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Abstract: Tumors are a major public health issue of concern to humans, seriously threatening the
safety of people’s lives and property. With the increasing demand for early and accurate diagnosis
and efficient treatment of tumors, noninvasive optical imaging (including fluorescence imaging and
photoacoustic imaging) and tumor synergistic therapies (phototherapy synergistic with chemother-
apy, phototherapy synergistic with immunotherapy, etc.) have received increasing attention. In
particular, light in the near-infrared second region (NIR-II) has triggered great research interest due to
its penetration depth, minimal tissue autofluorescence, and reduced tissue absorption and scattering.
Nanomaterials with many advantages, such as high brightness, great photostability, tunable photo-
physical properties, and excellent biosafety offer unlimited possibilities and are being investigated for
NIR-II tumor imaging-guided synergistic oncotherapy. In recent years, many researchers have tried
various approaches to investigate nanomaterials, including gold nanomaterials, two-dimensional
materials, metal sulfide oxides, polymers, carbon nanomaterials, NIR-II dyes, and other nanomate-
rials for tumor diagnostic and therapeutic integrated nanoplatform construction. In this paper, the
application of multifunctional nanomaterials in tumor NIR-II imaging and collaborative therapy in
the past three years is briefly reviewed, and the current research status is summarized and prospected,
with a view to contributing to future tumor therapy.

Keywords: nanomaterials; second near-infrared windows; tumor imaging; synergistic oncotherapy;
integration of diagnosis and treatment

1. Introduction

At present, antitumor therapy remains a worldwide challenge. The mortality and
morbidity rates of tumors are very high all over the world, and they continue to rise
yearly [1-3]. The clinical treatments for tumors mainly include chemotherapy, surgery,
and radiotherapy, but the treatment effect is very unsatisfactory, characterized by strong
side effects, low specificity, a high recurrence rate, drug resistance, etc. [4,5]. This cruel
reality pushes people to find new and more effective treatment methods. In recent years,
phototherapy (photodynamic therapy and photothermal therapy), immunotherapy (IMT)
and gas therapy (GT) have been rapidly developed [6-8]. However, single treatment
systems often fail to achieve the expected results for several reasons, such as the fact that
the internal environment of solid tumors is so complex that it is a low-pH hypoxic zone,
which greatly reduces the sensitivity of the tumor cells to a single anticancer drug, resulting
in a much lower anticancer effect. Multimodal synergistic therapy provides higher tumor-
treatment efficiency, which can even protect normal tissues from unintentional damage and
prevent tumor recurrence while eliminating tumor cells. However, for some deeply buried
tumors (e.g., osteosarcoma, etc.), it is often difficult to accurately reach the tumor site with
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anticancer drugs alone, and there is an urgent need for noninvasive imaging techniques to
diagnose the disease and identify the focal area [9-11]. Therefore, the development of a
combined treatment strategy that combines diagnosis and therapy has become a hot topic
in the field of tumor treatment today [12-14].

Tumor photoacoustic imaging (PAI) and fluorescence imaging (FLI) have received
much attention in recent years. PAI is an emerging nondestructive biomedical imaging
technology that combines the properties of optical imaging and ultrasound imaging with
the advantages of high spatial resolution and high contrast [15]. Once the endogenous
luminophores or exogenous contrast agent has entered the tumor site, the PAI illuminates
the tumor site with a nonionizing, safe laser pulse that triggers thermal expansion of
the target and generates a photoacoustic (PA) wave. The PA wave can be captured by a
clinical ultrasound detector (transducer) and the image processed using an ultrasound
machine, facilitating the potential translation of PAI into the clinic [16]. Conventional PA
contrast agents consist of endogenous chromophores (e.g., collagen, hemoglobin, melanin,
cytochromes, lipids, and water) and exogenous contrast agents, which absorb light mainly
in the visible (wavelengths of 400-750 nm) or the first near-infrared window (NIR-I, wave-
lengths of 750-1000 nm). Exogenous PA contrast agents have strong near-infrared (NIR)
absorption and their absorption spectra can be distinguished from the background [17]. FLI,
as a powerful in vivo imaging tool, not only provides accurate localization of drugs and
direct visualization of tumors, but also spatiotemporal control and noninvasive treatment,
and is widely used in clinical decision making and treatment in endoscopy or surgery [18].
Compared with other imaging modalities, such as magnetic resonance imaging (MRI),
computed tomography (CT), and positron emission tomography, FLI is characterized by
high spatiotemporal resolution, low cost, noninvasiveness, and good biosafety [19]. Al-
though the advantages of PAI and FLI are outstanding, conventional contrast agents are
mainly used for imaging by visible light or NIR-I laser. Biological tissues (e.g., fat, skin,
and blood) absorb and scatter incident light to varying degrees, thereby reducing the
depth and contrast of PAI and FLI [20]. NIR-II light (wavelength 1000-1700 nm), with its
longer wavelength and weaker interaction with biological tissues can be a good solution
to this problem. In addition, recent studies have shown that compared with NIR-I light,
NIR-II light has lower photon dispersion, less tissue absorption, higher sensitivity, rela-
tively higher maximum permissible skin exposure (MPE), more optimal tissue penetration
depth (up to 3.5 mm), and better spatial resolution during laser irradiation [21,22]. There-
fore NIR-II-responsive tumor imaging has more important applications in biological and
medical fields.

Despite the enormous potential of tumor imaging-guided tumor therapy, the imple-
mentation of this strategy urgently requires the development of new materials with high
biosafety, high sensitivity, high resolution, and real-time and bright imaging. In recent
years, noninvasive tumor therapies based on multifunctional nanomaterials with low
damage to normal cells and high efficacy have been rapidly developing in the diagnosis,
imaging, and treatment of tumors. Due to the optical properties of nanomaterials, such
as high molar extinction coefficient (MEC), low quantum yield, good light stability and
NIR absorption, the composite nanoplatform assembled by nanomaterials and contrast
agents can improve the resolution and perfectly combine tumor imaging and treatment,
so people have been increasingly exploring this option. In addition, nanomaterials have
the advantages of longer blood circulation time, higher tumor absorption efficiency, and
a wider selection of species [23]. Therefore, the development of novel nanomaterials
for NIR-II PAI and FLI is a hot topic. So far, various inorganic materials (e.g., precious
metals [24], two-dimensional nanomaterials [25], carbon-based nanomaterials [26], rare
earth-doped nanoparticles (NPs) [27] and metal oxides [28], etc.) and organic materials
(e.g., small molecular probes [29], conjugated polymers [30], semiconducting polymers [31],
etc.) have been widely developed as NIR-II-responsive nanomaterials. A wide variety of
nanomaterials can be used in many popular tumor therapies (Figure 1). In photodynamic
therapy (PDT), polymeric nanomaterials containing photosensitizers (PSs) can damage
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tumor cells by producing cytotoxic reactive oxygen species (ROS), such as hydroxyl radicals
(-OH) and singlet oxygen (O,), under light irradiation. In photothermal therapy (PTT),
photothermal agents (PTAs), such as some metal nanomaterials, can damage tumor cells by
generating heat. In chemodynamic therapy (CDT), chemotherapeutic drugs can kill cancer
cells by catalyzing endogenous hydrogen peroxide (H,O,) to produce highly oxidized -OH
through Fenton/Fenton-like reaction, but chemotherapeutic drugs often bring strong sys-
temic toxicity. Therefore, the controlled release of chemotherapeutic drugs can be achieved
by wrapping light-sensitive small molecule fluorescent probes and can be monitored in
real time through in vivo imaging. In IMT, some nanomaterials induce immunogenic death
(ICD) of cancer cells, typically by releasing calretin (CRT), high-mobility group protein
1(HMGB1), and adenosine triphosphate (ATP) outside the cell, thereby recruiting immune
cells for IMT. It is expected that the development of a multifunctional composite nanoplat-
form has realized the combination tumor therapy under the guidance of tumor imaging.
The composite nanoplatform may contain both inorganic and organic nanomaterials. It
can be applied to PDT, PTT, etc., and has a very broad application prospect. In this paper,
we review the latest research progress of nanomaterials for NIR-II imaging and combined
tumor therapy in the past three years, intending to provide a reference for the subsequent
development and exploitation of NIR-II-responsive diagnostic and therapeutic integrated
nanoplatforms (Table 1).
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Figure 1. Scheme illustrating in Multifunctional Nanoplatform for NIR-II imaging-guided synergistic

oncotherapy.

Table 1. Summary of Nanomaterials for tumor NIR-II imaging and synergistic therapy.

