PEG NPs under 1064 nm laser irradiation in tumor-bearing mice. D 
Immunofluorescence images and (E) quantification of tumor hypoxic regions after NIR irradiation (***p < 0.001). Reproduced with permission [158]. 
Copyright 2020, American Chemical Society. F Transmission electron microscopy (TEM) image and (G) high-angle annular dark-field-scanning 
TEM energy dispersive spectrometer elemental mapping image of CSA NPs. H Live-dead staining of 4T1 cells treated with different power 
densities of NIR light and different CSA NPs concentrations. I Cell survival rates and (J) DNA damage images of 4T1 cells after different treatments. 
K Isobologram analysis of synergistic inhibition of 4T1 cells treated with CSA NPs by applying laser and X-rays. Reproduced with permission [73]. 
Copyright 2019, American Chemical Society. L Schematic presentation of the scheme for radiolabeling and purification of  Fe3O4@Au@Cu2-xS using 
64Cu. M In vitro stability of 64Cu:  Fe3O4@Au@Cu2-xS in PBS and human serum at 37 °C. Reproduced with permission [159]. Copyright 2022, Wiley-VCH
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excited MHT, forming a dual heating platform that is 
based on PTT and MHT. The stable insertion of 64Cu 
provided the possibility of  Fe3O4@Au@Cu2-xS as an inter-
nal radiotherapeutic agent (Fig. 6L, M). This was a proof-
of-concept study and has not been validated by cellular 
or in  vivo experiments. Liu et  al. prepared 131I-labeled 
HCuS NPs loaded with paclitaxel to achieve synergistic 
PTT/radiotherapy/chemotherapy for orthotopic breast 
cancer [160]. They also used microspheres for hepatic 
artery embolization to treat hepatic tumors [94]. Micro-
spheres can improve local therapeutic effects at relatively 
low doses, while imaging guidance allows precise con-
trol of treatment with minimal damage to surrounding 
healthy tissues and other organs.

PTT synergized with radiotherapy is a promising 
strategy for radiosensitization. It is necessary to develop 
CINMs with both radiosensitizing and photothermal 
properties and to add imaging capabilities to provide 
accurate positional structural information to guide pre-
cise radiotherapy. Standardized processes need to be 
established for the design and use of CINMs, such as 
determining the sequence of NIR laser and X-rays [96]. 
The mechanisms of radiosensitization also need to be 
explored in depth. Undeniably, PTT/radiotherapy is an 
area full of therapeutic potential for continued develop-
ment and exploration.

CINMs‑based PTT/immunotherapy combination therapy
Even though PTT can suppress primary tumors, it can-
not treat recurring and distant metastatic tumors, which 
are associated with poor prognostic outcomes for cancer 
patients [161]. Immunotherapeutic approaches for acti-
vating the host’s own natural defenses to recognize and 
attack aggressive tumor cells have attracted attention [46, 
47]. However, most cancers are immune tolerant. The 
PTT can induce cancer cell conversion from non-immu-
nogenic to immunogenic, along with release of damage 
associated molecular patterns and tumor-associated anti-
gens (TAAs). This process, referred to as immunogenic 
cell death (ICD), can activate strong immune responses 
[162, 163]. CINMs can also induce tumor-associated 
macrophages to produce ROS via Fenton-like reactions, 
promote macrophage polarization towards the M1 phe-
notype and remodel the tumor immunosuppressive 
microenvironment (TIM) [75]. Photo-immunotherapy 
(PIT) combines PTT and immunotherapy to maximize 
their respective advantages and improve anti-tumor effi-
cacy [74, 164].

The low abundance of tumor-infiltrating lymphocytes 
within tumors and TIM can lead to tumor resistance to 
immunotherapy. Immune checkpoint blockade (ICB) 
strategies are widely used to reverse TIM by blocking 
immunosuppressive pathways and activating the immune 

system with immune checkpoint inhibitors. In recent 
years, programmed cell death protein 1 and its ligands 
(PD-1/PD-L1), indoleamine-2,3 dioxygenase (IDO), as 
well as cytotoxic T-lymphocyte-associated protein 4 
have been the most investigated immune checkpoint 
molecules [165, 166]. The overexpression of IDO-1 in 
tumor cells can mediate TIM by affecting cytotoxic T 
lymphocytes (CTLs) and immunosuppressive regulatory 
T cells (Tregs). Li et  al. prepared a programmed rasp-
berry-structured nanoplatform  (PRNMT) consisting of 
small-sized CuS NPs  (CuS5) and the IDO inhibitor (D)-
1-methyltryptophan prodrug (1-MT) for NIR-II PIT of 
deep tumors [74]. The neutrally charged  PRNMT could 
split into surface cationized  CuS5 in acidic TME, which 
rapidly penetrated deep into the tumor. Under NIR-II 
irradiation,  CuS5 exhibited excellent photothermal prop-
erties, induced ICD, and released 1-MT, which allevi-
ated IDO-1-induced immunometabolic disturbances, 
increased the effective infiltration of CTLs, and down-
regulated Tregs (Fig.  7A). In  vivo, the combination of 
 PRNMT and PD-1 blockade effectively inhibited primary 
breast cancer growth and lung metastasis in mice.

The immune response generated by PTT-induced 
ICD alone may be transient and weak, and not effective 
enough to halt tumor progression [168]. Immune adju-
vants, such as cytosine-phosphate-guanine (CpG) oli-
godeoxynucleotides (ODNs), ovalbumin, and R837 can 
be used as nonspecific immunopotentiators to enhance 
tumor antigen immunogenicity [47, 48, 168]. Jiang et al. 
loaded bovine serum albumin (BSA) and R837 on sur-
faces of molybdenum disulfide-copper oxide  (MoS2-CuO) 
heteronanocomposites to obtain  MoS2-CuO@BSA/R837 
(MCBR) nanoplatforms, which can achieve synergis-
tic tumor therapy with PTT/CDT/immunotherapy [66]. 
Tumor cells were destroyed by PTT and photothermal-
enhanced CDT, and the released TAAs bound R837 to 
activate the immune system by promoting dendritic cell 
(DC) maturation, secreting cytokines, and increasing 
lymphocyte counts, thereby inhibiting primary and met-
astatic tumor progression (Fig.  7B). The combination of 
PTT with immune adjuvants and ICB therapy can result 
in a “doomsday storm” to tumors by enhancing immu-
nogenicity and activating the immune system. Cheng 
et al. prepared a smart biomimetic nanoplatform (AM@
DLMSN@CuS/R848) by loading the immune adjuvant 
resiquimod (R848), and the PD-1/PD-L1 peptide inhibi-
tor AUNP-12 [103]. AM@DLMSN@CuS/R848 exhib-
ited vaccine-like functions and enhanced T lymphocyte 
functions, allowing PTT and immune remodeling to syn-
ergistically act to enhance the treatment of metastatic 
triple-negative breast cancer.

The mechanism of CINMs-based PIT has not been 
fully elucidated. Given the dynamic and complex nature 
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of the immune system, where PIT can induce unpredict-
able changes through amplified circuits and attack the 
immune system itself, there is a need to explore the opti-
mal temperatures that can stimulate the maximum killing 
power of PTT and regulate immune system responses. In 
addition, avoiding the formation of metastatic tumors by 
killing circulating tumor cells in the bloodstream through 
PIT is a future challenge to be tackled.

CINMs‑based PTT/gene therapy combination therapy
Gene therapy has been shown to improve the efficacies 
of antitumor therapies by restoring the expressions of 
dysregulated genes to kill cancer cells without harming 

the normal tissues. However, clinical applications of gene 
therapy are limited by poor stabilities of delivery systems, 
low transfection efficiencies and non-specific effects [96, 
107].

The combination of PTT and gene therapy can produce 
synergistic therapeutic effects and enhance gene delivery. 
This is because PTT can enhance cellular uptake, endo-
somal escape after internalization and gene release [169]. 
Ouyang et al. performed a study to simultaneously inhibit 
primary and metastatic tumors (Fig. 7C) [28]. They suc-
cessfully developed a tumor-targeted therapeutic plat-
form combining PTT and gene therapy by integrating 
CuS DENPs, arginine-glycine-aspartate (RGD) peptides, 

Fig. 7 CINMs-based PTT/immunotherapy and CINMs-based PTT/gene therapy combination therapy. A Schematic of the mechanism 
of  PRNMT-mediated PTT/immunotherapy. Reproduced with permission [74]. Copyright 2022, Wiley-VCH. B Synthetic procedures and therapeutic 
mechanisms of  MoS2-CuO@BSA/R837 for synergistic PTT/immunotherapy/CDT. Reproduced with permission [66]. Copyright 2021, Elsevier. C 
Synthetic procedures and therapeutic mechanisms of RGD-CuS DENPs. Reproduced with permission [28]. Copyright 2021, American Chemical 
Society. D Synthetic procedures and therapeutic mechanisms of CuS-RNP/DOX@PEI for NIR-triggered Cas9 RNP and DOX delivery. Reproduced 
with permission [167]. Copyright 2021, Wiley-VCH
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and plasmid DNA-encoding hypermethylation in cancer 
1 (pDNA-HIC1). The platform achieved a PCE of 49.8% 
and enhanced serum delivery of pDNA-HIC1 to inhibit 
cancer cell invasion as well as metastasis.

Clustered regularly interspaced short palindromic 
repeats-associated protein 9 (CRISPR-Cas9) technol-
ogy has an extraordinary potential for gene editing. 
On-demand delivery and activation of CRISPR-Cas9 
via photothermal effects to improve efficacy and reduce 
side effects is a research hotspot [170]. Chen et al. devel-
oped an NIR-triggered nanotherapeutic platform (CuS-
RNP/DOX@PEI) and achieved controlled drug release 
as well as gene editing by synergistic PTT/gene therapy/
chemotherapy (Fig.  7D) [167]. They coupled Cas9 ribo-
nucleoprotein (RNP) and CuS NPs with thiol-modified 
DNA fragments, followed by DOX insertion and coated 
with endocytosis-promoting polyethylenimine (PEI). The 
release of Cas9 RNP and DOX was achieved by double-
chain breaks mediated by photothermal effects of CuS 
(≈41 °C). Cas9 RNP depleted Hsp90α, which promoted 
tumor invasion as well as metastasis, thereby suppressing 
tumor tolerance to heat and inhibiting tumor metastasis. 
CuS-RNP/DOX@PEI with NIR irradiation in xenograft 
BALB/c mice loaded with A375 tumor achieved photo-
thermal control of gene editing and exhibited significant 
tumor suppressive effects. Tao et al. used CuS-RNP@PEI 
NPs to deliver the Cas9 RNP targeting protein tyrosine 
phosphatase non-receptor type 2 (PTPN2). Depletion of 
PTPN2 improved antigen presentation as well as CD8 
T lymphocyte accumulation, enabling photothermal 
responsive gene editing in combination with immuno-
therapy [102].

Compared to other synergistic therapies, photothermal 
combined gene therapy based on CINMs has been less 
studied and clinical translation has not been attempted. 
The efficacy of gene therapy depends on the efficiency of 
the gene delivery system to deliver the intact exogenous 
gene to the nucleus. However, instability and suboptimal 
bioavailability of gene carriers can affect the efficacy. The 
design of photothermally responsive nucleus-targeted 
CINMs may be effective. The biocompatibility of CINMs-
based gene delivery systems is also a critical issue and 
more efforts need to be invested to overcome these chal-
lenges [169].

CINMs for image‑guided PTT in cancers
With rapid nanotechnological advances, development of 
nanoplatforms that enable tumor tissue visualization has 
become an important goal [114]. They can guide treat-
ment by reporting information on 3D spatial location, 
structures of malignant tumors and monitoring treat-
ment progress in real time, enabling intelligent imaging 
as well as precise treatment [98, 171, 172]. The potential 

applications of CINMs as contrast agents for PAI, fluo-
rescence imaging, computed tomography (CT) imaging, 
magnetic resonance imaging (MRI), positron emission 
tomography (PET) imaging, and single photon emission 
computed tomography (SPECT) imaging in tumor imag-
ing has been extensively investigated [50–53, 173]. Mul-
timodal imaging revolutionizes the field by seamlessly 
integrating multiple imaging techniques onto a single 
nanoplatform. This cutting-edge approach capitalizes on 
the unique strengths of each method, thereby enhancing 
sensitivity, spatial resolution, and the wealth of informa-
tion available for guiding treatment decisions. Designing 
multifunctional nanomaterials for multimodal imaging-
guided PTT has become the current research trend [97, 
171].

CINMs for MRI‑guided PTT
Due to its excellent spatial resolution and good depth 
of tissue penetration, MRI is widely used for molecular 
and cellular imaging [174, 175]. Incorporation of metal 
ions containing a large number of unpaired electrons 
is a feasible strategy for endowing PTA with MRI func-
tions [176]. Qi et al. designed Tpc-CuGd NPs composed 
of copper and gadolinium and modified by transferrin 
protein corona to enable MRI-guided tumor-targeted 
photothermal and chemodynamic therapy [126]. The 
Tpc-CuGd NPs with a Cu/Gd ratio of 4/4 exhibited the 
best PCE (55.8%) and catalytic activities. Addition of 
Gd ions significantly enhanced the  T1-weighted imag-
ing  (T1WI) signal without obvious toxicity.  Mn2+ exhib-
ited excellent paramagnetic properties and can be used 
as a  T1WI contrast agent. Sun et  al. reported a photo-
thermal Fenton nanocatalyst (PFN) composed of CuS, 
human serum albumin and  MnO2, in which CuS served 
as a PTA and Fenton catalyst (Fig. 8A) [177]. PFN could 
decompose  Mn2+ in the acidic TME to increase relaxiv-
ity by 2.1-fold and enhance  T1WI signal intensity, achiev-
ing synergistic PTT and CDT of pancreatic cancer under 
MRI guidance (Fig. 8B-D).

Given the complexity, difficulty and potential side 
effects of synthesizing multi-component composite 
nanomaterials, it is better to develop single-component 
nanomaterials with photothermal and imaging abili-
ties [77, 172].  Cu2+ has an unpaired 3d electron and is a 
potential MRI contrast agent [178]. However,  Cu2+ pre-
sents poor contrast because the outermost orbital only 
has one unpaired electron. To improve imaging perfor-
mance, based on the theory that enhanced direct contact 
between metal ions and water molecules can accelerate 
spin-lattice relaxation, Zhang et  al. synthesized 3D CuS 
hollow nanoflowers (CuS HNs) with the ability to expose 
more cupric centers [90]. The loading capacity and good 
PCE (30%) of CuS HNs conferred chemotherapeutic 



Page 17 of 36Wang et al. Biomaterials Research          (2023) 27:121  

Fig. 8 CINMs for MRI- and CT-guided PTT. A Synthetic procedures of PFN. B Longitudinal relaxation rate (r1) of PFN. C  T1WI and (D) signal intensities 
of tumor-bearing mice at various time intervals after PFN treatment. Reproduced with permission [177]. Copyright 2020, American Chemical 
Society. Linear fits of 1/T1 for CuS HNs, Magnevist  (T1WI contrast agent) and  Fe3O4  (T2WI contrast agent) at different (E) molar concentrations 
of Cu, Gd and Fe and (F) mass concentrations. G In vitro MRIs of different mass concentrations of CuS + DOX aqueous dispersions, and MRI 
of tumor-bearing mice treated with CuS + DOX (1.0 mg  mL−1, 100 μL). Reproduced with permission [90]. Copyright 2018, Royal Society of Chemistry. 
H In vitro CT images of different concentrations of  Cu3BiS3 NCs aqueous dispersions. I CT value as a function of  Cu3BiS3 NCs concentration. J 
CT coronal images of tumor-bearing mice after intratumoral injection and intravenous injection of  Cu3BiS3 NCs. Reproduced with permission 
[77]. Copyright 2015, Wiley-VCH. (K) Linear fit of HU values of T80-AuPt@CuS NSs and iohexol solution at different concentrations. L CT images 
of tumor-bearing mice treated with T80-AuPt@CuS NSs. Reproduced with permission [156]. Copyright 2021, American Chemical Society
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and PTT potential. In  vitro, CuS HNs performed well 
on  T1WI and  T2-weighted fluid-attenuated inversion 
recovery imaging  (T2-FLAIR) sequences. The subsequent 
in vivo assays confirmed that CuS HNs could be used for 
 T2-FLAIR MRI-guided PTT/chemotherapy synergistic 
treatment (Fig. 8E-G). Synthesizing multifunctional nan-
oplatforms in a simple and green way is a major trend, 
and more attention should be paid to the imaging poten-
tial of single-component CINMs.