Therapeutic

Types NPs Laser Source Particularities Applications Refs.
polymers FE-T 808 nm 4T1; NIR-II FLI PTT/PDT/IMT [32]
colorectal cancer;
Small molecule probes IR808 808 nm NIR-TI FLI PTT/PDT [33]
4T1;
Small molecule probes Y16-Pr-PEG 808 nm NIR-IT FLI and PAI PTT/PDT [34]
4T1;
Small molecule probes BTP-4F-DMO 808 nm NIR-II FLI and PAI PTT/PDT [35]
. MDA-MB;
Metal nanomaterials C-DTTP 808 nm NIR-IL FLI and PAI PTT/PDT [36]
. 4T1;
Metal nanomaterials Ag3SbSs 1064 nm NIR-IT PAI and MRI CDT/PTT/PDT [371]
Polymers AgyS 808 nm 4T1;NIR-II FLI PTT/CDT [38]
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Table 1. Cont.

Types NPs Laser Source Particularities :her.ape.uhc Refs.
pplications
Metal nanomaterials MoSe; /CoSe, @PEG 808 nm NIR-II MRI and PTI PTT/CDT [39]
Metal nanomaterials Cu-Nip g5Se@PEG 1064 nm NIR-II MRI PTT/CDT [40]
Metal nanomaterials CEMNDs 1064 nm 4T1 PTT/CDT [41]
Metal nanomaterials CuHCF 1064 nm 4T1 PTT/CDT [42]
Small molecule probe IR-1061 1061 nm and 808 nm NIR-II PTT and FLI PTT/CDT [43]
Hela;
Small molecule probe DPP-BT 730 nm NIR-II PAI and FLI PTT/PDT/CDT [44]
143B;
Small molecule probe BTP/DOX/2DG 1064 nm NIR-TT PAT and FLI PTT/CDT [45]
PDX; /
Polymers NMB@NPs 808 nm NIR-II FLI PTT/TDT [46]
MCEF-7; .
Polymers TPEQM-DMA >1000 nm NIR-IT FLI PDT/ Ferroptosis [47]
4T1; )
Polymers BODTPE 808 nm NIR-TI FLI PDT/PTT/IME [48]
4T1; )
Polymers SPNs 1064 nm NIR-II FLI PTT/IME/GT [49]
4T1;
Small molecule probe TST 808 nm NIR-TI FLI and PAI PTT/IME/CDT [50]
4T1;
Small molecule probe LGT 1064 nm NIR-TI FLI and PAI PTT/IME [51]
A549;
Small molecule probe UCILA 1064 nm five-mode NIR-II PTT/IME [52]
imaging
Rare earth-doped
. LDNPs@Fe/Mn-ZIF-8 980 nm NIR-IT FLI PDT/CDT [53]
nanoparticles
Small molecule probe PROTAC-Cy7 808 nm CT26; NIR-II FLI PTT/PDT/CDT [54]
Orthotopic
Precious metals PSPP-AUggy-D 680 and 980 nm pancreatic tumor; PTT/PDT/CDT [55]
NIR-II FLI and PAT
Rare earth-doped NaLnF4@MOF 980 and 1530 nm CT26; PDT/IMT [56]
nanoparticles NIR-II imaging
4T1;
Small molecule probe FEPT 808 nm NIR-IT FLI PTT/PDT/IMT [57]

2. Photothermal Therapy Synergized with Photodynamic Therapy

PTT and PDT have emerged as promising strategies for the treatment of tumors com-
pared to conventional treatments. Phototherapy, a treatment that uses light to selectively
ablate tumor cells with minimal invasiveness, is widely classified as PTT and PDT. Under
light irradiation, PTAs or PSs damage tumor cells by generating heat and cytotoxic ROS,
respectively [58]. According to the type of ROS generated, PDTs can be divided into two
types, including type I PDTs and type II PDTs, which kill tumor cells by generating -OH
and '0,, respectively. However, most PSs have poor water solubility and low oxygen
production [59,60], so the efficiency of relying on PDT alone to treat tumors is very low. The
heat generated by PTT can accelerate blood circulation, thus increasing the oxygen content
in tumors to help oxygen-dependent type Il PDT [61,62], while the ROS generated in PDT
can destroy heat shock protein activity, making tumor cells more sensitive to heat [63]. The
synergistic strategy of PDT and PTT has the potential to reduce trauma, minimize toxic
side effects, have broad applicability and be used in palliative care [64,65]. Recent studies
have shown that PDT and PTT can even disrupt the intracellular redox balance, leading
to mitochondrial and even nuclear DNA damage and leakage into the cytoplasm, which
activates the cGAS-STING signaling pathway and elicits an antitumor immune response
with less toxic side effects [66]. However, the implementation of this combined therapeutic
strategy is very challenging, as complex components are required to obtain multifunctional
performance, and even two or more lasers of different wavelengths are needed. Therefore,
it is crucial to investigate the construction of nanoplatforms for combined PDT and PTT
therapy for their further application in biomedical fields.
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2.1. Polymers

Several polymers have been shown to have good photothermal conversion efficiency
and photothermal stability in NIR-II. Organic conjugated polymers are an ideal NIR-II
absorbing material that can promote efficient NIR-II photothermal conversion by narrowing
the NIR absorption range [67]. Although NIR-II FLI has higher spatial resolution and
deeper tissue penetration, most of the fluorescent probes are in the “always-on” mode,
emitting unchanged fluorescence signals in both diseased and normal tissues due to their
nonspecific effects [68]. Currently, tumor localization by NIR-II FLI alone can easily lead
to false positives in normal tissues. Therefore, many efforts have been devoted to the
development of stimulus-responsive NIR-II nanomaterials to optimize FLI by responding
to the tumor microenvironment (TME) or cellular signals, including redox, pH, enzymes, etc.
Yang et al. [32] developed a mitochondria-targeted phototherapeutic agent with the ability
to target mitochondria, NIR-II FLI, and synergistic PTT/PDT/IMT tumor therapeutic effects
with high performance. FE-T NPs were prepared by a simple self-assembly process from
glutathione (GSH)-responsive copolymer DSPE-SS-PEG-COOH and mitochondria-targeted
photosensitizer IR-FE-TPP (IR-FE modified by four TPPs) (Figure 2a). The IR-FE-TPP
molecule, as a mitochondria-targeted photosensitizer, was completely retained inside the
NPs after being encapsulated into NPs before reaching the tumor, which is the key to
achieving the amplified effect of phototherapy on tumor tissues and effective suppression
of the adverse reaction in normal tissues. The disulfide in the copolymer can activate
the release of IR-FE-TPP through elevated GSH expression after accumulating in the
tumor through enhanced permeability and retention (EPR) effect and intracellular uptake,
thus achieving precise targeting of the mitochondria. Under 808 nm laser irradiation,
the molecular photosensitizer IR-FE-TPP kills tumor cells with high levels of ROS and
hyperthermia as well as in situ ICD, providing strong antitumor efficacy and reducing
systemic adverse effects. In addition, FE-T NPs have deep penetration imaging with
NIR emission (1000-1400 nm) and show good NIR-II FLI effect in tumors, which has
the potential for clinical application (Figure 2b). This diagnostic—therapeutic integrated
nanoplatform provides a promising strategy for effective tumor treatment.

2.2. Small Molecule Probe

Small molecule probes (e.g., certain peptides and inhibitors) have unique advantages
over macromolecular polymers in tumor therapy due to their convenient synthesis methods,
simple chemical modifications, and strong stability [69,70]. Tao et al. [33] synthesized
fluorescent probes with NIR-I emission and applied them to tissue and tumor model
imaging. However, the shorter emission wavelength may limit its application in deep
tissues. Hu et al. [71] covalently synthesized Crizotinib-IR808 with the clinically used drug
Crizotinib and the NIR-II fluorescent dye IR808, with a unique structure that provides c-Met
targeting ability, excellent 'O, generation efficiency, and high photothermal conversion
efficiency. Moreover, the optical stability and water solubility of the nanomaterials were
significantly improved by the embedding of bovine serum albumin, which made it easier
to specifically accumulate in colorectal cancer and allowed for a clearer differentiation of
blood vessels, tumors, and peripheral boundaries by NIR-II imaging (Figure 2c—f). The
NPs can be used not only to study PTT synergistic PDT therapy but also for tumor NIR-II
imaging and intraoperative NIR-II image-guided tumor dissection.