CINMs for CT‑guided PTT
CT is a non-invasive imaging technique that presents 
high-resolution anatomical structures by generating 
cross-sectional images depending on X-ray attenuation 
degree in different tissues [179, 180]. The CT contrast 
agents can help distinguish among tissues with the same 
attenuation degree and enhance the imaging effects. 
Considering the limited X-ray absorption capacity of the 
currently used contrast agents, there is a need to develop 
nanomaterials with high X-ray attenuation coefficients as 
contrast agents [181, 182]. Cai et al. prepared T80-AuPt@
CuS NSs using AuPt NPs coating and Tween 80 function-
alization, integrating CT and synergistic photothermal 
radiotherapy [156]. The T80-AuPt@CuS NSs exhibited 
high X-ray attenuation abilities to enhance CT signals, 
thus, it is a promising contrast agent for CT (Fig. 8K, L).

Introducing heavy metals with high X-ray attenuation 
coefficients is a potential strategy for preparation of mul-
tifunctional nanoplatforms with integrated CT and PTT. 
Studies have reported on the potential applications of this 
strategy, such as introduction of BiOI,  GeO2, and  CuWO4 
NPs (Fig.  8H–J) [183–185]. To improve CT sensitivity, 
coupling targeting elements can help the contrast agent 
accumulate in the tissue of interest. With advances in CT 
imaging technologies, researchers have focused on X-ray 
attenuation abilities as well as phase shift or scattering. In 
future, more NPs with X-ray scattering properties will be 
used for CT-guided PTT [186].

CINMs for PET/SPECT‑guided PTT
The PET and SPECT are two emerging non-invasive 
nuclear imaging techniques that have the ability for 

visualizing metabolic processes at cellular and molecular 
levels. PET uses positron-emitting radionuclide labeled 
imaging agents, whereas SPECT uses radionuclides that 
directly emit γ-rays [187]. They exhibit excellent sensi-
tivity and quantification, but perform poorly in terms of 
anatomical resolution [188]. They have attracted atten-
tion in evaluation of tumor uptake and pharmacokinetics 
of nanomaterials [21, 54].

In vivo stability of radionuclide-labeled nanoplatforms 
is critical, as separation of radionuclides from NPs can 
lead to a high uptake of non-target tissues, thereby reduc-
ing the reliability of imaging results and may affect subse-
quent treatment decisions [189]. The utilization of tight 
junctions between radiolabeled imaging agents and non-
radioactive components in PET imaging holds tremen-
dous promise as a potential solution to this problem. Hu 
et  al. exploited this feature to label BP@Cu@PEG-RGD 
NSs with 64Cu2+ via the “chelator-free” method [190]. The 
whole process took 10 min to achieve 99% labeling rate 
and the labeled NSs exhibited good stability. The com-
bination of  Cu2+ with black phosphorus NSs (BPNSs) 
enhanced the photothermal stability and accelerated 
the degradation, ensuring excellent PCE while avoiding 
potential safety issues. The RGD-conjugated PEG coating 
improved the targeting ability as well as biocompatibility, 
and increased nanomaterial uptake and accumulation in 
tumor tissues, enabling quantitative and accurate track-
ing of biodistribution (Fig. 9A-C).

The wide applications of SPECT imaging are associ-
ated with its low equipment costs and longer half-life 
radioisotope [194]. Yi et  al. prepared a tumor-targeted 
photothermal therapeutic agent (99mTc-M-CuS-PEG) for 
SPECT imaging guidance by labeling cancer cell mem-
brane-encapsulated CuS NPs with 99mTc [191]. They 
found that radionuclides 99mTc induced G2/M cell cycle 
arrest and overexpressions of endocytosis-associated 
protein (caveolin-1) to enhance NP uptake by tumor 
cells, thereby improving the photothermal efficiency in 
the NIR-II window. 99mTc-M-CuS-PEG exhibited good 
radiolabeling stability, homologous tumor targeting abil-
ity, biosafety, and enhanced PCE (Fig. 9D, E). Whichever 
radioisotope is chosen to track the in  vivo activities of 

(See figure on next page.)
Fig. 9 CINMs for PET-, SPECT- and PAI-guided PTT. A Synthetic procedures and mechanisms of BP@Cu@PEG-RGD NSs. B PET images 
of tumor-bearing mice treated with saline or NSs after 2 weeks. C Comparison of PET images with experimentally measured tumor volumes. 
Reproduced with permission [190]. Copyright 2020, Springer Nature. D Synthetic procedures of 99mTc-M-CuS-PEG. E SPECT/CT images 
of tumor-bearing mice treated with 99mTc-4T1-M-CuS-PEG or 99mTc-CT26-M-CuS-PEG. Reproduced with permission [191]. Copyright 2021, 
Wiley-VCH. F Synthetic procedures and mechanisms of SCP-CS. G PAIs and corresponding signal intensity of tumor-bearing mice treated 
with SCP-CS and SCP at 808 nm and 1064 nm. Reproduced with permission [192]. Copyright 2021, Elsevier. H Synthetic procedures and activation 
mechanisms of Fe-Cu@PANI. I PAIs with different GSH concentrations. J Linear relationship between PA intensity and GSH concentration. K PAIs 
and (L) corresponding signal intensity of tumor-bearing mice treated with Fe-Cu@PANI. Reproduced with permission [193]. Copyright 2021, 
American Association for the Advancement of Science (AAAS)



Page 19 of 36Wang et al. Biomaterials Research          (2023) 27:121  

Fig. 9 (See legend on previous page.)
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NPs, it is important to ensure that the radionuclide used 
for labeling has minimal impact on the original biological 
activities of NPs.

CINMs for PAI‑guided PTT
PAI has the advantage of high spatial resolution of acous-
tic imaging and high contrast of optical imaging. It ena-
bles in vivo deep tissue imaging by using acoustic waves 
generated by transient thermoelastic expansions of spe-
cific tissues under laser irradiation as the imaging signal 
[195]. PAI has the potential for precise tumor localiza-
tion, therapeutic monitoring and in vivo visualization of 
nanomedicines [97]. The current strategies for enhanc-
ing PTT can also be used to enhance PAI, because most 
PTAs have the potential to be PA contrast agents based 
on the same photothermal conversion effects and similar 
photophysical properties [22].

Endogenous chromophores such as melanin and 
hemoglobin can be utilized for PAI, however, their weak 
NIR absorption tends to present unsatisfactory contrast. 
To optimize the imaging effects, it is necessary to develop 
exogenous contrast agents with high NIR absorption and 
high stability. A nanosystem (SCP-CS) with excellent 
photothermal conversion abilities composed of ultras-
mall CuS NPs (CS) and semiconducting polymers (SCP) 
has been reported [192]. Due to its strong NIR absorp-
tion abilities, good biocompatibility and photostabil-
ity, the SCP was used as a PA contrast agent. The strong 
absorbance of CS components in NIR-I and NIR-II win-
dows potentiated the imaging performance, enabling 
dual-laser-excited PAI (Fig.  9F, G). SCP-CS exhibited 
photodynamic as well as chemodynamic efficacy and was 
validated in vivo.

The rapid development of precision medicine is placing 
greater demands on imaging technologies for diagnostic 
and therapeutic procedures. Compared to the “always-
on” exogenous contrast agents, the TME-responsive acti-
vatable PA reagents exhibit high signal-to-noise ratios 
and real-time dynamic detection, which can enhance the 
specificity as well as sensitivity of imaging to accurately 
localize tumors. Wang et  al. developed iron-copper co-
doped polyaniline nanoparticles (Fe-Cu@PANI) that 
could respond to high GSH levels in the TME and induce 
a red shift of absorption spectrum towards the NIR 
region via redox reactions, thereby activating PTT and 
PAI for more accurate PAI-guided PTT in vivo (Fig. 9H–
K) [193]. Since the GSH level was related to tumor 
growth rate and PAI signal correlated with the GSH level, 
the GSH-responsive PAI contrast agent could monitor 
tumor growth, providing important information related 
to disease progression and effectively informing therapy.

Multimodal imaging‑guided PTT
The multimodal imaging-guided diagnostic and thera-
peutic platforms have a great potential for overcoming 
the limitations of single imaging techniques. Jiang et  al. 
prepared radioactive 99mTc-labeled ultrasmall magnetic 
 CuFeSe2 NCs with excellent PCE (82%), high X-ray atten-
uation coefficient, superparamagnetism, good stability 
and biocompatibility (Fig. 10A) [21]. The NCs integrated 
PAI, CT, SPECT and MRI in multimodal imaging-guided 
PTT for precise and comprehensive imaging and treat-
ment (Fig.  10B-H). The good tissue penetration depth 
and sensitivity of PAI makes up for the limitations of the 
traditional optical imaging techniques while MRI, CT 
and SPECT overcome the limitation of low resolution of 
PAI.

Well-designed multimodal imaging nanoprobes can 
further improve spatiotemporal precision of imaging 
and enhance the therapeutic efficacy while reducing 
phototoxicity to surrounding tissues by adding targeted 
components and intelligently utilizing various stimuli 
in the TME. Shi et  al. developed an activatable probe 
(T-MAN) combining tumor receptor-mediated uptake 
and enzymatic activation strategies [196]. The Gd-doping 
CuS micellar NPs were modified with NIR fluorophores 
(Cy5.5), RGD ligands and QSY21-labeled matrix metal-
loproteinase-2 (MMP-2)-cleavable peptide substrates, 
where QSY21 acted as a quencher of Cy5.5 and could 
temporarily turn off fluorescence in non-target tissues. 
The T-MAN could bind integrin αvβ3 overexpressed 
on tumor cell membranes and be delivered into gastric 
tumor tissues. Then, T-MAN was recognized and cleaved 
by MMP-2 overexpressed in the tumor extracellular 
matrix, restoring fluorescence and demonstrating excel-
lent fluorescence imaging abilities. Moreover, T-MAN 
had a good MRI contrast and PCE (70.1%). Validation 
in gastric MKN45 tumor mice revealed that T-MAN 
could not only be used as an MRI contrast agent for 
accurate tumor detection, but also enable near-infrared 
fluorescence (NIRF) imaging-guided PTT for detection 
and treatment of primary and metastatic gastric cancer 
(Fig. 10I). Such imaging probes that can be activated by 
cancer-associated enzymes and target tumors can be 
applied to other cancers, and activators in tumor tissues 
can be accordingly expanded, such as tumor hypoxia, 
antioxidants, enzymes, and acidic environment.

Multifunctional CINMs that combine diagnostic and 
therapeutic functions are essential to address the chal-
lenge of tumor heterogeneity, paving the way for the goal 
of personalized precision therapy through image-guided 
treatment and real-time efficacy monitoring. CINMs 
with controlled morphology and composition can meet 
specific imaging and therapeutic needs by integrat-
ing targeting and imaging agents. Ingenious design can 
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Fig. 10 CINMs for multimodal imaging-guided PTT. A Synthetic procedures of multifunctional  CuFeSe2 NCs. B Photograph and 3D CT image. C 
CT signal intensity of tumor-bearing mice injected intratumorally with the same concentration of iopromide and  CuFeSe2 NCs. D  T1WIs and (E) 
corresponding signal intensity of tumor-bearing mice before and after intratumoral injection of  CuFeSe2 NCs. F SPECT images, G PAIs and (H)  T1WIs 
of tumor-bearing mice after intravenous injection of  CuFeSe2 NCs. Reproduced with permission [21]. Copyright 2017, American Chemical Society. I 
Synthetic procedures and mechanisms of T-MAN. Reproduced with permission [196]. Copyright 2019, American Chemical Society
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enhance the aggregation of CINMs in tumor tissues, for 
improved imaging. Notably, the loading ratios of imag-
ing and therapeutic agents need to be balanced to avoid 
weakening the function of each modality to ensure long-
term performance. .

Applications of CINMs‑based PTT in tissue 
regeneration
Copper is an essential component and cofactor for pro-
teins and enzymes. Copper affects the expression of 
intracellular signaling pathways and regulates cellular 
function, which is essential for tissue repair [57, 197]. For 
example, copper can stabilize the expression of hypoxia-
inducible factor-1α, upregulate vascular endothelial 
growth factor (VEGF), and promote angiogenesis to pro-
vide sufficient oxygen and nutrients for tissue regenera-
tion [6, 198]. Copper also upregulates the expression of 
osteogenesis-related genes in mesenchymal stem cells, 
promotes osteogenic differentiation and bone mineral 
formation, and accelerates bone repair [199]. For tis-
sue infections, copper has been widely used to eliminate 
bacteria and reduce the risk of poor tissue healing due to 
infection [6]. In addition, enhancing cell viability through 
mild PTT is also one of the important ways by which 
copper promotes tissue regeneration [5]. Here, this sec-
tion presents the progress of CINMs-based PTT in skin, 
bone and other organs or tissues (cornea, periodontal tis-
sue, uterus).

Skin tissue engineering
Wound healing is a complex physiological process that 
includes hemostasis, inflammation, proliferation and 
remodeling [200]. Unlike acute wounds that typically heal 
in an organized manner without significant intervention, 
chronic wounds often fail to heal promptly, placing a sub-
stantial burden on the healthcare system [4]. Although 
the etiology of chronic wounds varies, they usually share 
common features, including persistent infection, exces-
sive inflammation, high oxidative stress states, reduced 
levels of growth factors, impaired angiogenesis, and 
hypoxia [201, 202]. Therefore, correcting metabolic dis-
turbances in the chronic wound environment by tar-
geting the above factors is very promising. Currently, 
CINMs-based PTT has been found to upregulate VEGF 
expression, increase blood supply to the wound site, 

stimulate the proliferation of fibroblasts, eliminate bac-
terial infection, and alleviate persistent inflammation, 
thereby accelerating wound healing [6].

The persistent infection, considered one of the most 
significant challenges in wound healing, has been exten-
sively discussed. And CINMs-based PTT has been widely 
used to treat skin wound infections [31, 62, 198]. Specifi-
cally, the PTT can safely and effectively combat bacterial 
infections and antibiotic resistance by interfering with 
normal bacterial functions, disrupting bacterial integ-
rity, and eradicating bacterial biofilms [60, 203–207]. 
Even though  Cu2+ at low concentrations can play a role 
in bacterial metabolic processes, high  Cu2+ concentra-
tions can exert their own redox properties, destroying 
the structure of proteins and nucleic acids and exerting 
a bactericidal effect [18, 208–210]. Recently, Yang et  al. 
prepared a naturally-derived composite microsphere 
 (CuII-CMC-GelMA/PDA) with good bioadhesion and 
antibacterial function for infected wound treatment 
[211]. The copper ions continuously released from the 
microspheres can synergize with PDA-mediated PTT to 
exert antibacterial effects, and also accelerate angiogen-
esis, thus accelerating the healing of S. aureus-infected 
wounds.