Although NIR-II FLI has made significant progress in clinical disease diagnosis, tumor
types and TME are diverse, and to improve the accuracy of tumor diagnosis, localization,
and treatment, multiple imaging modalities to collectively detect and depict information
about the tumor environment have more obvious advantages than a single modality [72].
PAI combines the advantages of optical imaging and ultrasound imaging to provide deeper
tissue penetration and even tumor contouring at the microscopic level [73,74], so the in-
tegration of NIR-II FLI and PAI is more conducive to biomedical applications [75-77].
Yang et al. [34] developed a structured organic phototherapeutic drug (Y16-Pr) for NIR-II
FLI and PAI-guided synergistic treatment of PTT and PDT, which is a “receiver-donor-



Int. . Mol. Sci. 2023, 24, 16949

6 of 27

Acceptor’-Donor-Acceptor” (A-DA’D-A) structured organic phototherapy drug. Y16-Pr is
a thick ring structure molecule with a benzotriazole as the electron-deficient nucleus and
3-dicynoviny-lindan-1-one as the end group, which can form rigidly conjugated molecular
planes to promote strong light absorption and charge transfer within the molecule. Increas-
ing the intramolecular push—pull effect can significantly reduce the energy gap between
the singlet-triplet states and improve the PDT therapeutic effect [78]. The Y16-Pr molecule
has an extremely strong push-pull effect, and its aqueous solution has strong absorption in
the near-infrared region (600-900 nm), with a fluorescence peak at 920 nm that extends to
1100 nm, resulting in good NIR-II PAI and FLI capabilities. In addition, the Y16-Pr-PEG NPs
obtained after further modification of Y16-Pr with amphiphilic polyethylene glycol (PEG)
exhibited a photothermal conversion efficiency of 82.4% and could simultaneously produce
‘OH and 'O,, which is expected to be a candidate for FLI/PAI bimodal imaging-directed
synergistic antitumor therapy. Yang et al. [35] synthesized a dye BTP-4F-DMO with an
acceptor-donor-acceptor (A-D-A) structure and prepared it as water-soluble NPs. The ob-
tained BTP-4F-DMO nanoparticles showed strong absorption in the range of 650-850 nm,
with a fluorescence emission peak at ~900 nm up to 1100 nm. Under 808 nm laser ir-
radiation, the nanoparticles exhibited an ultra-high photothermal conversion efficiency
of 90.5 + 5% and produced both -OH and 'O, with a quantum yield of 4.6% for 1O,
production. The nanomaterial is a promising multifunctional photothermal sensitizer for
NIR-II fluorescence/photo-acoustic dual-mode imaging-guided synergistic PDT/PTT. In
conclusion, the rapid application of organic small-molecule A-D-A analogous structural
dyes provides a new strategy for diagnostic and therapeutic integrated nanoplatforms.

2.3. Metal Nanomaterials

In past decades, discrete supramolecular coordination complexes (SCCs) have been
widely used in catalysis, molecular sensing, and biomedicine because of their delicate
and elegant structures [79,80]. A large number of metal nanomaterials with well-defined
shapes and sizes have been constructed by coordination-driven self-assembly due to the
availability of various metal ions and organic ligands [81-85]. Qin et al. [36] success-
fully constructed the NIR-II photoresponsive metal nanomaterial C-DTTP by assembling
the four-armed ligand DTTP with aggregation-induced emission (AIE) activity and the
90° platinum receptor Pt(PEt3),(OTf);. C-DTTP has remarkable AIE properties with a
maximum emission wavelength of up to 1005 nm, (Figure 3b—d), which is the longest
fluorescence emission compared to the reported fluorescent SCCs. In addition, C-DTTP
exhibited enhanced ROS generation and satisfactory photothermal conversion efficiency
compared to the ligand DTTP. The unique features give C-DTTP unprecedented perfor-
mance in NIR-II fluorescence/photothermography-guided synergistic PDT/PTT. Moreover,
C-DTTP is the first example of diagnosis and treatment integration of discrete NIR-II fluo-
rescence/photothermal imaging-guided tumor cotreatment.
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Figure 2. (a) Schematic illustration of multifunctional phototherapeutic nanoplatform FE-T NPs for
single 808 nm laser-triggered NIR-II imaging-guided mitochondrial-targeting antitumor therapy;
(b) Real-time FLI of 4T1 tumor-bearing mice for FE NPs and FE-T NPs signals at 0.5, 2, 5, 8, 12, 24, and
48 h post-injection [32]. Copyright 2023, John Wiley and Sons; (c) NIR-II fluorescence images (150 ms,
1000 LP) of tumor-bearing mice at different time points after injection of Crizotinib-IRS08@BSA;
(d) Fluorescence intensity of tumor in the mice after administration of Crizotinib-IR808@BSA;
(e) Semiquantitative analysis according to the fluorescence intensity in major organs and tumors
after injection of Crizotinib-IR808@BSA; (f) Series images of the entire surgical process under NIR-II
imaging 24 h after Crizotinib-IR808@BSA injection (150 ms, 1000 LP) [71]. Copyright 2023, American
Chemical Society.
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Figure 3. (a) Schematic illustration for the preparation of MnO,/Ag3SbS; [37]. Copyright 2022,
American Chemical Society; (b) Absorption spectra of DTTP and C-DTTP; (¢) Emission spectra of
C-DTTP in DMSO/toluene mixtures with different toluene fractions (fT); (d) Photothermal conversion
behavior of C-DTTP at different concentrations under 808 nm laser irradiation (0.8 W/cm?2) [36].
Copyright 2022, American Chemical Society; (e) In vitro PA images and PA signal intensity of MA
solution with various concentrations; (f) Time-dependent PA images of 4T1 tumor-bearing mice
after i.v. injection of MA at various time points; (g) MRI of the tumor region and (h) MRI intensity
changes of the tumors in tumor-bearing mice pre-/post-injection of MA NPs at 2, 4, 6, 8, and 24 h [37].
Copyright 2022, American Chemical Society.

Ag3SbSs is an important narrow-band semiconductor (1.5-1.7 eV) that exhibits good
light absorption in the NIR-II band (1000-1700 nm) and can be used as an ideal NIR-II
photothermal converter for tumor PTT with the feasibility of PAI and high biosafety. In
addition, AgzSbS; NPs exhibited good photosensitivity under 1064 nm light and could
be used as NIR-II PDT nanoreagents. However, Ag3zSbSs is rarely used in biomedical
applications. Wang et al. [37] synthesized Ag3SbSs NPs [86,87] by a typical hydrothermal
method and then modified AgzSbS; with PEG and loaded with MnO; to form biodegrad-
able MnO, / AgsSbS;, referred to as MA (Figure 3a). In acidic TME, MA could regulate
TME by catalyzing the generation of O, from endogenous hydrogen peroxide (H,O,) via a
Fendon-like reaction and depleting overexpressed GSH, which not only alleviated tumor
hypoxia and antioxidant capacity but also improved PDT and CDT efficiency. Importantly,
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MnO,/ AgszSbS; achieved a single laser-triggered NIR-II PTT/PDT effect under 1064 nm
laser irradiation, which greatly improved the efficiency of tumor therapy and achieved
tumor treatment or even tumor eradication. In addition, MnO; / Ag3SbS;3 can be used for
PAI and MRI bimodal imaging to guide treatment more accurately (Figure 3e-h).

3. Photothermal Therapy Synergistic Chemodynamic Therapy

PTT synergized with CDT has emerged as a promising anticancer strategy to achieve
desired therapeutic effects while mitigating side effects. CDT can kill cancer cells by catalyz-
ing the generation of highly oxidized -OH from endogenous H,O, via a Fenton/Fenton-like
reaction, which is of great interest because of its high specificity and noninvasiveness [88-92].
However, the limited level of H,O, (~100 IM) inside the tumor cannot satisfy the demand
for efficient CDT, and thus, additional H,O, supply is needed to enhance the effectiveness
of CDT. In recent years, PTT triggered by NIR-II light has a broad application prospect in
clinical tumor therapy due to its deep tissue heating ability and has been coupled with
FLI to achieve the integration of diagnosis and treatment in the tumor region [93,94]. It
is a win—win strategy for people to construct a tumor therapeutic platform by choosing
some suitable NIR-II-responsive nanomaterials (e.g., polymers, metal nanomaterials, etc.),
that not only can generate ROS through Fenton-like reaction but also can act as a PTA to
mediate the PTT of the tumor.