To achieve the desired therapeutic effect, a higher PTA 
dose or higher power excitation light is usually required, 
which increases non-specific thermal damage to the sur-
rounding normal tissues [212]. Designing PTT-based 
multifunctional antibacterial nanomaterials and com-
bining them with other antibacterial mechanisms, such 
as PDT and CDT, can improve the antibacterial efficacy 
and reduce the potential damage to tissues caused by 
over-reliance on single therapies. Huang et  al. prepared 
a bio-heterojunction  (Bi2S3/CuS@PDA-LOx) that syner-
gized PTT/PDT/CDT against bacteria for the treatment 
of infected wounds (Fig.  11A) [24]. The combination of 
n-type bismuth sulfide (n-Bi2S3) and p-type CuS gener-
ated a self-built electric field that enhanced both the 
antibacterial activity of PTT/PDT and promoted tis-
sue reconstruction. Lactate oxidase (LOx) catalyzed the 
formation of  H2O2 from lactate in the infected micro-
environment, which not only reduced the local lactate 
concentration, but also provided sufficient substrate for 
copper-mediated CDT. In addition, the bio-heterojunc-
tion was able to release  H2S in  situ, which synergized 

(See figure on next page.)
Fig. 11 CINMs-based PTT for skin tissue regeneration. A Schematic of the synthesis of  Bi2S3/CuS@PDA-LOx and the mechanism for promoting 
the healing of infected wounds. H&E staining (B) and TNF-α staining (C) of skin tissue. D Sirius red staining and Masson’s trichrome staining 
of wound tissue to indicate collagen formation. E CD31 staining for assessment of angiogenesis in wound tissue after treatment. Reproduced 
with permission [24]. Copyright 2023, Wiley-VCH. F Schematic of the mechanism of NIR/pH dual-responsive PVA@Cu-HAs NPs@SEW films 
for the treatment of infected wounds. Reproduced with permission [197]. Copyright 2023, American Chemical Society
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Fig. 11 (See legend on previous page.)
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with the released copper ions to inhibit inflammation and 
improve blood circulation, thereby accelerating the heal-
ing of infected wounds (Fig. 11B-E).

Light, as an external stimulus, can facilitate photother-
mal therapy and modulate drug delivery in a non-con-
tact, non-invasive, and highly controllable manner, which 
allows for more precise treatment of wounds [87, 213]. 
Recently, Yao et  al. developed a metal-organic frame-
work microneedle (MN) patch embedded with graphene 
oxide encapsulated copper-benzene-1,3,5-tricarboxy-
late NPs (NO@HKUST-1@GO, NHG) [214]. NHG-MN 
patch achieved photothermal responsive release of nitric 
oxide under NIR irradiation, accelerating blood vessel 
formation and collagen deposition to promote diabetic 
wound healing. Considering that the microenviron-
ments of different types of chronic wounds vary signifi-
cantly, designing CINMs that are responsive to light and 
the wound microenvironment, including pH, bacterial 
toxins, glucose levels, and specific enzymes, will facili-
tate on-demand wound therapy [201]. It is widely recog-
nized that pH at the wound site is dynamic and correlates 
with the stage of wound healing, microbial colonization, 
and other factors. Therefore, pH-responsive CINMs 
are widely studied [200, 202, 215]. Zha et  al. developed 
a pH-responsive hydrogel membrane (PVA@Cu-HAs 
NPs@SEW) for healing of infected wounds by utilizing 
humic acids (HAs), whose solubility is affected by pH, 
as a copper ion carrier (Fig. 11F) [197]. In the early stage 
of wound healing, localized thermotherapy of Cu-HAs 
under NIR irradiation was effective in killing bacteria. 
Meanwhile, the macrophage-recruiting agent SEW2871 
(SEW) recruits M0 macrophages and promotes their 
polarization toward the M1 phenotype against bacteria. 
In the later stages of wound healing, elevated pH at the 
wound site induced the release of copper ions, which 
promoted angiogenesis. HAs exerted anti-inflamma-
tory and antioxidant functions by promoting M2 mac-
rophage polarization and scavenging ROS, respectively. 
Ultimately, this hydrogel membrane, which integrated 
anti-infective, immunomodulatory, ROS scavenging, and 
angiogenesis modulation functions, effectively promoted 
the healing of infected wounds.

The current power density required for most 
CINMs exceeds the maximum skin exposure criterion 
(0.33 W·cm−2 for 808 nm). Unlike tumor treatments, 
shallower wounds with skin infections usually do not 
require high power densities of light, which may cause 
unnecessary damage to surrounding healthy tissue 
[216]. Therefore, identifying appropriate laser irradiation 
parameters, including NIR laser wavelength, irradiation 
duration, and power density, along with the development 
of sensitive skin temperature monitoring techniques, can 

help reduce the side effects of CINMs-based PTT and 
enhance its applicability for skin tissue regeneration.

Bone tissue engineering
Pathological conditions such as infections, tumors, and 
trauma can disrupt the integrity of the bone and lead 
to bone defects. Although bone tissue has the ability to 
repair itself, larger bone defects require therapeutic inter-
vention. Conventional treatments, including autotrans-
plantation and allogeneic transplantation, are limited due 
to disadvantages such as limited donor sites and immune 
rejection reactions [217]. The introduction of bone tis-
sue-engineered scaffolds with good biocompatibility and 
bioactivity has become an alternative approach, and they 
can support cell adhesion, proliferation, and differentia-
tion at the site of bone defects [218]. Easily functional-
ized CINMs can play a synergistic role in bone tissue 
reconstruction, such as enhancing osteogenic differen-
tiation and angiogenesis, resisting infection, modulating 
inflammation, and killing invasive bone tumor [219].

Clinically, bone implant-associated infections often 
lead to failure of bone repair procedures. This is mainly 
due to bacterial adhesion and colonization followed by 
biofilm formation [220]. Biofilms block antibiotic pen-
etration as well as diffusion and protect the microorgan-
isms from other external stresses as well as host immune 
system. Although biofilm can be temporarily removed by 
surgical debridement, residual biofilm will reemerge and 
mature within 2–3 days [221]. Therefore, it is necessary to 
design novel and efficient CINMs to disrupt biofilm and 
prevent biofilm formation to ensure bone tissue regen-
eration. Mei et  al. prepared a  H2O2-rich biofilm micro-
environment-responsive copper-doped polyoxometalate 
nanoclusters (Cu-POM), which enabled full-stage biofilm 
removal [222]. Cu-POM interfered with bacterial metab-
olism via PTT/CDT, leading to bacterial cuproptosis-
like death and biofilm disintegration, and activated the 
immune response of macrophages to enhance chemot-
axis and phagocytosis, which resulted in the removal of 
bacteria from disintegrating biofilms. Preventing biofilm 
formation is a more rational and effective approach than 
destroying mature biofilms. Wang et  al. reported a TA/
Cu-PEG hybrid membrane composed of PEG and tan-
nic acid/Cu2+ (TA/Cu) complexes [208]. The inherent 
antifouling functions of the hydrophilic polymer PEG 
prevented more than 90% of the initial bacterial adhe-
sion, and TA was involved in constructing the antibacte-
rial surface. Under NIR laser irradiation,  Cu2+ acted as a 
photothermal biocide to kill bacteria breaking through 
the antifouling layer. This strategy of introducing photo-
thermal bactericidal components on antifouling surfaces 
restricts the initial formation of biofilms and utilizes PTT 
to kill the few bacteria that break through the hydrated 



Page 25 of 36Wang et al. Biomaterials Research          (2023) 27:121  

layer, achieving effective and long-lasting antibiofilm 
effects.

Thermal stimulation itself promotes migration, prolif-
eration, adhesion and osteogenic differentiation of bone 
marrow mesenchymal stem cells (BMSCs) and acceler-
ates bone tissue healing [223]. CINMs-based PTT can 
further enhance osteogenesis and vascularized bone 
regeneration, which is more promising for bone repair. 
Zhang et al. reported a dual photothermal coating (CuS@
BSA/rGO-PDA) based on CuS and reduced graphene 
oxide (rGO) [224]. The coating exhibited antibacterial, 
anti-inflammatory and pro-osteogenic capabilities with-
out relying on growth factors and could be used for the 
treatment of bone defects following implant infection. 
Sustained release of  Cu2+ promoted peri-implant vascu-
larization, and rGO promoted osteogenic differentiation 
of BMSCs through the mammalian target of rapamycin 
signaling pathway. Their photothermal effect significantly 
improved the antibacterial capacity of the coating. The 
antibacterial and bone repair capabilities were respec-
tively validated in rat tibial condyle and femur models 
(Fig. 12). This photoreactive coating with osteogenic and 
antibacterial activity provides a practical strategy for 
addressing bone implant-associated infections as well as 
bone regeneration.

Invasion and surgical intervention of bone tumors 
often result in large bone defects, which are more dif-
ficult to repair due to factors such as inadequate blood 
supply [225]. In addition, residual tumor cells after sur-
gery may lead to tumor recurrence [80]. The develop-
ment of nanomaterials with dual functions of killing 
residual tumor cells and promoting bone regeneration is 
imperative. Dang et  al. successfully prepared Cu-TCPP-
TCP composite scaffolds by doping copper-ligated tet-
rakis (4-carboxyphenyl) porphyrin (Cu-TCPP) NSs with 
good photothermal properties on the surface of 3D 
printed β-tricalcium phosphate (TCP) scaffolds [199]. 
The scaffolds were able to kill LM8 osteosarcoma cells by 
the photothermal effect and released  Cu2+, which pro-
moted angiogenesis of human umbilical vein endothe-
lial cells and osteogenic differentiation of BMSCs. The 
scaffolds also released bioactive  Ca2+ and  PO4

3−, which 
stimulated the expression of osteogenesis-related pro-
teins. In vivo, under NIR irradiation, the Cu-TCPP-TCP 
scaffolds significantly ablated bone tumors and promoted 
new bone formation.

Applications in other organs or tissues
Diabetes-related eye complications, such as diabetic 
keratopathy and diabetic retinopathy, pose a threat 
to patients’ vision and affect their quality of life [226]. 
Qiao et  al. prepared  AuAgCu2O nanoshells consist-
ing of a  Cu2O shell and hollow gold-silver core for the 

treatment of nonhealing keratitis. Under NIR irradiation, 
 AuAgCu2O nanoshells generated heat and released  Cu+ 
and  Ag+, which acted as an accelerator of lesion healing 
and antibacterial agent in MRSA-infected mice with dia-
betic keratitis [227]. Ye et  al. developed  AuAgCu2O-BS 
NPs using  AuAgCu2O loaded with bromfenac sodium 
with anti-inflammatory ability, which could treat post-
cataract endophthalmitis by mild PTT-assisted antibacte-
rial and anti-inflammatory effects [228]. The efficacy and 
safety of  AuAgCu2O nanogels in combination with PTT 
in the treatment of severe drug-resistant bacterial kerati-
tis in the human eye is currently under clinical investiga-
tion (clinicaltrials.gov id# NCT05268718) .

Periodontitis, characterized by irreversible damage 
to both the hard and soft tissues surrounding the teeth, 
is the most common cause of tooth loss in adults. From 
both a functional and aesthetic perspective, it can be dis-
tressing for patients [229]. Guided tissue regeneration 
(GTR) is one of the commonly used treatments. Ideal 
GTR materials should possess excellent antibacterial, 
osteogenic, biocompatible, and shape-matched prop-
erties to the defect site [230]. Additionally, it should be 
capable of effectively transitioning between antibacterial 
and osteogenic modes according to the requirements of 
different healing stages. Xu et  al. prepared a dual-light-
responsive sodium alginate hydrogel (CTP-SA) by doping 
 Cu2O NPs and PDA-modified titanium dioxide  (TiO2) 
NPs [231]. Liquid CTP-SA could gel into a solid state after 
injection to precisely match the defect area. Under blue 
light excitation,  TiO2@PDA generated ROS, which could 
synergize with  Cu2O NPs, known for their excellent anti-
bacterial properties, to further enhance the antibacterial 
effect. Additionally, it could oxidize  Cu+ to  Cu2+, prepar-
ing the ground for the osteogenic phase. Under NIR irra-
diation, the PTT based on CTP-SA, in synergy with  Cu2+, 
promoted osteogenesis. Therefore, CTP-SA with dual-
light responsiveness could switch between antibacterial 
and osteogenic properties through the transformation of 
copper ion valence states, meeting the requirements of 
different treatment stages (Fig. 13A-C).

CINMs for uterine endometrial regeneration have also 
been reported. Endometrial damage caused by infection 
or mechanical injury can lead to the formation of intrau-
terine adhesions, increasing the risk of female infertility 
[233]. Physical anti-adhesion implants such as balloons 
and intrauterine devices may reduce the occurrence of 
adhesions by separating the uterine walls, but their ability 
to promote endometrial healing is limited. Therefore, it 
is important to develop anti-adhesion implants that can 
effectively repair the endometrium. Dong et al. prepared 
NIR-II light-responsive shape memory nanomaterials 
(CUP/PT) consisting of cuprorivaite  (CaCuSi4O10) NSs 
and poly(d,l-lactide-co-trimethylene carbonate) (PT) 
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Fig. 12 CINMs-based PTT for bone tissue regeneration. A Schematic diagram of synthetic and therapeutic mechanisms of CuS@BSA/rGO-PDA 
for synergistic antibacterial and osseointegration. B X-ray examination of intrafemoral implants in rats. C Micro-CT scanning of 3D reconstruction 
of new bone tissues around the implant and no-implant groups at 8 weeks. TNT represents  TiO2 nanotubes. D HE and Masson staining of rat femurs 
after different treatments. E Macroscopic observation of knee-joints after implantation and images of Mueller-Hinton Broth medium and colony 
plates from different treated posterior rods. Reproduced with permission [224]. Copyright 2021, Elsevier
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for the prevention of intrauterine adhesions and repair 
of damaged endometrium [232]. PT was a shape-mem-
ory polymer that can be fixed to a temporary shape and 
return to its original shape upon external heat stimula-
tion.  CaCuSi4O10 NSs, as degradable PTAs, generated 
thermal effects under NIR-II laser irradiation, which 
could promote the restoration of PT at the site of endo-
metrial injury and exert anti-adhesion effects. They could 
undergo biodegradation, releasing bioactive copper 
and silicon ions, thereby promoting vascularization and 
endometrium repair (Fig. 13D-H).

In conclusion, copper regulates multiple processes in 
tissue repair, including promoting angiogenesis, stimu-
lating osteogenesis, and exhibiting antibacterial proper-
ties. PTT can combat bacteria and tumors and create a 
favorable microenvironment for tissue healing. CINMs-
based PTT combines many advantages and has great 
potential for tissue regeneration.

The biosafety of CINMs
Copper, as an essential trace element for living systems, 
is directly involved in a variety of biological processes 
such as cell proliferation, neuropeptide synthesis and 

Fig. 13 CINMs-based PTT for periodontal tissue and uterus. A Schematic illustration of the therapeutic mechanisms of CTP-SA and GTR surgery. B 
SEM images of Escherichia coli (E. coli), S. aureus and Streptococcus mutans after different treatments. C Micro-CT images of maxillary first molar of rats 
in different treatment groups. Reproduced with permission [231]. Copyright 2020, American Chemical Society. D Schematic diagram of synthesis 
of CUP/PT and applications in endometrial regeneration. E Two-dimensional and (F) 3D shape memory stress-strain-temperature curves of CUP/PT. 
Cumulative release of (G) Cu ions and (H) Si ions from different groups. Reproduced with permission [232]. Copyright 2022, Wiley-VCH
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respiration. The recommended daily dietary intake for 
adults is 900 μg [33]. Copper homeostasis is essential for 
cellular metabolism. Abnormal accumulation of intracel-
lular copper can trigger mitochondrial stress leading to 
cuproptosis [234]. Copper ions are more cytotoxic than 
iron ions. Fortunately, the delivery of CINMs in the body 
is not in ionic form, thus effectively reducing their tox-
icity. Only excess copper causes toxicity, whereas copper 
that can be excreted from the body does not [68].

The biosafety of CINMs must be thoroughly evaluated 
before they are actually put into clinical use. The focus of 
the study should include the toxicity, pharmacokinetics, 
and pharmacodynamics. The toxicity of CINMs depends 
on their biological and physicochemical properties, such 
as dissolution, agglomeration, size, shape, structure, and 
surface functionality [33]. Copper ions dissolved on the 
surfaces of CINMs play an important role, leading to 
membrane rupture, ROS generation, metabolic abnor-
malities, and cell death [235]. The size, shape and surface 
functionality of CINMs can influence their intracellular 
uptake, biodistribution, and clearance. Smaller-sized NPs 
tend to exhibit higher cellular uptake efficiency, wider 
biodistribution, and easier renal excretion [136]. CINMs 
with different morphologies exhibit different circula-
tion time and cellular uptake efficiency [37]. Appropriate 
surface functionalization avoids nonspecific recognition 
of CINMs by the immune system, prolongs circulation 
time, and improves biocompatibility. Common ligands 
include PEG, proteins, and folic acid [47, 51, 75]. Of note, 
the mechanisms by which the interactions between the 
shape, size and surface functionality of CINMs affect tox-
icity remain unclear. In addition to the intrinsic proper-
ties of CINMs described above, exposure factors such as 
dose, duration of treatment, and mode of administration 
also influence the toxicity of CINMs [37, 68]. Differences 
in these exposure factors can lead to different toxicity of 
the same CINMs.

Recent studies have aimed to elucidate the biosafety 
of CINMs through in  vitro (cell line experiments) and 
in  vivo (animal experiments) experiments. The cyto-
toxicity of CuO NPs has been studied in human airway 
epithelial cells (Hep-2), human alveolar basal epithelial 
cells (A549), human hepatocellular carcinoma (HepG2). 
These studies suggested that the cytotoxicity of CuO NPs 
was produced by inducing oxidative stress in a dose- and 
time-dependent manner [236–238]. Toxicity assessments 
using murine, fish and worm models also reported that 
oxidative stress produced by CuO NPs could interfere 
with hormone levels, neuronal function, liver and kidney 
function, and immune function. Bioaccumulation of CuO 
NPs may cause organ toxicity to the brain, kidneys, liver, 
intestines, stomach and lungs [239]. Considering that 
toxicity is dose- and time-dependent, the dose of CuO 

NPs must be strictly controlled to minimize toxicity. Fur-
thermore, Naz et al. noted that biosynthesis using plant 
extracts could prepare CuO NPs with lower toxicity and 
higher biocompatibility than chemical or physical syn-
thesis methods [32].

The long-term toxicity of CINMs is of concern due to 
the poor biodegradability of inorganic materials [240]. 
Although most NPs can be excreted from the body, the 
fate and potential effects of NPs retained in the body 
for a long time remain unknown [38]. Most of the cur-
rent biosafety assessments of CINMs are relatively short-
term (usually less than 1 month), and there is a lack of 
conclusive evidence on the long-term biosafety. Biode-
gradable CINMs, such as copper-based metal-organic 
frameworks, and HCuS NPs, have shown great advan-
tages. Guo et  al. reported the biodistribution and deg-
radation process of HCuS NPs in mice, and concluded 
that HCuS NPs were almost non-toxic at a single dose of 
20 mg/kg copper [241]. Intravenously injected HCuS NPs 
gradually disintegrated into small-sized CuS NPs, and 
further degraded to copper ions, which were excreted 
through the hepatobiliary (67%) and renal (23%) within 
1 month. After 3 months, no copper residue was found in 
other organs except spleen and liver. It is worth mention-
ing that increasing the biodegradability of CINMs may 
affect their intracellular uptake at the expense of their 
stability.

The main safety issue in the process of CINMs-based 
PTT is the lack of thermal restraint mechanism. There-
fore, real-time monitoring and regulation of the target 
tissue temperature is extremely necessary to ensure the 
therapeutic effect and avoid unnecessary damage to the 
surrounding tissues due to overheating. Techniques such 
as PAI, MRI, and diffuse optical tomography have been 
developed for real-time temperature monitoring of PTT 
and have shown high sensitivity and specificity [149]. 
Cao et  al. utilized PAI for real-time monitoring of tem-
perature-mediated photoacoustic signal changes in PTT 
based on polypyrrole@CuS nanohybrid [242]. Histo-
logical analyses after in vivo PTT showed a clear bound-
ary between areas with and without NIR irradiation. 
Apart from thermal damage to adjacent healthy tissues, 
CINMs-based PTT and photothermal-derived therapies 
did not cause organ damage or inflammatory lesions 
in mouse models, nor did they affect blood markers, 
showing low toxicity in several studies reporting in vivo 
biosafety assessments [19, 26, 82].

Discussion and future perspectives
Due to their excellent physicochemical properties and 
tunable nanostructures, CINMs are promising nano-
materials in the biomedical field. The CINMs-mediated 
photothermal combination therapy has considerable 
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potential for anti-tumor and accelerated tissue regen-
eration. This review presents recent advances in CINMs-
based PTT for cancer therapy, imaging, and tissue 
regeneration. Even though significant advances have been 
made in studies on CINMs, clinical translation remains 
challenging. The following recommendations are made to 
address the current issues.

First, a comprehensive long-term assessment of the 
biosafety of CINMs is essential. The in vivo behaviors of 
CINMs, including pharmacokinetics and pharmacody-
namics are important. Premature release before reaching 
the target tissue may cause potential toxicity, while pro-
longed retention in the body may damage organs, includ-
ing the liver and kidneys. CINMs with high stability 
are often difficult to degrade in  vivo. Possible solutions 
include performing appropriate surface modifications 
to improve targeting abilities and biocompatibility, and 
developing biodegradable CINMs by optimizing their 
compositions, size and shape. When some non-biode-
gradable components are introduced to prepare multi-
functional diagnostic and therapeutic platforms, their 
benefits and adverse effects should be critically evalu-
ated. In conclusion, absorption, distribution, metabolism, 
and excretion processes of CINMs should be assessed 
through long-term tracking and evaluation to ensure that 
they meet the quality control standards and safety for 
new drug development.

Second, the current research focus of preclinical 
and clinical PTT is disconnected. Clinical research is 
focused on development of laser devices while preclini-
cal research is focused on preparation of multifunc-
tional PTAs. Most of the high-quality multifunctional 
CINMs are introduced through complex processes with 
functional components such as biomolecules and parti-
cles, which may result in various challenges in industrial 
production and limit their clinical applications. The ten-
dency of copper to oxidize in air also limits the large-
scale production. The design and preparation of CINMs 
should be simple, reproducible, economical, and green, 
with trade-offs between costs and benefits. Attention 
should be paid to the quantity and purity of raw materials 
required for the preparation of CINMs. It is important to 
establish strictly controlled and standardized preparation 
processes. A comprehensive evaluation system should be 
established to assess the performance of CINMs, so as 
to provide a reliable scientific basis for the future devel-
opment of CINMs. Knowledge and technologies from 
multiple fields such as bioinformatics, materials science, 
chemistry, and computer science can be combined to 
facilitate clinical translation. For example, computational 
simulations can be used to assess the impact of photo-
therapy on healthy tissue surrounding the lesion.

Third, preclinical evaluation and clinical implemen-
tation of combination therapies are more complex than 
monotherapies. When designing CINMs for combination 
therapies, the mechanisms of the various combination 
therapies and the interactions with complex organisms 
should be considered. Clarifying the interactions between 
thermal effects and the microenvironment allows for a 
more rational and simpler optimization of the nature and 
function of CINMs. Avoid the simple superposition of 
cell death-based therapies, as this not only increases sys-
temic toxicity but may also generate new drug resistance. 
It is important to delve into the signaling pathways and 
alternative mechanisms involved in the various thera-
pies based on CINMs using multiple analytical and assay 
methods. In order to maximize the use of each therapy, 
complementary and synergistic effects of the various 
therapies should be ensured and their temporal and 
spatial effects should also be considered. In the case of 
oncology treatment, it is important to select the appro-
priate treatment modality and its intensity and duration, 
and to create programmed treatment modalities based 
on the status of the tumor at different treatment stages 
(e.g., tumor distribution and volume). This is cost-effec-
tive, that is, optimal efficacy and minimal adverse effects 
at the lowest dose or intensity, and also allows for person-
alized treatment for different types of tumors.

Last, the current preclinical animal models cannot 
accurately predict human therapeutic effects because 
they cannot replace human clinical features, which lim-
its the clinical translation of CINMs. Development of 
animal models that better mimic human clinical features 
may overcome this limitation, especially in functional 
validation of CINMs involved in immune mechanisms. If 
possible, large animals such as monkeys or pigs could be 
used to evaluate the pharmacokinetics and therapeutic 
effects of CINMs in vivo.

Conclusion
In conclusion, CINMs are highly competitive and prom-
ising nanomaterials for the biomedical field. Their low 
cost, easily tunable nanostructures and compositions, 
unique physicochemical properties, and multifunction-
ality enable them to provide breakthrough platforms for 
tumor therapy, imaging and tissue regeneration. Various 
photothermal-derived therapies and smart activation 
mechanisms based on CINMs have been widely explored 
in the biomedical field, providing new opportunities to 
address the challenges of poor efficacy of conventional 
therapies.

Recent studies have shown that PTT can accelerate 
ROS production in CDT and PDT, control the release 
of therapeutic agents in chemotherapy, and accelerate 
blood supply to alleviate the hypoxic microenvironment, 
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improving the efficacy of other oxygen-dependent thera-
pies. Therefore, PTT combination therapies based on 
CINMs exhibit excellent ability to kill tumor cells and 
bacteria. Moreover, CINMs-based PTT can not only 
increase wound blood supply, stimulate fibroblast pro-
liferation and relieve inflammation to accelerate wound 
healing, but also promote the proliferation, adhesion 
and migration of BMSCs, as well as the formation of 
bone matrix, thereby promoting bone repair. However, 
in this review of CINMs-based PTT, it is found that the 
clinical translation of CINMs still faces many challenges, 
including concerns about their biosafety, difficulties in 
large-scale preparation, unclear mechanisms of vari-
ous combination therapies, and inaccurate prediction of 
human therapeutic efficacy in preclinical animal models. 
In the future, multi-team and multi-disciplinary collabo-
rations are required to achieve intelligent designs and 
clinical translation of CINMs. As researchers continue 
to explore the application potential of CINMs, reveal 
the complexity of the interactions between CINMs and 
organisms, and overcome the existing challenges, we can 
foresee that CINMs-based PTT, as an emerging person-
alized treatment modality, will play a key role in the bio-
medical field.

Abbreviations
CINMs  Copper incorporated nanomaterials
PTT  Photothermal therapy
PTAs  Photothermal agents
CDT  Chemodynamic therapy
PDT  Photodynamic therapy
LSPR  Localized surface plasmon resonance
NIR  Near-infrared
PCE  Photothermal conversion efficiency
PAI  Photoacoustic imaging
NSs  Nanosheets
HSPs  Heat shock proteins
MDR  Multidrug resistance
TME  Tumor microenvironment
DDSs  Drug delivery systems
DOX  Doxorubicin
CuS  Copper sulfide
NPs  Nanoparticles
NIR-II  Second near-infrared
RGD  Arginine-glycine-aspartate
P-gp  P-glycoprotein
GSH  Glutathione
ROS  Reactive oxygen species
DSF  Disulfiram
OH  Hydroxyl radicals
PEG  Polyethylene glycol
H2O2  Hydrogen peroxide
MnO2  Manganese dioxide
PDA  Polydopamine
GOx  Glucose oxidase
1O2  Singlet oxygen
Ce6  Chlorin e6
PET  Positron emission tomography
MHT  Magnetic hyperthermia
TEM  Transmission electron microscopy
PIT  Photoimmunotherapy

TAAs  Tumor-associated antigens
ICD  Immunogenic cell death
CpG ODNs  Cytosine-phosphate-guanine oligodeoxynucleotides
BSA  Bovine serum albumin
DC  Dendritic cell
TIM  Tumor immunosuppressive microenvironment
ICB  Immune checkpoint blockade
PD-1/PD-L1  Programmed cell death protein 1 and its ligands
IDO  Indoleamine-2,3 dioxygenase
RNP  Ribonucleoprotein
3D  Three-dimensional
MRI  Magnetic resonance imaging
CT  Computed tomography
SPECT  Single photon emission computed tomography
T1WI  T1-weighted imaging
T2-FLAIR  T2-weighted fluid-attenuated inversion recovery imaging
NIRF  Near-infrared fluorescence
NCs  Nanocrystals
MRSA  Methicillin-resistant Staphylococcus aureus
rGO  Reduced graphene oxide
BMSCs  Bone marrow mesenchymal stem cells
MN  Microneedle
GTR   Guided tissue regeneration

Acknowledgements
The authors would like to thank all the reviewers who participated in the 
review and MJEditor (www.mjeditor.com) for its linguistic assistance during 
the preparation of this manuscript. Figure 1 was created by BioRender.com.

Authors’ contributions
RW and ZH conceived the conceptualization and wrote the manuscript. RW 
and YX collated and produced relevant figures for the manuscript. JM and TH 
revised the manuscript. All authors have read and approved the manuscript.

Funding
This work was supported by the Science Fund of the National Natural Science 
Foundation of China (No. 82270830), Hubei Provincial Science & Technology 
Innovation Team Grant (No. 2021BCA142).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Breast and Thyroid Surgery, Union Hospital, Tongji Medi-
cal College, Huazhong University of Science and Technology, 1277 Jiefang 
Avenue, Wuhan 430022, People’s Republic of China. 

Received: 5 July 2023   Accepted: 7 November 2023

References
 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68:394–424.



Page 31 of 36Wang et al. Biomaterials Research          (2023) 27:121  

 2. Farokhi M, Mottaghitalab F, Saeb MR, Thomas S. Functionalized thera-
nostic nanocarriers with bio-inspired polydopamine for tumor imaging 
and chemo-photothermal therapy. J Control Release. 2019;309:203–19.

 3. Wang Y, Li J, Li X, Shi J, Jiang Z, Zhang CY. Graphene-based nanomateri-
als for cancer therapy and anti-infections. Bioact Mater. 2022;14:335–49.

 4. Kim HS, Sun X, Lee JH, Kim HW, Fu X, Leong KW. Advanced drug deliv-
ery systems and artificial skin grafts for skin wound healing. Adv Drug 
Deliv Rev. 2019;146:209–39.

 5. Huang Y, Zhai X, Ma T, Zhang M, Yang H, Zhang S, et al. A unified 
therapeutic-prophylactic tissue-engineering scaffold demonstrated 
to prevent tumor recurrence and overcoming infection toward bone 
remodeling. Adv Mater. 2023;35:e2300313.

 6. Maleki A, He J, Bochani S, Nosrati V, Shahbazi MA, Guo B. Multifunctional 
photoactive hydrogels for wound healing acceleration. ACS Nano. 
2021;15:18895–930.

 7. Lee HP, Gaharwar AK. Light-responsive inorganic biomaterials for 
biomedical applications. Adv Sci (Weinh). 2020;7:2000863.