3.1. Polymers

7

In order to cope with the problem that fluorescent probes are mostly in “always-on’
mode, Dai et al. [38] prepared a TME-activated multifunctional phototherapeutic nanoplat-
form based on a coordination-driven self-assembly strategy. The nanoplatform selected
Fe(III) ions as cross-linking nodes, and coassembled carboxyl-modified Ag,S quantum
dots (QDs) and ultra-small NIR-II semiconductor polymer dots (DBZ PDs) into a single
nanoplatform (AgyS-Fe(IlI)-DBZ nanoparticles, denoted as AFD NPs) (Figure 4a). AFD NPs
have strong biosafety because of their TME-activating properties. AFD NPs are triggered
to disassemble by GSH overexpressed in the TME by disrupting the metal ligand after
entering the tumor cells, which facilitates deep tumor penetration and intracellulariza-
tion, and reduces the side effects on normal tissues. In normal tissues, AFD NPs were
maintained in the NIR-II fluorescence quenching state due to the Forster resonance energy
transfer (FRET) effect between Ag,S and DBZ quantum dots. However, under 808 nm
excitation, the AFD NPs responded to the overexpression of GSH in the TME and then
were disassembled at the tumor site. The fluorescence responsiveness of Ag,S QDs was
restored, which significantly improved the imaging sensitivity and signal-to-background
ratio (SBR) of the AFD NPs. Fe(Ill) in AFD NPs significantly depletes GSH via redox
reaction, and the resulting Fe(Il) catalyzes endogenous H,O, to generate cytotoxic ROS for
CDT via the Fenton reaction. The depletion of GSH further enhances oxidative damage
to the tumor and increases the efficiency of CDT. The intrinsic NIR-II PTT effect of DBZ
PDs was enhanced by NIR-II light (1064 nm) excitation and thermally enhanced CDT.
This nanoplatform is a diagnostic and therapeutic integrated composite phototherapeutic
nanoplatform that can tumor-specifically activate NIR-II FLI and synergistically NIR-II PTT
and CDT simultaneously, which provides an important experience for accurate diagnosis
and combined therapeutic integration of tumors.
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Figure 4. (a) Schematic illustration of the synthesis of TME-activated phototheranostic AFD NPs [38].
Copyright 2023, John Wiley and Sons; (b) Systemic angiography of the Balb/c mice body after intra-
venous injection with RRIALP-C4 under 1064 nm laser excitation (1064 nm LP and 1064 nm OD filters);
(c,d) Fluorescence intensity analysis of abdomen and hind limb vasculatures [43]. Copyright 2023,
Springer Nature; (e) NIR-II FLI (under 808 nm laser excitation, with 1064 nm LP filter) of mice
with 143B tumors at various time intervals after tail vein injection with BTP/DOX/2DG NPs
(1.0 mg mL~1, 150 uL); (f) NIR-II FLI signal quantification in the tumor regions at different time
points [45]. Copyright 2023, John Wiley and Sons.
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3.2. Metal Nanomaterials

Due to the advantages of controllability and high efficiency, the photocatalytic gen-
eration of H,O, by metallic nanomaterials has been considered as a possible strategy to
supply HyO; in cells. It has been shown that magnetite nanoenzymes can activate the
Fenton reaction to produce ROS, such as -OH, which kills tumor cells through iron death
(a programmed cell death dependent on iron ions) [95-97]. NIR-II-responsive nanoenzymes
with photothermal conversion properties can take advantage of absorbing external light
energy and converting it to heat to raise the local temperature to kill cancer cells [98]. Fur-
thermore, the synergistic action of PTT and nanoenzymes-induced CDT not only combines
the tumor-treatment capabilities of these two therapeutic modalities, but also provides
additional therapeutic effects by further enhancing the activity of the Fenton reaction
through the PTT-induced temperature increase [99-101]. Therefore, this PTT collaborative
CDT tumor-treatment strategy based on metal nanomaterials has high research value.
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Li et al. [39]. discovered that NIR (808 nm) light can trigger intracellular H,O, production
by synthesizing MoSe, /CoSe; nanosheets. NIR-II light (1000-1700 nm) has more potential
in the biomedical field due to its excellent depth of penetration (~3 mm) and the maximum
allowable exposure (1 W cm~2). Ma et al. [40] used a simple coprecipitation method to
prepare Cu-Nij g5Se@PEG nanocomposites for intracellular NIR-II photocatalytic produc-
tion of HyO,. Density—functional theory calculations and experimental data confirmed
that the metallic properties of Cu-Nijg5Se make it a good candidate for photocatalysis.
The metallic properties of Cu-NiggsSe give it good NIR absorption and photothermal
conversion efficiency (59.6%, 1064 nm). The continuous inter- and intra-band jumps of the
photothermal-assisted metal catalyst contribute to the enhancement of the redox capacity
and the effective separation/transfer of charge, which is favorable for the generation of
HyO;. Thus, the prominent metal properties endowed CuNij g55e@PEG with high pho-
tocatalytic activity. The nanomaterial also possesses peroxidase (POD), catalase (CAT)
enzyme, and GSH oxidase activities, which can deplete intracellular GSH, disrupt the redox
balance, and promote oxidative stress, making it a good multifunctional nanocomposite.

Meng et al. [41] successfully synthesized a novel multifunctional nanoenzyme that pro-
vides synergistic tumor therapy by enhancing CDT through PTT. The nanoenzyme, called
CEMNDs, has magnetic-carbon core-shell nanostructures and superparamagnetism, and
exhibits excellent colloidal stability. The CEMNDs in TME activate the Fenton reaction to
generate -OH for CDT. Under near-infrared (1064 nm) irradiation, the CEMNDs exhibit an
ideal photothermal conversion efficiency as high as 39.2%. Chen et al. [42] developed an en-
dogenously activated iron(II)-activated nanomedicine, copper hexacyanoferrate (CuHCEF),
based on a Prussian blue copper analog [102], and for the first time served as a responsive
agent for endogenous Fe?* triggering of CDT and NIR-II PTT activation in situ. Endogenous
Fe?*-triggered redox cycling of Cu and Fe active centers can promote interfacial electron
transfer, which in turn facilitates -OH generation via CuHCF-mediated Fenton/Fenton-like
reactions. Interestingly, only when exposed to endogenous Fe?*, CuHCF showed strong
NIR-II uptake, which could effectively mediate the synergistic treatment of tumor CDT
and PTT and exhibit excellent antitumor capabilities. Therefore, metal nanomaterials
synergizing tumor PTT and CDT via NIR-II light is a very promising strategy for tumor
combination therapy.

3.3. Small Molecule Probe

Organic small-molecule NIR-II fluorophores have unique advantages, such as biocom-
patibility and safety, and have great potential for clinical applications [103]. However, due
to the competition between radiative and nonradiative transitions, small molecule organic
fluorophores often exhibit excellent fluorescence properties but lack efficient photothermal
conversion efficiency [104,105]. Therefore, in order to realize the construction of more effi-
cient diagnostic and therapeutic integrated nanoplatforms, the development of an organic
NIR-II fluorophore with highly efficient and stable photothermal properties is still crucial
research. Small-molecule organic fluorophores usually have two different aggregation
states [106]. In general, the spatial stacking mode in which molecules are stacked in a
staggered manner along the coplanar-parallel direction is called the J-aggregation state,
and the spatial stacking mode in which molecules are stacked in a face-to-face overlapping
manner along the coplanar-perpendicular direction is called the H-aggregation state [107].
Fluorophores in the J-aggregation state tend to acquire a redshift and improve the fluores-
cence spectrum in favor of FLI [108,109]. On the contrary, the H-aggregation state changes
the electronic transition mode of the fluorophore from radiative to nonradiative transitions,
which reduces the FLI effect of the fluorophore [110] but potentially improves the photother-
mal properties of the NIR-II fluorescent molecule. Yu et al. [43] constructed for the first
time a loaded NIR-1I-responsive fluorescent liposome (RRIALP-C4) loaded with IR-1061,
and utilized its ingenious structure containing both aggregated and free states to achieve
the integration of FLI and PTT effects. The nanomaterial utilizes anionic liposomes (IALPs)
loaded with IR-1061 to encapsulate the chemotherapeutic drug Carboplatin, which is then
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modified with three different peptides, RGD (Arg-Gly-Asp), TAT48-60 (GRKKRRQRRPPQ),
and RR9 (RGDRRRRRRRRC), to improve tumor targeting. RRIALP-C4 was successfully
applied to PTT synergistic CDT under the guidance of in vitro and ex vivo NIR-II FLI and
NIR-II photothermal imaging (PTI) (Figure 4b—d). This study innovatively developed a
fluorescent liposome nanosystem with IR-1061 in both the aggregation state and the free
state, which pointed out a new direction for the research of integrated nanoplatforms for
tumor diagnosis and treatment.