 8. Chen Y, Gao Y, Chen Y, Liu L, Mo A, Peng Q. Nanomaterials-based photo-
thermal therapy and its potentials in antibacterial treatment. J Control 
Release. 2020;328:251–62.

 9. Li X, Lovell JF, Yoon J, Chen X. Clinical development and potential of 
photothermal and photodynamic therapies for cancer. Nat Rev Clin 
Oncol. 2020;17:657–74.

 10. Beik J, Abed Z, Ghoreishi FS, Hosseini-Nami S, Mehrzadi S, Shakeri-
Zadeh A, et al. Nanotechnology in hyperthermia cancer therapy: from 
fundamental principles to advanced applications. J Control Release. 
2016;235:205–21.

 11. Gu Z, Zhu S, Yan L, Zhao F, Zhao Y. Graphene-based smart platforms for 
combined Cancer therapy. Adv Mater. 2019;31:e1800662.

 12. Oei AL, Kok HP, Oei SB, Horsman MR, Stalpers LJA, Franken NAP, et al. 
Molecular and biological rationale of hyperthermia as radio- and che-
mosensitizer. Adv Drug Deliv Rev. 2020;163-164:84–97.

 13. Huang R, Zhang C, Bu Y, Li Z, Zheng X, Qiu S, et al. A multifunctional 
nano-therapeutic platform based on octahedral yolk-shell au NR@CuS: 
Photothermal/photodynamic and targeted drug delivery tri-combined 
therapy for rheumatoid arthritis. Biomaterials. 2021;277:121088.

 14. Xu X, Han C, Zhang C, Yan D, Ren C, Kong L. Intelligent phototriggered 
nanoparticles induce a domino effect for multimodal tumor therapy. 
Theranostics. 2021;11:6477–90.

 15. Chang M, Hou Z, Jin D, Zhou J, Wang M, Wang M, et al. Colorectal tumor 
microenvironment-activated bio-decomposable and Metabolizable 
 Cu2O@CaCO3 nanocomposites for synergistic oncotherapy. Adv Mater. 
2020;32:e2004647.

 16. Chang M, Wang M, Wang M, Shu M, Ding B, Li C, et al. A multifunctional 
Cascade bioreactor based on hollow-structured  Cu2MoS4 for synergetic 
Cancer chemo-dynamic therapy/starvation therapy/phototherapy/
immunotherapy with remarkably enhanced efficacy. Adv Mater. 
2019;31:e1905271.

 17. Xin Y, Yu K, Zhang L, Yang Y, Yuan H, Li H, et al. Copper-based Plas-
monic catalysis: recent advances and future perspectives. Adv Mater. 
2021;33:e2008145.

 18. Zhang ZY, An YL, Wang XS, Cui LY, Li SQ, Liu CB, et al. In vitro degrada-
tion, photo-dynamic and thermal antibacterial activities of Cu-bearing 
chlorophyllin-induced Ca-P coating on magnesium alloy AZ31. Bioact 
Mater. 2022;18:284–99.

 19. Chang M, Hou Z, Wang M, Wang M, Dang P, Liu J, et al.  Cu2MoS4/Au 
Heterostructures with Enhanced Catalase-Like Activity and Photo-
conversion Efficiency for Primary/Metastatic Tumors Eradication by 
Phototherapy-Induced Immunotherapy. Small. 2020;16:e1907146.

 20. Liu L, Zhang H, Xing S, Zhang Y, Shangguan L, Wei C, et al. Copper-
zinc bimetallic single-atom catalysts with localized surface Plasmon 
resonance-enhanced Photothermal effect and catalytic activity 
for melanoma treatment and wound-healing. Adv Sci (Weinh). 
2023;10:e2207342.

 21. Jiang X, Zhang S, Ren F, Chen L, Zeng J, Zhu M, et al. Ultrasmall mag-
netic  CuFeSe2 ternary nanocrystals for multimodal imaging guided 
Photothermal therapy of Cancer. ACS Nano. 2017;11:5633–45.

 22. Tao C, An L, Lin J, Tian Q, Yang S. Surface Plasmon resonance-enhanced 
photoacoustic imaging and Photothermal therapy of endogenous 
 H2S-triggered Au@Cu2O. Small. 2019;15:e1903473.

 23. Hu R, Fang Y, Huo M, Yao H, Wang C, Chen Y, et al. Ultrasmall cu(2-
x)S nanodots as photothermal-enhanced Fenton nanocatalysts 
for synergistic tumor therapy at NIR-II biowindow. Biomaterials. 
2019;206:101–14.

 24. Huang Y, Huang Y, Wang Z, Yu S, Johnson HM, Yang Y, et al. Engi-
neered bio-heterojunction with infection-primed  H2S liberation for 
boosted angiogenesis and infectious cutaneous regeneration. Small. 
2023;19(45):e2304324.

 25. Zhang L, Yang A, Ruan C, Jiang BP, Guo X, Liang H, et al. Copper-nitro-
gen-coordinated carbon dots: transformable Phototheranostics from 
precise PTT/PDT to post-treatment imaging-guided PDT for residual 
tumor cells. ACS Appl Mater Interfaces. 2023;15:3253–65.

 26. Shanmugam M, Kuthala N, Vankayala R, Chiang CS, Kong X, Hwang KC. 
Multifunctional CuO/Cu2O truncated Nanocubes as Trimodal image-
guided near-infrared-III Photothermal agents to combat multi-drug-
resistant lung carcinoma. ACS Nano. 2021;15:14404–18.

 27. Zhang G, Xie W, Xu Z, Si Y, Li Q, Qi X, et al. CuO dot-decorated cu@
Gd2O3 core-shell hierarchical structure for Cu(i) self-supplying chemo-
dynamic therapy in combination with MRI-guided photothermal 
synergistic therapy. Mater Horiz. 2021;8:1017–28.

 28. Ouyang Z, Li D, Xiong Z, Song C, Gao Y, Liu R, et al. Antifouling den-
drimer-entrapped copper sulfide nanoparticles enable photoacoustic 
imaging-guided targeted combination therapy of tumors and tumor 
metastasis. ACS Appl Mater Interfaces. 2021;13:6069–80.

 29. Wang W, Zhang Q, Zhang M, Lv X, Li Z, Mohammadniaei M, et al. A 
novel biodegradable injectable chitosan hydrogel for overcoming post-
operative trauma and combating multiple tumors. Carbohydr Polym. 
2021;265:118065.

 30. Yu Q, Han Y, Wang X, Qin C, Zhai D, Yi Z, et al. Copper silicate hollow 
microspheres-incorporated scaffolds for chemo-Photothermal therapy 
of melanoma and tissue healing. ACS Nano. 2018;12:2695–707.

 31. Wang X, Lv F, Li T, Han Y, Yi Z, Liu M, et al. Electrospun micropatterned 
nanocomposites incorporated with  Cu2S Nanoflowers for skin tumor 
therapy and wound healing. ACS Nano. 2017;11:11337–49.

 32. Naz S, Gul A, Zia M, Javed R. Synthesis, biomedical applications, 
and toxicity of CuO nanoparticles. Appl Microbiol Biotechnol. 
2023;107:1039–61.

 33. Xie WS, Guo ZH, Zhao LY, Wei Y. The copper age in cancer treatment: 
from copper metabolism to cuproptosis. Prog Mater Sci. 2023:138.

 34. Zhong X, Dai X, Wang Y, Wang H, Qian H, Wang X. Copper-based 
nanomaterials for cancer theranostics. Wiley Interdiscip Rev Nanomed 
Nanobiotechnol. 2022;14:e1797.

 35. Kargozar S, Mozafari M, Ghodrat S, Fiume E, Baino F. Copper-containing 
bioactive glasses and glass-ceramics: from tissue regeneration to 
cancer therapeutic strategies. Mater Sci Eng C Mater Biol Appl. 
2021;121:111741.

 36. Wang P, Yuan Y, Xu K, Zhong H, Yang Y, Jin S, et al. Biological applications 
of copper-containing materials. Bioact Mater. 2021;6:916–27.

 37. Lai WF, Wong WT, Rogach AL. Development of copper nanoclus-
ters for in vitro and in vivo Theranostic applications. Adv Mater. 
2020;32:e1906872.

 38. Dong C, Feng W, Xu W, Yu L, Xiang H, Chen Y, et al. The coppery 
age: copper (Cu)-involved Nanotheranostics. Adv Sci (Weinh). 
2020;7:2001549.

 39. Liu CG, Tang HX, Zheng X, Yang DY, Zhang Y, Zhang JT, et al. Near-
infrared-activated lysosome pathway death induced by ROS generated 
from layered double hydroxide-copper sulfide nanocomposites. ACS 
Appl Mater Interfaces. 2020;12:40673–83.

 40. Singh P, Youden B, Yang Y, Chen Y, Carrier A, Cui S, et al. Synergistic mul-
timodal Cancer therapy using glucose oxidase@CuS nanocomposites. 
ACS Appl Mater Interfaces. 2021;13:41464–72.

 41. Li A, Li X, Yu X, Li W, Zhao R, An X, et al. Synergistic thermoradiotherapy 
based on PEGylated  Cu3BiS3 ternary semiconductor nanorods with 
strong absorption in the second near-infrared window. Biomaterials. 
2017;112:164–75.

 42. Luo M, Yukawa H, Sato K, Tozawa M, Tokunaga M, Kameyama T, et al. 
Multifunctional magnetic CuS/Gd2O3 nanoparticles for fluorescence/
magnetic resonance bimodal imaging-guided Photothermal-intensi-
fied Chemodynamic synergetic therapy of targeted tumors. ACS Appl 
Mater Interfaces. 2022;14:34365–76.



Page 32 of 36Wang et al. Biomaterials Research          (2023) 27:121 

 43. Zhang WX, Hao YN, Gao YR, Shu Y, Wang JH. Mutual benefit between 
Cu(II) and Polydopamine for improving Photothermal-Chemodynamic 
therapy. ACS Appl Mater Interfaces. 2021;13:38127–37.

 44. Liu J, Sun L, Li L, Zhang R, Xu ZP. Synergistic Cancer Photochemo-
therapy via layered double hydroxide-based Trimodal Nano-
medicine at very low therapeutic doses. ACS Appl Mater Interfaces. 
2021;13:7115–26.

 45. Guo W, Chen Z, Chen J, Feng X, Yang Y, Huang H, et al. Biodegradable 
hollow mesoporous organosilica nanotheranostics (HMON) for multi-
mode imaging and mild photo-therapeutic-induced mitochondrial 
damage on gastric cancer. J Nanobiotechnology. 2020;18:99.

 46. Wang R, He Z, Cai P, Zhao Y, Gao L, Yang W, et al. Surface-functionalized 
modified copper sulfide nanoparticles enhance checkpoint blockade 
tumor immunotherapy by Photothermal therapy and antigen captur-
ing. ACS Appl Mater Interfaces. 2019;11:13964–72.

 47. Chen L, Zhou L, Wang C, Han Y, Lu Y, Liu J, et al. Tumor-targeted drug 
and CpG delivery system for phototherapy and docetaxel-enhanced 
immunotherapy with polarization toward M1-type macrophages on 
triple negative breast cancers. Adv Mater. 2019;31:e1904997.

 48. Chen Z, Zhang Q, Zeng L, Zhang J, Liu Z, Zhang M, et al. Light-triggered 
OVA release based on CuS@poly(lactide-co-glycolide acid) nanoparti-
cles for synergistic photothermal-immunotherapy of tumor. Pharmacol 
Res. 2020;158:104902.

 49. Ji B, Cai H, Yang Y, Peng F, Song M, Sun K, et al. Hybrid membrane cam-
ouflaged copper sulfide nanoparticles for photothermal-chemotherapy 
of hepatocellular carcinoma. Acta Biomater. 2020;111:363–72.

 50. Ke K, Yang W, Xie X, Liu R, Wang LL, Lin WW, et al. Copper manganese 
sulfide Nanoplates: a new two-dimensional Theranostic Nanoplatform 
for MRI/MSOT dual-modal imaging-guided Photothermal therapy in 
the second near-infrared window. Theranostics. 2017;7:4763–76.

 51. Tan L, Wan J, Guo W, Ou C, Liu T, Fu C, et al. Renal-clearable qua-
ternary chalcogenide nanocrystal for photoacoustic/magnetic 
resonance imaging guided tumor photothermal therapy. Biomaterials. 
2018;159:108–18.

 52. Wang Y, Li Z, Hu Y, Liu J, Guo M, Wei H, et al. Photothermal conversion-
coordinated Fenton-like and photocatalytic reactions of  Cu2-xSe-Au 
Janus nanoparticles for tri-combination antitumor therapy. Biomateri-
als. 2020;255:120167.

 53. Li T, Zhou J, Wang L, Zhang H, Song C, de la Fuente JM, et al. Photo-
Fenton-like metal-protein self-assemblies as multifunctional tumor 
Theranostic agent. Adv Healthc Mater. 2019;8:e1900192.

 54. Goel S, Ferreira CA, Chen F, Ellison PA, Siamof CM, Barnhart TE, et al. Acti-
vatable hybrid Nanotheranostics for Tetramodal imaging and synergis-
tic Photothermal/photodynamic therapy. Adv Mater. 2018;30:10.1002.

 55. Tao J, Wang B, Dong Y, Chen X, Li S, Jiang T, et al. Photothermal and 
acid-responsive Fucoidan-CuS bubble pump microneedles for com-
bined CDT/PTT/CT treatment of melanoma. ACS Appl Mater Interfaces. 
2023;15:40267–79.

 56. Sun X, Liang X, Wang Y, Ma P, Xiong W, Qian S, et al. A tumor microen-
vironment-activatable nanoplatform with phycocyanin-assisted in-situ 
nanoagent generation for synergistic treatment of colorectal cancer. 
Biomaterials. 2023;301:122263.

 57. Liu L, Zhang H, Peng L, Wang D, Zhang Y, Yan B, et al. A copper-metal 
organic framework enhances the photothermal and chemodynamic 
properties of polydopamine for melanoma therapy. Acta Biomater. 
2023;158:660–72.

 58. Xu Q, Hu H, Mo Z, Chen T, He Q, Xu Z. A multifunctional nanotheranos-
tic agent based on Lenvatinib for multimodal synergistic hepatocel-
lular carcinoma therapy with remarkably enhanced efficacy. J Colloid 
Interface Sci. 2023;638:375–91.

 59. Zhang M, Wang L, Liu H, Wang Z, Feng W, Jin H, et al. Copper ion 
and ruthenium complex Codoped Polydopamine nanoparticles for 
magnetic resonance/photoacoustic tomography imaging-guided 
photodynamic/Photothermal dual-mode therapy. ACS Appl Bio Mater. 
2022;5:2365–76.

 60. Dai X, Zhao Y, Yu Y, Chen X, Wei X, Zhang X, et al. Single continuous 
near-infrared laser-triggered photodynamic and Photothermal ablation 
of antibiotic-resistant Bacteria using effective targeted copper sulfide 
nanoclusters. ACS Appl Mater Interfaces. 2017;9:30470–9.

 61. Qiao Y, Ping Y, Zhang H, Zhou B, Liu F, Yu Y, et al. Laser-Activatable CuS 
Nanodots to treat multidrug-resistant Bacteria and release copper ion 

to accelerate healing of infected chronic nonhealing wounds. ACS Appl 
Mater Interfaces. 2019;11:3809–22.

 62. Yang Y, Wang C, Wang N, Li J, Zhu Y, Zai J, et al. Photogenerated reactive 
oxygen species and hyperthermia by  Cu3SnS4 nanoflakes for advanced 
photocatalytic and photothermal antibacterial therapy. J Nanobiotech-
nology. 2022;20:195.