Donor-acceptor-donor (D-A-D) organic small molecules are a class of photothermal
transfer agents for combined CDT/PTT therapy with tunable optical-physical properties
and good biocompatibility [111,112]. Under light irradiation, D-A-D small molecules can
achieve both localized thermotherapy and NIR-II FLI for apoptosis and diagnosis of tumors.
Wang et al. [44] prepared P(DPP-BT/DOX) nanoparticles based on D-A-D small molecule
drug delivery for NIR-II FLI and PAl-guided PTT/CDT combination therapy. However,
this delivery system is simply obtained by physically wrapping adriamycin (DOX) and
hydrophobic D-A-D small molecules, which can greatly reduce the drug-carrying efficiency.
Sun et al. [45] successfully constructed water-soluble BTP/DOX/2DG nanoparticles for
NIR-II FLI and PAI for combination therapy of CDT, PTT, and starvation therapy in tumors.
Phenylboronic acid (PBA)-modified water-soluble D-A-D molecules (BBT-TF-PBA) were
first synthesized as drug carriers for encapsulating DOX and the glycolysis inhibitor 2-
deoxy-d-glucose (2-DG), and then physically encapsulated using DSPE-PEG2000. Upon
reaching the low pH hypoxic TME, donor-acceptor ligand interactions and PBA-diol bonds
were disassembled and simultaneously released DOX and 2-DG from BTP/DOX/2DG
nanoparticles, which triggered CDT and starvation therapy. Under light excitation at
1064 nm, the BTP/DOX/2DG nanoparticles could convert light energy into thermal energy,
realizing effective imaging diagnosis of NIR-II PTT, FLI, and PAI (Figure 4e,f).

4. Photothermal Therapy Synergized with Thermodynamic Therapy

With the help of nanomaterials, the PTT of NIR-II can be combined with multiple
therapeutic approaches to improve the therapeutic effect [113]. Although PTT can work
synergistically with PDT, TME is hypoxic, which limits the therapeutic efficacy of treatments
that depend on oxygen levels. Fortunately, thermodynamic therapy (TDT) has recently
been utilized as an alternative treatment modality, which utilizes oxygen-independent
free radicals (e.g., carbon-radicals) to kill tumors and displace ROS [114]. Carbon-radicals,
which are produced by azo compounds triggered by heat or irradiation stimulation, are
not only used for radical polymerization, but are also used in the application of inducing
oxidative stress in biological systems [115], which can be a good substitute for PDT to work
synergistically with PTT.

Polymers

Organic conjugated polymers are an ideal NIR-II-absorbing material, where the radia-
tive excursion of fluorophores under light stimulation can produce fluorescence emission
for tumor imaging [116,117], and the nonradiative excursion can produce photothermal
effect for tumor therapy [118,119]. However, the application of polymers has been facing
some biosafety limitations, such as poor water solubility and aggregation in aqueous me-
dia, leading to aggregation-caused quenching (ACQ) [115]. Therefore, the AIE technology
has emerged with a promising development, providing a new design perspective and
direction for the development of NIR-II FLI technology [120]. Unlike ACQ fluorophores,
AIE luminophores emit weakly or not in the solution state, but fluorescence is significantly
enhanced in the aggregated state [121]. Aggregation-induced emission luminous agents
(AlEgens) can not only be used in FLI, but also have potential applications in PTT [122].
Therefore, the development of fluorophores with AIE properties of NIR-II absorption will
provide new ideas for integrated nanoplatforms for tumor diagnosis and treatment.

Zhang et al. [46] constructed a NIR-II FLI-guided PTT synergistic TDT tumor therapy
system, in which azo compound-containing NPs were prepared by one-pot copolymeriza-
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tion of carbon radical monomers, ethyl 2,6-diisocyanatohexanoate, and PEG molecules, and
AlEgen was loaded as a molecular heater in the hydrophobic core (NMB@NPs) (Figure 5e,f).
Under 808 nm laser irradiation, NMB@NPs controlled the balance between fluorescence
and photothermal effects. AlEgens-based NIR-II FLI can effectively localize the tumor
site and monitor the treatment process in real time, showing high detection sensitivity,
resolution, and imaging depth. In a patient-derived xenograft (PDX) mouse model of
oral cancer, the photothermal effect of NMB@NPs and the thermally triggered release of
carbon radicals from azo polymers showed high tumor inhibition without severe systemic
toxicity. The successful application of AlEgens allows nanomaterials to simultaneously
have the ability of diagnostic and therapeutic integration, which is likely to open up a
new field in precision medicine. Notably, Zhuang et al. [47] developed a NIR-II-responsive
anti-hypoxic PS (designated as TPEQM-DMA) by combining specific spectral properties
and unique bioactivities into a single organic molecule. The nanomaterial is derived from
a tetraphenylethylene (TPE) backbone with AIE activity, which allows for the formation
of brighter fluorescence in the aggregated state. The enhancement of the 7-conjugated
push—pull effect promotes the emission of TPEQM-DMA in the NIR-II region (>1000 nm).
Under white light irradiation, TPEQM-DMA produced O, ~ and -OH only by type I photo-
chemical processes. The combination of NIR-II fluorescence and type I photosensitization
enabled efficient NIR-II FLI-guided PDT of TPEQM-DMA NPs in vivo. Cui et al. [48] de-
scribed the development of a drug delivery system, NP-DBD. NP-DBD is mainly composed
of two core components: the photosensitizer BODTPE and the targeting ligand DBCO
(Figure 5a—d). BODTPE, as a novel small-molecule PS, showed excellent performance in
the inclusion of the AIE effect in the PDT, PTT, and NIR-II fluorescence showed excellent
performance. This proves that AIEgens can not only synergize with PTT, but also combine
with other tumor therapeutics, which has a broad outlook for application.
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Figure 5. (a) Synthetic routes of BODTPE; (b) Characterization of NP-DBD by transmission electron
microscopy (TEM); (c¢) The hydrodynamic size distribution of NP-DBD; (d) Mean zeta potential of
NP-DBD [48]. Copyright 2023, Adv. Mater. (e) In vivo NIR-II FL imaging results of free NMB and
NMB@NPs at different time intervals; (f) Real-time infrared thermal images of oral cancer xenograft
model mice [46]. Copyright 2023, John Wiley and Sons.

5. Photothermal Therapy Synergistic Immunotherapy

In recent years, cancer IMT has been positioned as a tumor-treatment modality along-
side surgery, chemotherapy and radiotherapy, not only to treat local and distant metastatic
tumors, but also to inhibit tumor recurrence [123]. Tumor vaccines, ICD, and pattern
recognition receptor (PRR) stimulators have become effective means of activating the
tumor immune system [124]. However, the response rate of IMT is quite low, ranging
from 10% to 30% for different types of tumors [125]. The delivery of immune checkpoint
inhibitors, cytokines, and vaccine adjuvants to the targeting site using a nanomedicine
delivery system has been used to modulate immunosuppressive TME [126]. However,
conventional nanomedicine delivery systems are not controlled and may activate self-
antigen-reactive T cells after delivery, which may cause side effects [127]. In contrast,
light-activated nanomedicines have been used to deliver immunotherapeutic agents that
can more selectively and specifically reprogram immunosuppressive TME [128-130]. PTT
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also induces ICD in cancer cells, typically releasing CRT, HMGB1, and ATP into the extra-
cellular compartment, thereby recruiting immune cells [131]. Moreover, NIR-II-responsive
nanomaterials have greater tissue penetration depth and lower phototoxicity, which can
combine IMT with PTT for efficient tumor treatment.

5.1. Polymers

According to recent studies, the reason why the immune response rate of IMT is rela-
tively low may be related to the immunosuppressive microenvironment of tumor tissues,
such as low tumor immunogenicity, rejection of T cells, and high expression of immunosup-
pressive molecules such as programmed death ligand (PD-L1), etc. [132,133]. In addition,
the extracellular matrix (ECM) of solid tumors is very dense, which can act as a natural
physical barrier, hindering the penetration and diffusion of anticancer drugs. Immune cells
are also unable to function properly, resulting in a low IMT immune response rate [134].
Therefore, the construction of nanoplatforms that can regulate the immunosuppressive
microenvironment of tumor tissues is the key to improving the anti-cancer efficiency of
IMT. Li et al. [49] reported a NIR-II photoactivated semiconductor polymer nanoparticles
(SPNs) loaded with NO precursor (L-arginine) and PD-L1 inhibitor and coated with a
bromelain-modified thermo-responsive shell. The nanomaterial has a decent biosafety
profile, and upon entry into tumor cells, localized heat is generated under 1064 nm laser
irradiation, leading to the disruption of the thermo-responsive shell to control the release
of L-arginine and PD-L1 inhibitors. The nanomaterial has the ability to modulate the
immunosuppressive tumor microenvironment through a trinity of strategies, including
degradation of the ECM to promote NPs accumulation and immune cell infiltration, trig-
gering of the ICD through NIR-II PTT and GT to enhance tumor immunogenicity, and
blocking of PD-L1 immunosuppression through a PD-L1 inhibitor. This trinity of NIR-II
photoactivated organic nanoplatform-mediated combination therapy not only has higher
efficacy, but also can be loaded with other gas deliverers such as hydrogen sulfide (H;S)
and carbon monoxide (CO) because of its flexibility.

5.2. Small Molecule Probe

In order to solve the current problem of commercial fluorescent dyes that are prone
to ACQ and shallow fluorescence penetration during in vivo delivery, Wang et al. [50]
synthesized a novel NIR-II-responsive nanomaterial with AIE functionality and photo-
thermal functionality, named TST. Comedophylline (CPT), a cytotoxic quinoline alkaloid
with a large number of conjugated double bonds, was used as an amphiphilic compound
with redox-sensitive monosulfide bonds in the middle. The authors first linked CPT and
a polyethylene glycol ester by esterification reaction to form an amphiphilic compound
with a redox-sensitive monosulfide bond in the middle (CPT-S-PEG), and then prepared
nanoparticles by coassembling CPT-S-PEG, TST, and a novel immune checkpoint inhibitor,
AZD4635, using the nanoprecipitation method [135]. (Figure 6a) Due to the strong interac-
tion between CPT and TST, the nonradiative attenuation of TST was inhibited, resulting
in strong NIR-II fluorescence when the nanoparticles were intact, as a means to perform
NIR-II imaging. PTT induces ICD in tumor cells, releasing large amounts of ATP into the
TME, which in turn recruits immune cells for IMT. However, the excess ATP is converted
to adenosine via the CD39-CD73-A2AR pathway, which inhibits immune cell activity.
At this point, the nanoparticles released by the photothermal disintegration of AZD4635
precisely blocked this pathway, achieving a good synergistic effect of PTT, CDT, and IMT.
3,3’ ,5,5'-Tetramethylbenzidine (TMB) is a safe chromogenic reagent, which has been widely
used in clinical studies for free radical detection and blood biochemical tests [136]. Its
oxidation product exhibits broadband absorption at NIR-II (750-1200 nm) and responds
specifically to pH changes and H,O,, an essential redox substance in TME. Pu et al. [51]
packaged a prephotothermic agent of TMB, a generator of HyO,, and a starvation therapeu-
tic mediator of GOD in a nanoliposome (denoted as LGT). GOD effectively catalyzes the
conversion of endogenous glucose into gluconic acid and H,O,, which further reacts with
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the prephotothermolysis agent TMB to form an “on” NIR-II-absorbing and biodegradable
charge transfer complex (CTC) for synergistic PTT in tumor-starvation therapy. This smart
nanoplatform triggers a vaccine-like immune response after in situ photothermal ablation
of primary tumors and further binds to anti-CTLA-4 checkpoint blockade, which activates
photothermal immunotherapy to inhibit distant tumor growth and cancer metastasis via
starvation therapy. This diagnostic and therapeutic integrated nanoplatform can not only
guide clinical tumor therapy through the NIR-II PAI imaging capability yet hopefully,
but also synergize the starvation therapy/PTT/IMT, demonstrating an extreme antitumor
capability. Xu et al. [52] introduced upconversion nanoparticles (UCNPs) and IR-1048 dyes
into lipo aptamer nanostructures to construct a novel NIR-II (1000-1700 nm) therapeutic
nanoplate, UCILA, which possesses both enhanced five-mode NIR-II imaging capability
and good 1064 nm near-infrared (NIR) photothermal therapeutic capability for precise
detection and treatment of lung cancer. The spherical UCILA enhanced photoacoustic
imaging up to 4.5 cm depth with a high signal-to-noise ratio in the NIR-II window. The
photothermal conversion rate of UCILA after coincubation with A549 cells was 31.3%.
Thus, it can be seen that small molecule fluorescent probes are creating a buzz in NIR-II
imaging-guided tumor synergistic therapy.
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of the synthesis of PSPP-Auggy-D or PSPP-Auysz; (c) TEM image and (d) Corresponding magnified
TEM image of PSPP-Auggy; (e) Extinction spectra of PSPP-Auggy and PSPP-Auysp, measured with
UV-vis spectroscopy; (f) In vitro PA imaging of PSPP-Auggy and PSPP-Auy3zg at 4 mm tissue depth.
The corresponding signal was obtained at 960 or 730 nm by PA imaging; (g) IR thermal images of
MIA PaCa-2 tumor-bearing mice after the IP injection of PBS or PSPP-Auggy-D (7.5 mg kgfl) under
980 nm laser irradiation (0.1 W cm™1) [55]. Copyright 2022, John Wiley and Sons.

6. Photodynamic Therapy Synergized Chemodynamic Therapy

CDT has been widely studied for a long time, mainly through the Fenton/Fenton-like
reaction, using chemotherapeutic drugs to catalyze the production of -OH from H;O,
in tumor cells, which disrupts the redox balance and leads to cell death. However, the
level of HyO; inside the tumor is limited, so the effect of CDT alone is far from expected.
To improve its tumor therapeutic efficiency, an additional supply of H,O; is needed to
promote CDT. According to the previous section, PDT is a clinically approved noninvasive
antitumor strategy that destroys malignant cancer cells by activating PSs through UV or
visible light to generate ROS. Both CDT and PDT can utilize H,O, in TME to kill tumor
cells. If a nanoplatform can be constructed to increase the H,O, content in TME, the tumor
therapeutic ability of CDT and PDT can be greatly exploited.

6.1. Rare Earth-Doped Nanoparticles

In recent years, nanocomposites based on metal-organic frameworks (MOFs) have
offered many possibilities for designing multifunctional nanoplatforms in the field of cancer
therapy [137]. ZIF-8 is a typical MOF that has been widely used in the fields of bioimaging
and cancer therapy due to its extremely low systemic toxicity and sensitive pH-responsive
behavior. ZIF-8, as a photoresponsive nanomaterial, can be excited by UV to produce
-0?~, and thus realize photocatalytically driven PDT. However, ZIF-8 has a relatively large
band gap and responsiveness to UV, and cannot be directly excited by NIR-II, which limits
its application in the field of photocatalytic anticancer. In this regard, researchers have
reported many rare earth doping methods to improve this situation.

Rare earth-doped upconversion (UC) nanoparticles have attracted considerable interest
in anticancer applications due to the realization of NIR-to-UV-visible light conversion [138].
Rare earth-doped UC NPs not only play a key role through photon-triggering mechanisms
but also serve as potential optical probes for UC FLI [56]. However, the application of UC
fluorescence in optical imaging is limited by the limited tissue penetration depth, low contrast,
and poor spatial resolution. In recent years, lanthanide-doped down-conversion (DC) nano-
materials (LDNPs) with NIR excitation have become increasingly popular for high-sensitivity
in vivo optical imaging due to their emission in NIR-IL. Li et al. [53] designed and prepared
NIR photoresponsive LDNPs@Fe/Mn-ZIF-8 nanomaterials via a self-assembly strategy of
Fe?* /Mn?* /Zn?* with 2-methylimidazole on the surface of LDNPs-polyvinylpyrrolidone
(PVP), realizing the synergistic catalytic therapy of PDT/CDT under NIR imaging guidance.
Notably, the double doping of Fe?* /Mn?* not only extends the absorption range of the ZIF-8
photosensitizer in the UC emission spectrum of LDNPs, but also provides a Fenton/Fenton-like
reagent for CDT through the tumor-responsive degradation of Fe/Mn-ZIF-8. Fe3* /Mn3* /Mn**
scavenges the overexpression of TME with GSH and H¥, thus protecting the generated ROS
(including -O?~ and -OH) from being scavenged by GSH and enhancing the anticancer effect of
CDT/PDT. Degradation of Fe/Mn-ZIF-8 gives the nanomaterial a tumor self-enhancing NIR-II
FLI capability, which can provide accurate guidance and monitoring of the tumor-treatment
process for PDT/CDT.