 63. Dang W, Li T, Li B, Ma H, Zhai D, Wang X, et al. A bifunctional scaffold 
with  CuFeSe2 nanocrystals for tumor therapy and bone reconstruction. 
Biomaterials. 2018;160:92–106.

 64. Huang W, Xu P, Fu X, Yang J, Jing W, Cai Y, et al. Functional molecule-
mediated assembled copper nanozymes for diabetic wound healing. J 
Nanobiotechnology. 2023;21:294.

 65. Ren X, Wang H, Chen J, Xu W, He Q, Wang H, et al. Emerging 2D copper-
based materials for energy storage and conversion: a review and 
perspective. Small. 2023;19:e2204121.

 66. Jiang F, Ding B, Liang S, Zhao Y, Cheng Z, Xing B, et al. Intelligent 
 MoS2-CuO heterostructures with multiplexed imaging and remark-
ably enhanced antitumor efficacy via synergetic photothermal 
therapy/ chemodynamic therapy/ immunotherapy. Biomaterials. 
2021;268:120545.

 67. Wang J, Ye J, Lv W, Liu S, Zhang Z, Xu J, et al. Biomimetic Nanoarchitec-
tonics of hollow mesoporous copper oxide-based Nanozymes with 
Cascade catalytic reaction for near infrared-II reinforced Photothermal-
catalytic therapy. ACS Appl Mater Interfaces. 2022;14:40645–58.

 68. Ermini ML, Voliani V. Antimicrobial Nano-agents: the copper age. ACS 
Nano. 2021;15:6008–29.

 69. Yun B, Zhu H, Yuan J, Sun Q, Li Z. Synthesis, modification and bioap-
plications of nanoscale copper chalcogenides. J Mater Chem B. 
2020;8:4778–812.

 70. Coughlan C, Ibáñez M, Dobrozhan O, Singh A, Cabot A, Ryan 
KM. Compound copper chalcogenide nanocrystals. Chem Rev. 
2017;117:5865–6109.

 71. Yan H, Dong J, Luan X, Wang C, Song Z, Chen Q, et al. Ultrathin 
porous nitrogen-doped carbon-coated CuSe Heterostructures for 
combination Cancer therapy of Photothermal therapy, photocatalytic 
therapy, and logic-gated chemotherapy. ACS Appl Mater Interfaces. 
2022;14:56237–52.

 72. Wang XM, Pan S, Chen L, Wang L, Dai YT, Luo T, et al. Biogenic copper 
selenide nanoparticles for near-infrared Photothermal therapy applica-
tion. ACS Appl Mater Interfaces. 2023;15:27638–46.

 73. Huang Q, Zhang S, Zhang H, Han Y, Liu H, Ren F, et al. Boosting the 
Radiosensitizing and Photothermal Performance of  Cu2-xSe Nanocrys-
tals for Synergetic Radiophotothermal Therapy of Orthotopic Breast 
Cancer. ACS Nano. 2019;13:1342–53.

 74. Wang L, Jiang W, Su Y, Zhan M, Peng S, Liu H, et al. Self-Splittable 
Transcytosis Nanoraspberry for NIR-II photo-Immunometabolic Cancer 
therapy in deep tumor tissue. Adv Sci (Weinh). 2022;9:e2204067.

 75. Tong F, Hu H, Xu Y, Zhou Y, Xie R, Lei T, et al. Hollow copper sulfide 
nanoparticles carrying ISRIB for the sensitized photothermal therapy of 
breast cancer and brain metastases through inhibiting stress granule 
formation and reprogramming tumor-associated macrophages. Acta 
Pharm Sin B. 2023;13:3471–88.

 76. Guo Y, Xie B, Jiang M, Yuan L, Jiang X, Li S, et al. Facile and eco-friendly 
fabrication of biocompatible hydrogel containing CuS@Ser NPs with 
mechanical flexibility and photothermal antibacterial activity to pro-
mote infected wound healing. J Nanobiotechnology. 2023;21:266.

 77. Li B, Ye K, Zhang Y, Qin J, Zou R, Xu K, et al. Photothermal theragnosis 
synergistic therapy based on bimetal sulphide nanocrystals rather than 
nanocomposites. Adv Mater. 2015;27:1339–45.

 78. Ahsan MA, Puente Santiago AR, Hong Y, Zhang N, Cano M, Rodriguez-
Castellon E, et al. Tuning of trifunctional NiCu bimetallic nanoparticles 
confined in a porous carbon network with surface composition and 
local structural distortions for the Electrocatalytic oxygen reduc-
tion, oxygen and hydrogen evolution reactions. J Am Chem Soc. 
2020;142:14688–701.

 79. Pu Y, Chen S, Yang Y, Mao X. Copper-based biological alloys and 
nanocomposites for enzymatic catalysis and sensing applications. 
Nanoscale. 2023;15:11801–12.

 80. Wang Y, Yang J, Liu H, Wang X, Zhou Z, Huang Q, et al. Osteotropic 
peptide-mediated bone targeting for photothermal treatment of bone 
tumors. Biomaterials. 2017;114:97–105.



Page 33 of 36Wang et al. Biomaterials Research          (2023) 27:121  

 81. Zhang Y, Sha R, Zhang L, Zhang W, Jin P, Xu W, et al. Harnessing copper-
palladium alloy tetrapod nanoparticle-induced pro-survival autophagy 
for optimized photothermal therapy of drug-resistant cancer. Nat Com-
mun. 2018;9:4236.

 82. Wang J, Shangguan P, Lin M, Fu L, Liu Y, Han L, et al. Dual-site Förster 
resonance energy transfer route of Upconversion nanoparticles-based 
brain-targeted Nanotheranostic boosts the near-infrared phototherapy 
of glioma. ACS Nano. 2023;17:16840-53.

 83. Liu L, Li S, Yang K, Chen Z, Li Q, Zheng L, et al. Drug-free antimicrobial 
Nanomotor for precise treatment of multidrug-resistant bacterial infec-
tions. Nano Lett. 2023;23:3929–38.

 84. Gawande MB, Goswami A, Felpin FX, Asefa T, Huang X, Silva R, et al. Cu 
and cu-based nanoparticles: synthesis and applications in catalysis. 
Chem Rev. 2016;116:3722–811.

 85. Jana D, Jia S, Bindra AK, Xing P, Ding D, Zhao Y. Clearable black phos-
phorus Nanoconjugate for targeted Cancer Phototheranostics. ACS 
Appl Mater Interfaces. 2020;12:18342–51.

 86. Goel S, Chen F, Cai W. Synthesis and biomedical applications of 
copper sulfide nanoparticles: from sensors to theranostics. Small. 
2014;10:631–45.

 87. Sun X, Li L, Zhang H, Dong M, Wang J, Jia P, et al. Near-infrared light-
regulated drug-food homologous bioactive molecules and Photo-
thermal collaborative precise antibacterial therapy Nanoplatform with 
controlled release property. Adv Healthc Mater. 2021;10:e2100546.

 88. Jiang X, Han Y, Zhang H, Liu H, Huang Q, Wang T, et al. Cu-Fe-se ternary 
Nanosheet-based drug delivery Carrier for multimodal imaging and 
combined chemo/Photothermal therapy of Cancer. ACS Appl Mater 
Interfaces. 2018;10:43396–404.

 89. Li B, Wang X, Chen L, Zhou Y, Dang W, Chang J, et al. Ultrathin cu-TCPP 
MOF nanosheets: a new theragnostic nanoplatform with magnetic 
resonance/near-infrared thermal imaging for synergistic phototherapy 
of cancers. Theranostics. 2018;8:4086–96.

 90. Zhang H, Chen Y, Cai Y, Liu J, Liu P, Li Z, et al. Paramagnetic CuS hollow 
nanoflowers for  T2-FLAIR magnetic resonance imaging-guided thermo-
chemotherapy of cancer. Biomater Sci. 2018;7:409–18.

 91. Chu X, Zhang L, Li Y, He Y, Zhang Y, Du C. NIR responsive doxorubicin-
loaded hollow copper ferrite @ Polydopamine for synergistic Chemody-
namic/Photothermal/chemo-therapy. Small. 2023;19:e2205414.

 92. Zhang Z, Wen J, Zhang J, Guo D, Zhang Q. Vacancy-modulated of CuS 
for highly antibacterial efficiency via Photothermal/photodynamic 
synergetic therapy. Adv Healthc Mater. 2023;12:e2201746.

 93. Zhan Z, Zeng W, Liu J, Zhang L, Cao Y, Li P, et al. Engineered biomimetic 
copper sulfide Nanozyme mediates "Don’t eat me" signaling for Photo-
thermal and Chemodynamic precision therapies of breast Cancer. ACS 
Appl Mater Interfaces. 2023;15:24071–83.

 94. Liu Q, Qian Y, Li P, Zhang S, Liu J, Sun X, et al. 131I-labeled copper 
sulfide-loaded microspheres to treat hepatic tumors via hepatic artery 
embolization. Theranostics. 2018;8:785–99.

 95. Zheng Q, Liu X, Zheng Y, Yeung KWK, Cui Z, Liang Y, et al. The recent 
progress on metal-organic frameworks for phototherapy. Chem Soc 
Rev. 2021;50:5086–125.

 96. Xie Z, Fan T, An J, Choi W, Duo Y, Ge Y, et al. Emerging combination 
strategies with phototherapy in cancer nanomedicine. Chem Soc Rev. 
2020;49:8065–87.

 97. Liu Y, Bhattarai P, Dai Z, Chen X. Photothermal therapy and photoacous-
tic imaging via nanotheranostics in fighting cancer. Chem Soc Rev. 
2019;48:2053–108.

 98. Wang K, Lu J, Li J, Gao Y, Mao Y, Zhao Q, et al. Current trends in smart 
mesoporous silica-based nanovehicles for photoactivated cancer 
therapy. J Control Release. 2021;339:445–72.

 99. Li X, Yuan HJ, Tian XM, Tang J, Liu LF, Liu FY. Biocompatible copper 
sulfide-based nanocomposites for artery interventional chemo-photo-
thermal therapy of orthotropic hepatocellular carcinoma. Mater Today 
Bio. 2021;12:100128.

 100. Xiang H, Xue F, Yi T, Tham HP, Liu JG, Zhao Y.  Cu2-xS Nanocrystals Cross-
Linked with Chlorin e6-Functionalized Polyethylenimine for Synergistic 
Photodynamic and Photothermal Therapy of Cancer. ACS Appl Mater 
Interfaces. 2018;10:16344–51.

 101. Jiang W, Han X, Zhang T, Xie D, Zhang H, Hu Y. An oxygen self-evolving, 
multistage delivery system for deeply located hypoxic tumor treat-
ment. Adv Healthc Mater. 2020;9:e1901303.

 102. Yan T, Yang K, Chen C, Zhou Z, Shen P, Jia Y, et al. Synergistic photo-
thermal cancer immunotherapy by Cas9 ribonucleoprotein-based 
copper sulfide nanotherapeutic platform targeting PTPN2. Biomaterials. 
2021;279:121233.

 103. Cheng Y, Chen Q, Guo Z, Li M, Yang X, Wan G, et al. An intelligent biomi-
metic Nanoplatform for holistic treatment of metastatic triple-negative 
breast Cancer via Photothermal ablation and immune remodeling. ACS 
Nano. 2020;14:15161–81.

 104. Zhou Y, Fan S, Feng L, Huang X, Chen X. Manipulating Intratumoral 
Fenton chemistry for enhanced Chemodynamic and Chemodynamic-
synergized multimodal therapy. Adv Mater. 2021;33:e2104223.

 105. Xiao Z, Zuo W, Chen L, Wu L, Liu N, Liu J, et al.  H2O2 self-supplying 
and GSH-depleting Nanoplatform for Chemodynamic therapy 
synergetic Photothermal/chemotherapy. ACS Appl Mater Interfaces. 
2021;13:43925–36.

 106. Kemp JA, Shim MS, Heo CY, Kwon YJ. "Combo" nanomedicine: co-
delivery of multi-modal therapeutics for efficient, targeted, and safe 
cancer therapy. Adv Drug Deliv Rev. 2016;98:3–18.

 107. Pan L, Liu J, Shi J. Cancer cell nucleus-targeting nanocomposites for 
advanced tumor therapeutics. Chem Soc Rev. 2018;47:6930–46.

 108. Sun Q, Sun X, Ma X, Zhou Z, Jin E, Zhang B, et al. Integration of 
nanoassembly functions for an effective delivery cascade for cancer 
drugs. Adv Mater. 2014;26:7615–21.

 109. Tang HX, Liu CG, Zhang JT, Zheng X, Yang DY, Kankala RK, et al. Biode-
gradable quantum composites for synergistic Photothermal therapy 
and copper-enhanced chemotherapy. ACS Appl Mater Interfaces. 
2020;12:47289–98.

 110. Liu W, Dong A, Wang B, Zhang H. Current advances in black 
phosphorus-based drug delivery Systems for Cancer Therapy. Adv Sci 
(Weinh). 2021;8:2003033.

 111. Sun Q, Zhou Z, Qiu N, Shen Y. Rational Design of Cancer Nanomedi-
cine: Nanoproperty Integration and Synchronization. Adv Mater. 
2017;29(14):1606628.

 112. Xiong Z, Wang Y, Zhu W, Ouyang Z, Zhu Y, Shen M, et al. A dual-
responsive platform based on antifouling dendrimer-CuS Nanohy-
brids for enhanced tumor delivery and combination therapy. Small 
Methods. 2021;5:e2100204.

 113. Liu W, Xiang H, Tan M, Chen Q, Jiang Q, Yang L, et al. Nanomedicine 
enables drug-potency activation with tumor sensitivity and hyper-
thermia synergy in the second near-infrared biowindow. ACS Nano. 
2021;15:6457–70.

 114. Jeong H, Park W, Kim DH, Na K. Dynamic nanoassemblies of 
nanomaterials for cancer photomedicine. Adv Drug Deliv Rev. 
2021;177:113954.

 115. Markman JL, Rekechenetskiy A, Holler E, Ljubimova JY. Nanomedicine 
therapeutic approaches to overcome cancer drug resistance. Adv 
Drug Deliv Rev. 2013;65:1866–79.

 116. Ding B, Zheng P, Ma P, Lin J. Manganese oxide nanomaterials: 
synthesis, properties, and Theranostic applications. Adv Mater. 
2020;32:e1905823.

 117. Qiao J, Tian F, Deng Y, Shang Y, Chen S, Chang E, et al. Bio-orthogonal 
click-targeting nanocomposites for chemo-photothermal synergistic 
therapy in breast cancer. Theranostics. 2020;10:5305–21.

 118. Xu Q, Li Q, Yang Z, Huang P, Hu H, Mo Z, et al. Lenvatinib and  Cu2-xS 
nanocrystals co-encapsulated in poly(D,L-lactide-co-glycolide) for syn-
ergistic chemo-photothermal therapy against advanced hepatocellular 
carcinoma. J Mater Chem B. 2021;9:9908–22.

 119. Wei G, Wang Y, Yang G, Wang Y, Ju R. Recent progress in nanomedicine 
for enhanced cancer chemotherapy. Theranostics. 2021;11:6370–92.

 120. Jia C, Guo Y, Wu FG. Chemodynamic therapy via Fenton and 
Fenton-like nanomaterials: strategies and recent advances. Small. 
2022;18:e2103868.

 121. Zhang L, Li CX, Wan SS, Zhang XZ. Nanocatalyst-mediated Chemody-
namic tumor therapy. Adv Healthc Mater. 2022;11:e2101971.

 122. Hu H, Feng W, Qian X, Yu L, Chen Y, Li Y. Emerging Nanomedicine-ena-
bled/enhanced Nanodynamic therapies beyond traditional Photody-
namics. Adv Mater. 2021;33:e2005062.

 123. Zuo W, Fan Z, Chen L, Liu J, Wan Z, Xiao Z, et al. Copper-based theranos-
tic nanocatalysts for synergetic photothermal-chemodynamic therapy. 
Acta Biomater. 2022;147:258–69.



Page 34 of 36Wang et al. Biomaterials Research          (2023) 27:121 

 124. Nichela DA, Berkovic AM, Costante MR, Juliarena MP, Einschlag FSG. 
Nitrobenzene degradation in Fenton-like systems using Cu(II) as cata-
lyst. Comparison between Cu(II)- and Fe(III)-based systems. Chem Eng J. 
2013;228:1148–57.

 125. Ma B, Wang S, Liu F, Zhang S, Duan J, Li Z, et al. Self-assembled 
copper-amino acid nanoparticles for in situ glutathione "AND"  H2O2 
sequentially triggered Chemodynamic therapy. J Am Chem Soc. 
2019;141:849–57.

 126. Qi X, Wang G, Wang P, Pei Y, Zhang C, Yan M, et al. Transferrin protein 
Corona-modified CuGd Core-Shell Nanoplatform for tumor-targeting 
Photothermal and Chemodynamic synergistic therapies. ACS Appl 
Mater Interfaces. 2022;14:7659–70.

 127. Zhang Q, Li Y, Jiang C, Sun W, Tao J, Lu L. Near-infrared light-enhanced 
generation of hydroxyl radical for Cancer immunotherapy. Adv Healthc 
Mater. 2023;12(28):e2301502.

 128. Yao J, Yang F, Zheng F, Yao C, Xing J, Xu X, et al. Boosting Chemody-
namic therapy via a synergy of hypothermal ablation and oxidation 
resistance reduction. ACS Appl Mater Interfaces. 2021;13:54770–82.

 129. Yang C, Younis MR, Zhang J, Qu J, Lin J, Huang P. Programmable NIR-II 
Photothermal-enhanced starvation-primed Chemodynamic therapy 
using glucose oxidase-functionalized ancient pigment Nanosheets. 
Small. 2020;16:e2001518.

 130. Wang S, Zhao J, Zhang L, Zhang C, Qiu Z, Zhao S, et al. A unique mul-
tifunctional Nanoenzyme tailored for triggering tumor microenviron-
ment activated NIR-II photoacoustic imaging and Chemodynamic/Pho-
tothermal combined therapy. Adv Healthc Mater. 2022;11:e2102073.

 131. Wu H, Chen F, You C, Zhang Y, Sun B, Zhu Q. Smart porous Core-
Shell cuprous oxide Nanocatalyst with high biocompatibility for 
acid-triggered chemo/Chemodynamic synergistic therapy. Small. 
2020;16:e2001805.

 132. Luo Y, Zhang L, Wang S, Wang Y, Hua J, Wen C, et al.  H2O2 self-supply 
and glutathione depletion engineering Nanoassemblies for NIR-II pho-
toacoustic imaging of tumor tissues and Photothermal-enhanced gas 
starvation-primed Chemodynamic therapy. ACS Appl Mater Interfaces. 
2023;15:38309–22.

 133. Fu LH, Qi C, Lin J, Huang P. Catalytic chemistry of glucose oxidase in 
cancer diagnosis and treatment. Chem Soc Rev. 2018;47:6454–72.

 134. Fu LH, Qi C, Hu YR, Lin J, Huang P. Glucose oxidase-instructed multi-
modal synergistic Cancer therapy. Adv Mater. 2019;31:e1808325.

 135. Li X, Pan Y, Zhou J, Yi G, He C, Zhao Z, et al. Hyaluronic acid-modified 
manganese dioxide-enveloped hollow copper sulfide nanoparticles 
as a multifunctional system for the co-delivery of chemotherapeutic 
drugs and photosensitizers for efficient synergistic antitumor treat-
ments. J Colloid Interface Sci. 2022;605:296–310.

 136. Vankayala R, Hwang KC. Near-infrared-light-Activatable nanomaterial-
mediated Phototheranostic Nanomedicines: An emerging paradigm for 
Cancer treatment. Adv Mater. 2018;30:e1706320.

 137. Deng X, Shao Z, Zhao Y. Solutions to the drawbacks of Photothermal 
and photodynamic Cancer therapy. Adv Sci (Weinh). 2021;8:2002504.

 138. Cheng L, Wang C, Feng L, Yang K, Liu Z. Functional nanomaterials for 
phototherapies of cancer. Chem Rev. 2014;114:10869–939.

 139. Broadwater D, Medeiros HCD, Lunt RR, Lunt SY. Current advances in 
photoactive agents for Cancer imaging and therapy. Annu Rev Biomed 
Eng. 2021;23:29–60.

 140. Li X, Lee S, Yoon J. Supramolecular photosensitizers rejuvenate photo-
dynamic therapy. Chem Soc Rev. 2018;47:1174–88.

 141. Papaioannou L, Avgoustakis K. Responsive nanomedicines enhanced 
by or enhancing physical modalities to treat solid cancer tumors: pre-
clinical and clinical evidence of safety and efficacy. Adv Drug Deliv Rev. 
2022;181:114075.

 142. Lv J, Wang S, Qiao D, Lin Y, Hu S, Li M. Mitochondria-targeting mul-
tifunctional nanoplatform for cascade phototherapy and hypoxia-
activated chemotherapy. J Nanobiotechnology. 2022;20:42.

 143. Girma WM, Dehvari K, Ling YC, Chang JY. Albumin-functionalized 
 CuFeS2/photosensitizer nanohybrid for single-laser-induced folate 
receptor-targeted photothermal and photodynamic therapy. Mater Sci 
Eng C Mater Biol Appl. 2019;101:179–89.

 144. Liu J, Shi J, Nie W, Wang S, Liu G, Cai K. Recent Progress in the develop-
ment of multifunctional Nanoplatform for precise tumor phototherapy. 
Adv Healthc Mater. 2021;10:e2001207.

 145. Xu C, Pu K. Second near-infrared photothermal materials for combina-
tional nanotheranostics. Chem Soc Rev. 2021;50:1111–37.

 146. Sang D, Wang K, Sun X, Wang Y, Lin H, Jia R, et al. NIR-driven intracellular 
photocatalytic  O2 evolution on Z-scheme  Ni3S2/Cu1.8S@HA for hypoxic 
tumor therapy. ACS Appl Mater Interfaces. 2021;13:9604–19.

 147. Yang L, Zhu Y, Liang L, Wang C, Ning X, Feng X. Self-assembly of intelli-
gent Nanoplatform for endogenous  H2S-triggered multimodal Cascade 
therapy of Colon Cancer. Nano Lett. 2022;22:4207–14.

 148. Sun S, Chen Q, Tang Z, Liu C, Li Z, Wu A, et al. Tumor microenviron-
ment stimuli-responsive fluorescence imaging and synergistic Cancer 
therapy by carbon-dot-Cu2+ Nanoassemblies. Angew Chem Int Ed 
Engl. 2020;59:21041–8.

 149. Overchuk M, Weersink RA, Wilson BC, Zheng G. Photodynamic and 
Photothermal therapies: synergy opportunities for Nanomedicine. 
ACS Nano. 2023;17:7979–8003.

 150. Denkova AG, de Kruijff RM, Serra-Crespo P. Nanocarrier-mediated 
Photochemotherapy and Photoradiotherapy. Adv Healthc Mater. 
2018;7:e1701211.

 151. Xie J, Gong L, Zhu S, Yong Y, Gu Z, Zhao Y. Emerging strategies 
of nanomaterial-mediated tumor Radiosensitization. Adv Mater. 
2019;31:e1802244.

 152. Telarovic I, Wenger RH, Pruschy M. Interfering with tumor hypoxia for 
radiotherapy optimization. J Exp Clin Cancer Res. 2021;40:197.

 153. Singleton DC, Macann A, Wilson WR. Therapeutic targeting of 
the hypoxic tumour microenvironment. Nat Rev Clin Oncol. 
2021;18:751–72.

 154. Li J, Shang W, Li Y, Fu S, Tian J, Lu L. Advanced nanomaterials 
targeting hypoxia to enhance radiotherapy. Int J Nanomedicine. 
2018;13:5925–36.

 155. Xu XX, Chen SY, Yi NB, Li X, Chen SL, Lei Z, et al. Research progress 
on tumor hypoxia-associative nanomedicine. J Control Release. 
2022;350:829–40.

 156. Cai R, Xiang H, Yang D, Lin KT, Wu Y, Zhou R, et al. Plasmonic AuPt@
CuS Heterostructure with enhanced synergistic efficacy for Radio-
photothermal therapy. J Am Chem Soc. 2021;143:16113–27.

 157. Du J, Zheng X, Yong Y, Yu J, Dong X, Zhang C, et al. Design of TPGS-
functionalized  Cu3BiS3 nanocrystals with strong absorption in the 
second near-infrared window for radiation therapy enhancement. 
Nanoscale. 2017;9:8229–39.

 158. Zhang C, Men D, Zhang T, Yu Y, Xiang J, Jiang G, et al. Nanoplatforms 
with remarkably enhanced absorption in the second biological 
window for effective tumor Thermoradiotherapy. ACS Appl Mater 
Interfaces. 2020;12:2152–61.

 159. Fiorito S, Soni N, Silvestri N, Brescia R, Gavilán H, Conteh JS, et al. 
 Fe3O4@Au@Cu2-xS Heterostructures designed for tri-modal therapy: 
photo- magnetic hyperthermia and 64Cu radio-insertion. Small. 
2022;18:e2200174.

 160. Liu Q, Qian Y, Li P, Zhang S, Wang Z, Liu J, et al. The combined thera-
peutic effects of 131iodine-labeled multifunctional copper sulfide-
loaded microspheres in treating breast cancer. Acta Pharm Sin B. 
2018;8:371–80.

 161. Guo R, Wang S, Zhao L, Zong Q, Li T, Ling G, et al. Engineered 
nanomaterials for synergistic photo-immunotherapy. Biomaterials. 
2022;282:121425.

 162. Chang M, Hou Z, Wang M, Li C, Lin J. Recent advances in hyper-
thermia therapy-based synergistic immunotherapy. Adv Mater. 
2021;33:e2004788.

 163. Li Z, Lai X, Fu S, Ren L, Cai H, Zhang H, et al. Immunogenic cell death 
activates the tumor immune microenvironment to boost the immu-
notherapy efficiency. Adv Sci (Weinh). 2022;9:e2201734.

 164. Song P, Han X, Li X, Cong Y, Wu Y, Yan J, et al. Bacteria engineered with 
intracellular and extracellular nanomaterials for hierarchical modula-
tion of antitumor immune responses. Mater Horiz. 2023;10:2927–35.

 165. Liu T, Zhou Z, Zhang M, Lang P, Li J, Liu Z, et al. Cuproptosis-
immunotherapy using PD-1 overexpressing T cell membrane-
coated nanosheets efficiently treats tumor. J Control Release. 
2023;362:502–12.

 166. Yadav D, Kwak M, Chauhan PS, Puranik N, Lee PCW, Jin JO. Can-
cer immunotherapy by immune checkpoint blockade and its 
advanced application using bio-nanomaterials. Semin Cancer Biol. 
2022;86:909–22.



Page 35 of 36Wang et al. Biomaterials Research          (2023) 27:121  

 167. Chen C, Ma Y, Du S, Wu Y, Shen P, Yan T, et al. Controlled CRISPR-Cas9 
ribonucleoprotein delivery for sensitized Photothermal therapy. 
Small. 2021;17:e2101155.

 168. Ge Y, Zhang J, Jin K, Ye Z, Wang W, Zhou Z, et al. Multifunctional 
nanoparticles precisely reprogram the tumor microenvironment and 
potentiate antitumor immunotherapy after near-infrared-II light-
mediated photothermal therapy. Acta Biomater. 2023;167:551–63.

 169. Kim J, Kim J, Jeong C, Kim WJ. Synergistic nanomedicine by 
combined gene and photothermal therapy. Adv Drug Deliv Rev. 
2016;98:99–112.

 170. Fang T, Cao X, Ibnat M, Chen G. Stimuli-responsive nanoformulations for 
CRISPR-Cas9 genome editing. J Nanobiotechnology. 2022;20:354.

 171. Chen Q, Wen J, Li H, Xu Y, Liu F, Sun S. Recent advances in differ-
ent modal imaging-guided photothermal therapy. Biomaterials. 
2016;106:144–66.

 172. Miao ZH, Wang H, Yang H, Li ZL, Zhen L, Xu CY. Intrinsically  Mn2+−
chelated Polydopamine nanoparticles for simultaneous magnetic 
resonance imaging and Photothermal ablation of Cancer cells. ACS 
Appl Mater Interfaces. 2015;7:16946–52.

 173. Curcio A, Silva AKA, Cabana S, Espinosa A, Baptiste B, Menguy N, et al. 
Iron oxide nanoflowers@ CuS hybrids for cancer tri-therapy: interplay 
of photothermal therapy, magnetic hyperthermia and photodynamic 
therapy. Theranostics. 2019;9:1288–302.

 174. Angelovski G. What we can really do with bioresponsive MRI contrast 
agents. Angew Chem Int Ed Engl. 2016;55:7038–46.

 175. Lee N, Hyeon T. Designed synthesis of uniformly sized iron oxide nano-
particles for efficient magnetic resonance imaging contrast agents. 
Chem Soc Rev. 2012;41:2575–89.

 176. Ni D, Bu W, Ehlerding EB, Cai W, Shi J. Engineering of inorganic nanopar-
ticles as magnetic resonance imaging contrast agents. Chem Soc Rev. 
2017;46:7438–68.

 177. Sun H, Zhang Y, Chen S, Wang R, Chen Q, Li J, et al. Photothermal 
Fenton Nanocatalysts for synergetic Cancer therapy in the second near-
infrared window. ACS Appl Mater Interfaces. 2020;12:30145–54.

 178. Lin M, Wang D, Li S, Tang Q, Liu S, Ge R, et al. Cu(II) doped polyaniline 
nanoshuttles for multimodal tumor diagnosis and therapy. Biomaterials. 
2016;104:213–22.

 179. Yin M, Liu X, Lei Z, Gao Y, Liu J, Tian S, et al. Precisely translating com-
puted tomography diagnosis accuracy into therapeutic intervention by 
a carbon-iodine conjugated polymer. Nat Commun. 2022;13:2625.

 180. Lusic H, Grinstaff MW. X-ray-computed tomography contrast agents. 
Chem Rev. 2013;113:1641–66.

 181. Kim D, Kim J, Park YI, Lee N, Hyeon T. Recent development of inorganic 
nanoparticles for biomedical imaging. ACS Cent Sci. 2018;4:324–36.

 182. Yeh BM, FitzGerald PF, Edic PM, Lambert JW, Colborn RE, Marino ME, 
et al. Opportunities for new CT contrast agents to maximize the diag-
nostic potential of emerging spectral CT technologies. Adv Drug Deliv 
Rev. 2017;113:201–22.

 183. Zhang Y, Wang R, Li W, Huang G, Zhu J, Cheng J, et al. Construction of 
DOX/APC co-loaded BiOI@CuS NPs for safe and highly effective CT 
imaging and chemo-photothermal therapy of lung cancer. J Mater 
Chem B. 2019;7:7176–83.

 184. Wang J, Zhang C.  CuGeO3 nanoparticles: An efficient Photothermal 
Theragnosis agent for CT imaging-guided Photothermal therapy of 
cancers. Front Bioeng Biotechnol. 2020;8:590518.