6.2. Small Molecule Probe

NIR-II-responsive small molecule fluorescent probes are being widely used in the
construction of integrated nanoplatforms for tumor diagnosis and treatment to achieve syn-
ergistic tumor PTT, PDT, and CDT therapy. PROteolysis TArgeting Chimeras (PROTACs)
is an emerging medical approach that induces proteolytic hydrolysis of target proteins by
recruiting proteins of interest (POlIs) to the E3 ubiquitin ligase, and subsequently labeling
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the proteins by the addition of ubiquitin for protease-mediated destruction. Hu et al. [54]
successfully prepared PROTAC-Cy7@BSA nanoparticles, used for in vivo NIR-II imaging,
noninvasive observation of tumor vascular networks, and intraoperative real-time naviga-
tion of tumor dissection. PROTAC-Cy7 was constructed through a trinity molecular design
strategy. It integrates the MCL-1-bound warhead, the E3 ligase ligand pomalidomide,
and the heptamethine cyanine dye connecting the warhead and the ligand into the same
scaffold, and wraps PROTAC-Cy7 with bovine serum albumin (BSA). With this assembly
strategy, PROTAC-Cy7 not only improves its optical stability and solubility in water, but
also greatly enhances the specific accumulation at the tumor site, contributing to the clear
identification of blood vessels, tumors, and adjacent boundaries.

6.3. Precious Metals

Hypoxia is an inherent feature of many malignant solid tumors. Perfluorocarbon
(PFC) fluids have very low intermolecular interactions and high oxygen solubilization
capacity [139]. Various PFC-based nanostructures have been investigated for the elimina-
tion of hypoxic tumors. For example, lipid-encapsulated PFCs and PSs have been used
to improve the efficacy of PDT [140]. However, PFCs still cannot avoid the problem of
premature leakage before delivering oxygen to the hypoxic region. Triggering oxygen
release with NIR-II light with lower energy loss is a good method. Gold nanorods (AuNRs)
as a noble metal PTA have been reported to optically trigger liquid PFC nanodroplets
in ultrasound and photoacoustic imaging. In addition, the extinction peaks of AuNRs
can be tuned to the NIR-II region by several methods, such as post-tuning, surface func-
tionalization, and noble metal binding [141]. Therefore, AuNRs are considered to be the
preferred photothermal excitants for PFC-based oxygen control systems. Zhang et al. [55]
designed a photothermally controlled “oxygen bomb” PFC/SIPC@PS@PNIPAM-AUggy-
DOX (PSPP-AUoggy-D) (Figure 6b—e). The PSPP-AUggy-D is realized by encapsulating the
PEC core in a functionalized double-layer polymer housing. The authors prepared AuNRs
with an extinction peak of 980 nm in the polymer PNIPAM outer layer by doping silicon
phthalocyanine (SIPC) of PSs with an extinction peak located at 680 nm into the polystyrene
(PS) interlayer for PDT and combining the chemotherapeutic drug DOX in the polymer
polyisopropylacrylamide (PNIPAM) outer layer by a modified two-step nucleated in situ
growth process. The photothermal conversion efficiency of PSPP-AUggy-D at 980 nm was
40.62%, with an oxygen-carrying capacity of 2.25 + 0.22 mg g~ '. Due to the good tissue
penetration capability within the NIR-II biological window (980 nm), the temperature
rise of the PSPP-AUygy solution under irradiation of 980 nm was up to 14.1 °C with a
penetration depth of 4 mm, which is much higher than that of 9 °C under 730 nm excitation
under the same conditions (Figure 6f,g). This novel design concept of PSPP-AUgg-D is
expected to provide a new pathway and opportunity for hypoxic tumor therapy in the
future clinic.

7. Other

From the main research results in the past three years, PTT, PDT, CDT, and IMT are
still the mainstream of antitumor research. Through the selection of suitable nanomaterials,
the construction of a nanoplatform for tumor NIR-II imaging and combination therapy is
still a promising therapeutic strategy for clinical application. However, there is no lack of
scholars who dare to open up new ideas, combining enzyme therapy, starvation therapy,
gene therapy, acoustic kinetic therapy, thermodynamic therapy, gas therapy, and other
tumor therapies, which provides valuable experience in the development of integrated
nanoplatforms for tumor diagnosis and treatment. Although few results have been reported
now, it is still of great research value.

7.1. Rare Earth-Doped Nanomaterials

As mentioned above, LDNPs with NIR excitation have been widely studied due to
their application in NIR-II in recent years. Wang et al. [56] constructed a novel erbium-
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doped (Er**)-based NaLnF;@MOF core@shell heterostructure, which integrates near-
infrared photodynamics and NIR-II imaging into tumor therapy. The nanomaterial can
generate both upconversion luminescence (UCL) and NIR luminescence with a typical
upconversion part and an optimized downconversion part. Under 980 nm laser irradiation,
MOF obtains UCL from NaLnF, via resonance energy transfer, triggering 'O, production
to destroy tumor cells. NIR-II imaging was also performed using downshifted emission
at ~1530 nm to monitor the location and distribution of NPs, to allow accurate PDT treat-
ment at lower power (0.12 W/cm?). Additionally, the synergistic effect of PDT and IMT,
complemented by anti-programmed death ligand 1 («-PD-L1), not only eradicated the
primary tumor, but also inhibited the distant tumors with an effective tumor suppression
rate of 95%.

7.2. Small Molecule Probe

To improve the efficiency of cancer treatment, mitochondria-targeted PDT, IMT, and
related combination therapies have attracted widespread attention. However, most of
the current mitochondria-targeted therapeutic organic small molecule probes emit light
in the visible (400-750 nm) or NIR-I (750-1000 nm) region [142]. The development of
mitochondria-targeted multifunctional nanoplatforms for NIR-II imaging guidance is a
new focus. Yang et al. [143] identified an excellent organic dye, IR-FE, with a quantum
yield (QY) of up to 31% in toluene. Yang et al. [57] further identified triphenylphosphine
PEGylation (PEG2000-TPP) modification, and successfully synthesized a mitochondria-
targeted organic photosensitizer, FEPT, for NIR-II-guided mitochondria-targeted synergistic
PTT/PDT/IMT. Under the excitation of 808 nm laser light, FEPT could obtain a significant
NIR-II fluorescence signal (QY: 1.64% in water), which helps to perform NIR-II imaging
in vivo, locate the tumor position in real-time, and monitor the treatment process. In
addition, FEPT has a high photothermal conversion efficiency (56.8%) and generates a large
amount of ROS under 808 nm laser irradiation, which can easily lead to mitochondrial
dysfunction in vivo, induce a powerful ICD, and activate specific tumor-immune response
in vivo, giving full play to the synergistic effect of PTT/PDT/IMT, and ultimately leading
to the death of cancer cells.

8. Conclusions and Outlook

Nanomaterials not only have optical properties, such as high MEC, low quantum
yield, good photostability, and NIR absorption, but also have long blood circulation time.
The use of nanomaterials for tumor imaging and therapy has been a popular choice for
current research. Compared with NIR-I light, NIR-II light has significant advantages, such
as low energy consumption, more desirable tissue penetration depth (up to 3.5 mm), better
spatial resolution, higher sensitivity, etc., and has a broader application prospect in tumor
imaging and therapy. Therefore, the development of NIR-II-responsive nanomaterials
is a “win-win” strategy. With the progress of research in recent years, more and more
NIR-II-responsive nanomaterials have been discovered, but in the past three years, the
most frequently used are precious metals, polymers, organic small molecule dyes, rare
earth-doped nanoparticles, metal nanomaterials, etc. However, these materials do not work
alone, because a large number of studies have shown that the results that can be achieved
by single tumor therapies are often unsatisfactory, and combined tumor-treatment strate-
gies have a brighter future. Combining NIR-II-responsive nanomaterials with combined
tumor therapy strategies can not only lead to higher tumor therapy efficiency, but also take
advantage of the nanomaterials’ self-contained FLI and PAI capabilities, thus integrating
tumor localization, diagnosis, and treatment. The development of such NIR-II-responsive
integrated nanoplatforms for tumor diagnosis and treatment has been a popular research
direction in the field of tumor therapy in the last three years. This paper summarizes the
types of NIR-II-responsive tumor diagnostic and therapeutic integration nanoplatforms
mainly developed by scholars in the last three years for combined tumor-treatment strate-
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gies, and succinctly introduces the mechanisms of various materials in FLI and PAl imaging
and combined treatment.