 185. Wen M, Wang S, Jiang R, Wang Y, Wang Z, Yu W, et al. Tuning the NIR 
photoabsorption of  CuWO4-x nanodots with oxygen vacancies for 
CT imaging guided photothermal therapy of tumors. Biomater Sci. 
2019;7:4651–60.

 186. Pelaz B, Alexiou C, Alvarez-Puebla RA, Alves F, Andrews AM, 
Ashraf S, et al. Diverse applications of Nanomedicine. ACS Nano. 
2017;11:2313–81.

 187. Pimlott SL, Sutherland A. Molecular tracers for the PET and SPECT imag-
ing of disease. Chem Soc Rev. 2011;40:149–62.

 188. Rowe SP, Pomper MG. Molecular imaging in oncology: current impact 
and future directions. CA Cancer J Clin. 2022;72:333–52.

 189. Yang CT, Ghosh KK, Padmanabhan P, Langer O, Liu J, Eng DNC, et al. 
PET-MR and SPECT-MR multimodality probes: development and chal-
lenges. Theranostics. 2018;8:6210–32.

 190. Hu K, Xie L, Zhang Y, Hanyu M, Yang Z, Nagatsu K, et al. Marriage of 
black phosphorus and  Cu2+ as effective photothermal agents for PET-
guided combination cancer therapy. Nat Commun. 2020;11:2778.

 191. Yi X, Shen M, Liu X, Gu J, Jiang Z, Xu L, et al. Diagnostic radionuclides 
labeled on biomimetic nanoparticles for enhanced follow-up Photo-
thermal therapy of Cancer. Adv Healthc Mater. 2021;10:e2100860.

 192. Bindra AK, Wang D, Zheng Z, Jana D, Zhou W, Yan S, et al. Self-assem-
bled semiconducting polymer based hybrid nanoagents for synergistic 
tumor treatment. Biomaterials. 2021;279:121188.

 193. Wang S, Zhang L, Zhao J, He M, Huang Y, Zhao S. A tumor microen-
vironment-induced absorption red-shifted polymer nanoparticle for 
simultaneously activated photoacoustic imaging and photothermal 
therapy. Sci Adv. 2021;7(12):eabe3588.

 194. Van den Wyngaert T, Palli SR, Imhoff RJ, Hirschmann MT. Cost-effective-
ness of bone SPECT/CT in painful Total knee arthroplasty. J Nucl Med. 
2018;59:1742–50.

 195. Jiang Y, Pu K. Advanced photoacoustic imaging applications of near-
infrared absorbing organic nanoparticles. Small. 2017;13:e1700710.

 196. Shi H, Sun Y, Yan R, Liu S, Zhu L, Liu S, et al. Magnetic semiconductor 
Gd-doping CuS nanoparticles as Activatable Nanoprobes for bimodal 
imaging and targeted Photothermal therapy of gastric tumors. Nano 
Lett. 2019;19:937–47.

 197. Zha K, Xiong Y, Zhang W, Tan M, Hu W, Lin Z, et al. Waste to wealth: 
near-infrared/pH dual-responsive copper-humic acid hydrogel 
films for Bacteria-infected cutaneous wound healing. ACS Nano. 
2023;17(17):17199–216.

 198. Xiao Y, Peng J, Liu Q, Chen L, Shi K, Han R, et al. Ultrasmall CuS@BSA 
nanoparticles with mild photothermal conversion synergistically 
induce MSCs-differentiated fibroblast and improve skin regeneration. 
Theranostics. 2020;10:1500–13.

 199. Dang W, Ma B, Li B, Huan Z, Ma N, Zhu H, et al. 3D printing of metal-
organic framework nanosheets-structured scaffolds with tumor therapy 
and bone construction. Biofabrication. 2020;12:025005.

 200. Chen Y, Wang X, Tao S, Wang Q, Ma PQ, Li ZB, et al. Research advances 
in smart responsive-hydrogel dressings with potential clinical diabetic 
wound healing properties. Mil Med Res. 2023;10:37.

 201. Chin JS, Madden L, Chew SY, Becker DL. Drug therapies and delivery 
mechanisms to treat perturbed skin wound healing. Adv Drug Deliv 
Rev. 2019;149-150:2–18.

 202. Huang F, Lu X, Yang Y, Yang Y, Li Y, Kuai L, et al. Microenvironment-based 
diabetic foot ulcer Nanomedicine. Adv Sci (Weinh). 2023;10:e2203308.

 203. Wang X, Shi Q, Zha Z, Zhu D, Zheng L, Shi L, et al. Copper single-
atom catalysts with photothermal performance and enhanced 
nanozyme activity for bacteria-infected wound therapy. Bioact Mater. 
2021;6:4389–401.

 204. He S, Feng Y, Sun Q, Xu Z, Zhang W. Charge-switchable  CuxO Nanozyme 
with peroxidase and near-infrared light enhanced Photothermal 
activity for wound antibacterial application. ACS Appl Mater Interfaces. 
2022;14:25042–9.

 205. Liu Y, Guo Z, Li F, Xiao Y, Zhang Y, Bu T, et al. Multifunctional magnetic 
copper ferrite nanoparticles as Fenton-like reaction and near-infrared 
Photothermal agents for synergetic antibacterial therapy. ACS Appl 
Mater Interfaces. 2019;11:31649–60.

 206. Gao Y, Wang Z, Li Y, Yang J, Liao Z, Liu J, et al. A rational design of 
copper-selenium nanoclusters that cures sepsis by consuming endog-
enous  H2S to trigger photothermal therapy and ROS burst. Biomater 
Sci. 2022;10:3137–57.

 207. Guo Z, Liu Y, Zhang Y, Sun X, Li F, Bu T, et al. A bifunctional nanoplat-
form based on copper manganate nanoflakes for bacterial elimina-
tion via a catalytic and photothermal synergistic effect. Biomater Sci. 
2020;8:4266–74.

 208. Wang Y, Zou Y, Wu Y, Wei T, Lu K, Li L, et al. Universal antifouling and 
Photothermal antibacterial surfaces based on multifunctional metal-
phenolic networks for prevention of biofilm formation. ACS Appl Mater 
Interfaces. 2021;13:48403–13.

 209. Nain A, Wei SC, Lin YF, Tseng YT, Mandal RP, Huang YF, et al. Copper 
sulfide Nanoassemblies for catalytic and Photoresponsive eradica-
tion of Bacteria from infected wounds. ACS Appl Mater Interfaces. 
2021;13:7865–78.



Page 36 of 36Wang et al. Biomaterials Research          (2023) 27:121 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 210. Yu P, Han Y, Han D, Liu X, Liang Y, Li Z, et al. In-situ sulfuration of cu-
based metal-organic framework for rapid near-infrared light steriliza-
tion. J Hazard Mater. 2020;390:122126.

 211. Yang C, Ma X, Wu P, Shang L, Zhao Y, Zhong L. Adhesive composite 
microspheres with dual antibacterial strategies for infected wound 
healing. Small. 2023;19:e2301092.

 212. Hao S, Han H, Yang Z, Chen M, Jiang Y, Lu G, et al. Recent advance-
ments on Photothermal conversion and antibacterial applications over 
MXenes-based materials. Nanomicro Lett. 2022;14:178.

 213. Huang Y, Zou L, Wang J, Jin Q, Ji J. Stimuli-responsive nanoplatforms for 
antibacterial applications. Wiley Interdiscip Rev Nanomed Nanobio-
technol. 2022;14:e1775.

 214. Yao S, Wang Y, Chi J, Yu Y, Zhao Y, Luo Y, et al. Porous MOF microneedle 
Array patch with Photothermal responsive nitric oxide delivery for 
wound healing. Adv Sci (Weinh). 2022;9:e2103449.

 215. Dong D, Cheng Z, Wang T, Wu X, Ding C, Chen Y, et al. Acid-degradable 
nanocomposite hydrogel and glucose oxidase combination for killing 
bacterial with photothermal augmented chemodynamic therapy. Int J 
Biol Macromol. 2023;234:123745.

 216. Huo J, Jia Q, Huang H, Zhang J, Li P, Dong X, et al. Emerging photother-
mal-derived multimodal synergistic therapy in combating bacterial 
infections. Chem Soc Rev. 2021;50:8762–89.

 217. Wei H, Cui J, Lin K, Xie J, Wang X. Recent advances in smart stimuli-
responsive biomaterials for bone therapeutics and regeneration. Bone 
Res. 2022;10:17.

 218. Collins MN, Ren G, Young K, Pina S, Reis RL, Oliveira JM. Scaffold fabrica-
tion technologies and structure/function properties in bone tissue 
engineering. Adv Funct Mater. 2021;31

 219. Zhang M, Xu F, Cao J, Dou Q, Wang J, Wang J, et al. Research advances 
of nanomaterials for the acceleration of fracture healing. Bioact Mater. 
2024;31:368–94.

 220. O’Toole G, Kaplan HB, Kolter R. Biofilm formation as microbial develop-
ment. Annu Rev Microbiol. 2000;54:49–79.

 221. Wolcott RD, Rumbaugh KP, James G, Schultz G, Phillips P, Yang Q, et al. 
Biofilm maturity studies indicate sharp debridement opens a time- 
dependent therapeutic window. J Wound Care. 2010;19:320–8.

 222. Mei J, Xu D, Wang L, Kong L, Liu Q, Li Q, et al. Biofilm Microenvironment-
Responsive Self-Assembly Nanoreactors for All-Stage Biofilm Associated 
Infection through Bacterial Cuproptosis-like Death and Macrophage 
Re-Rousing. Adv Mater. 2023;35(36):2303432.

 223. Zhang J, Tang S, Ding N, Ma P, Zhang Z. Surface-modified  Ti3C2 MXene 
nanosheets for mesenchymal stem cell osteogenic differentiation via 
photothermal conversion. Nanoscale Adv. 2023;5:2921–32.

 224. Zhang Z, Wang Y, Teng W, Zhou X, Ye Y, Zhou H, et al. An orthobiologics-
free strategy for synergistic photocatalytic antibacterial and osseointe-
gration. Biomaterials. 2021;274:120853.

 225. Belluomo R, Khodaei A, Amin YS. Additively manufactured bi-func-
tionalized bioceramics for reconstruction of bone tumor defects. Acta 
Biomater. 2023;156:234–49.

 226. Yu FX, Lee PSY, Yang L, Gao N, Zhang Y, Ljubimov AV, et al. The impact of 
sensory neuropathy and inflammation on epithelial wound healing in 
diabetic corneas. Prog Retin Eye Res. 2022;89:101039.

 227. Qiao Y, He J, Chen W, Yu Y, Li W, Du Z, et al. Light-Activatable synergistic 
therapy of drug-resistant Bacteria-infected cutaneous chronic wounds 
and nonhealing keratitis by cupriferous hollow Nanoshells. ACS Nano. 
2020;14:3299–315.

 228. Ye Y, He J, Qiao Y, Qi Y, Zhang H, Santos HA, et al. Mild temperature 
photothermal assisted anti-bacterial and anti-inflammatory nanosys-
tem for synergistic treatment of post-cataract surgery endophthalmitis. 
Theranostics. 2020;10:8541–57.

 229. Teles F, Collman RG, Mominkhan D, Wang Y. Viruses, periodontitis, and 
comorbidities. Periodontol. 2000;2022(89):190–206.

 230. Liu X, He X, Jin D, Wu S, Wang H, Yin M, et al. A biodegradable multi-
functional nanofibrous membrane for periodontal tissue regeneration. 
Acta Biomater. 2020;108:207–22.

 231. Xu Y, Zhao S, Weng Z, Zhang W, Wan X, Cui T, et al. Jelly-inspired inject-
able guided tissue regeneration strategy with shape auto-matched and 
dual-light-defined antibacterial/osteogenic pattern switch properties. 
ACS Appl Mater Interfaces. 2020;12:54497–506.

 232. Dong C, Yang C, Younis MR, Zhang J, He G, Qiu X, et al. Bioac-
tive NIR-II light-responsive shape memory composite based on 

Cuprorivaite Nanosheets for endometrial regeneration. Adv Sci (Weinh). 
2022;9:e2102220.

 233. Wei C, Pan Y, Zhang Y, Dai Y, Jiang L, Shi L, et al. Overactivated sonic 
hedgehog signaling aggravates intrauterine adhesion via inhibiting 
autophagy in endometrial stromal cells. Cell Death Dis. 2020;11:755.

 234. Tang D, Chen X, Kroemer G. Cuproptosis: a copper-triggered modality 
of mitochondrial cell death. Cell Res. 2022;32:417–8.

 235. Ramos-Zúñiga J, Bruna N, Pérez-Donoso JM. Toxicity mechanisms 
of copper nanoparticles and copper surfaces on bacterial cells and 
viruses. Int J Mol Sci. 2023;24(13):10503.

 236. Farshori NN, Siddiqui MA, Al-Oqail MM, Al-Sheddi ES, Al-Massarani SM, 
Ahamed M, et al. Copper oxide nanoparticles exhibit cell death through 
oxidative stress responses in human airway epithelial cells: a mechanis-
tic study. Biol Trace Elem Res. 2022;200:5042–51.

 237. Wang Y, Aker WG, Hwang HM, Yedjou CG, Yu H, Tchounwou PB. A study 
of the mechanism of in vitro cytotoxicity of metal oxide nanoparticles 
using catfish primary hepatocytes and human HepG2 cells. Sci Total 
Environ. 2011;409:4753–62.

 238. Akhtar MJ, Kumar S, Alhadlaq HA, Alrokayan SA, Abu-Salah KM, Ahamed 
M. Dose-dependent genotoxicity of copper oxide nanoparticles stimu-
lated by reactive oxygen species in human lung epithelial cells. Toxicol 
Ind Health. 2016;32:809–21.

 239. Sajjad H, Sajjad A, Haya RT, Khan MM, Zia M. Copper oxide nanoparti-
cles: in vitro and in vivo toxicity, mechanisms of action and factors influ-
encing their toxicology. Comp Biochem Physiol C Toxicol Pharmacol. 
2023;271:109682.

 240. Curcio A, de Walle AV, Benassai E, Serrano A, Luciani N, Menguy N, et al. 
Massive intracellular remodeling of CuS nanomaterials produces non-
toxic bioengineered structures with preserved Photothermal potential. 
ACS Nano. 2021;15:9782–95.

 241. Guo L, Panderi I, Yan DD, Szulak K, Li Y, Chen YT, et al. A comparative 
study of hollow copper sulfide nanoparticles and hollow gold nano-
spheres on degradability and toxicity. ACS Nano. 2013;7:8780–93.

 242. Cao Y, Chen Z, Ran H. In vivo photoacoustic image-guided tumor 
photothermal therapy and real-time temperature monitoring using a 
core-shell polypyrrole@CuS nanohybrid. Nanoscale. 2022;14:12069–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Photothermal therapy of copper incorporated nanomaterials for biomedicine
	Abstract 
	Introduction
	The classification and structure of CINMs
	Applications of CINMs-based PTT in Cancer therapy
	CINMs-based PTTchemotherapy combination therapy
	CINMs-based PTTCDT combination therapy
	CINMs-based PTTPDT combination therapy
	CINMs-based PTTradiotherapy combination therapy
	CINMs-based PTTimmunotherapy combination therapy
	CINMs-based PTTgene therapy combination therapy

	CINMs for image-guided PTT in cancers
	CINMs for MRI-guided PTT
	CINMs for CT-guided PTT
	CINMs for PETSPECT-guided PTT
	CINMs for PAI-guided PTT
	Multimodal imaging-guided PTT

	Applications of CINMs-based PTT in tissue regeneration
	Skin tissue engineering
	Bone tissue engineering
	Applications in other organs or tissues

	The biosafety of CINMs
	Discussion and future perspectives
	Conclusion
	Acknowledgements
	References