Despite the exciting results of the NIR-II-responsive integrated nanoplatform for
tumor diagnosis and treatment, there are still several issues that need to be systematically
investigated and resolved before it can be pushed into clinical applications. (1) Although
many studies have argued about the toxicity of nanomaterials, proving that they can be
rapidly metabolized in vivo, and even claiming that their materials are completely nontoxic
and harmless to the human body. However, the depth of biosafety studies in these research
studies is still insufficient and the time span is too short to demonstrate whether they have
long-term chronic toxic effects. In addition, it is too early to conclude by relying only on
mouse transplantation tumor models as a method of evaluation, because mouse models
are hardly representative of the real situation in the patient’s body. Therefore, we should
continue to choose some animal models that are close to human relatives to evaluate the
biosafety of nanomaterials in a long-term and chronic manner. Only in this way can its
clinical application be promoted. (2) Although NIR-II light is better than NIR-I light, its
penetration depth is still insufficient. Moreover, the reported laser excitation sources are still
limited to below 1100 nm, which seriously affects the quality of tumor imaging and clinical
applications. (3) The construction of some nanomaterials is still cumbersome, and the
process needs to be optimized step by step if we want to push it into clinical applications.

In summary, the research of NIR-II-responsive tumor diagnosis and treatment inte-
grated nanoplatform still has a long way to go before clinical application. However, at
this stage, the diagnostic-therapeutic integrated nanoplatform has already demonstrated
excellent tumor imaging and therapeutic effects and still has a very bright application
prospect. As long as future work can be committed to breaking through this part of the
limitations, we can promote the nanoplatform further toward clinical application.
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pPVP polyvinylpyrrolidone

QDs quantum dots

QY quantum yield

ROS reactive oxygen species

RRIALP-C4 fluorescent liposome

SBR signal-to-background ratio

SCCs supramolecular coordination complexes

SIPC silicon phthalocyanine

SPNs semiconductor polymer nanoparticles

TDT thermodynamic therapy
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TME tumor microenvironment

TPE tetraphenylethylene

ucC upconversion
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UCNPs upconversion nanoparticles
References
1.  Xiao, P; Sun, Y,; Liang, M.; Yang, S.; Li, J.; Zhang, L.; Jiang, X.; Wu, W. A Fluorophore with Dithienopyrrole Donor for beyond

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

1300 Nm NIR-II Fluorescence /Photoacoustic Dual-Model Imaging and Photothermal Therapy. Mater. Today Nano 2023, 24, 100404.
[CrossRef]

Su, Y;; Yu, B.; Wang, S.; Cong, H.; Shen, Y. NIR-II Bioimaging of Small Organic Molecule. Biomaterials 2021, 271, 120717. [CrossRef]
[PubMed]

Chen, S.; Miao, H.; Jiang, X.; Sun, P,; Fan, Q.; Huang, W. Starlike Polymer Brush-Based Ultrasmall Nanoparticles with Simul
taneously Improved NIR-II Fluorescence and Blood Circulation for Efficient Orthotopic Glioblastoma Imaging. Biomaterials 2021,
275,120916. [CrossRef] [PubMed]

Dekker, E.; Tanis, PJ.; Vleugels, ].L.A.; Kasi, PM.; Wallace, M.B. Colorectal Cancer. Lancet 2019, 394, 1467-1480. [CrossRef]
Zhou, Q.; Xu, Y.; Zhou, Y,; Wang, J. Promising Chemotherapy for Malignant Pediatric Brain Tumor in Recent Biological In sights.
Molecules 2022, 27, 2685. [CrossRef] [PubMed]

Chen, H.; Qin, Y.,; Wang, Z.; Wang, L.; Pang, D.; Zhao, D.; Liu, S. An Activatable and Reversible Virus-Mimicking NIR-II
Nanoprobe for Monitoring the Progression of Viral Encephalitis. Angew. Chem. Int. Ed. 2022, 61, €202210285. [CrossRef]

Yin, B.; Qin, Q.; Li, Z.; Wang, Y.; Liu, X;; Liu, Y,; Huan, S.; Zhang, X.; Song, G. Tongue Cancer Tailored Photosensitizers for NIR-II
Fluorescence Imaging Guided Precise Treatment. Nano Today 2022, 45, 101550. [CrossRef]

Zhang, X.-F;; Shen, L.; Wang, S.; Chen, Q.; Cao, X.-Q.; Shen, S.-L.; Li, X. A New Xanthene-Based Platform for Developing NIR
Fluorogenic Probes for in Vivo Bioimaging. Chem. Eng. |. 2023, 472, 145065. [CrossRef]

Sun, L.; Shi, S.; Wu, Z.; Huang, Y.; Ji, C.; Grimes, C.A.; Feng, X.; Cai, Q. Lanthanide/Cu,_, Se Nanoparticles for Bacteria-Activated
NIR-II Fluorescence Imaging of Infection. ACS Sens. 2022, 7, 2235-2242. [CrossRef]

He, Y;; Wang, S.; Yu, P; Yan, K.; Ming, J.; Yao, C.; He, Z,; El-Toni, A.M.; Khan, A.; Zhu, X.; et al. NIR-II Cell Endocytosis-Activated
Fluorescent Probes for in Vivo High-Contrast Bioimaging Diagnostics. Cherm. Sci. 2021, 12, 10474-10482. [CrossRef]

Tian, Y,; Liu, S.; Cao, W.; Wu, P; Chen, Z.; Xiong, H. HyO;-Activated NIR-II Fluorescent Probe with a Large Stokes Shift for
High-Contrast Imaging in Drug-Induced Liver Injury Mice. Anal. Chem. 2022, 94, 11321-11328. [CrossRef]

Wang, H.; Sun, Y,; Lin, X; Feng, W.; Li, Z.; Yu, M. Multi-Organelle-Targeting pH-Dependent NIR Fluorescent Probe for Lysosomal
Viscosity. Chin. Chem. Lett. 2023, 34, 107626. [CrossRef]

Zhu, J.; Wang, X.; Su, Y.; Shao, J.; Song, X.; Wang, W.; Zhong, L.; Gan, L.; Zhao, Y.; Dong, X. Multifunctional Nanolocks with GSH
as the Key for Synergistic Ferroptosis and Anti-Chemotherapeutic Resistance. Biomaterials 2022, 288, 121704. [CrossRef]

Du, Y,; Zhang, R.; Yang, ].; Liu, S.; Zhou, J.; Zhao, R.; He, F; Zhang, Y.; Yang, P.; Lin, J. A “Closed-Loop” Therapeutic Strategy
Based on Mutually Reinforced Ferroptosis and Immunotherapy. Adv. Funct. Mater. 2022, 32, 2111784. [CrossRef]

Zeng, Y.; Dou, T.; Ma, L.; Ma, J. Biomedical Photoacoustic Imaging for Molecular Detection and Disease Diagnosis: “Always-On”
and “Turn-On” Probes. Adv. Sci. 2022, 9, 2202384. [CrossRef]

Weber, J.; Beard, P.C.; Bohndiek, S.E. Contrast Agents for Molecular Photoacoustic Imaging. Nat. Methods 2016, 13, 639-650.
[CrossRef] [PubMed]

Fu, Q.; Zhu, R.; Song, J.; Yang, H.; Chen, X. Photoacoustic Imaging: Contrast Agents and Their Biomedical Applications. Adv.
Mater. 2019, 31, 1805875. [CrossRef] [PubMed]

Van Keulen, S.; Nishio, N.; Fakurnejad, S.; Birkeland, A.; Martin, B.A.; Lu, G.; Zhou, Q.; Chirita, S.U.; Forouzanfar, T,
Colevas, A.D.; et al. The Clinical Application of Fluorescence-Guided Surgery in Head and Neck Cancer. |. Nucl. Med. 2019, 60,
758-763. [CrossRef]

Fang, H.; Chen, Y,; Jiang, Z.; He, W.; Guo, Z. Fluorescent Probes for Biological Species and Microenvironments: From Rational
Design to Bioimaging Applications. Acc. Chem. Res. 2023, 56, 258-269. [CrossRef]


https://doi.org/10.1016/j.mtnano.2023.100404
https://doi.org/10.1016/j.biomaterials.2021.120717
https://www.ncbi.nlm.nih.gov/pubmed/33610960
https://doi.org/10.1016/j.biomaterials.2021.120916
https://www.ncbi.nlm.nih.gov/pubmed/34091301
https://doi.org/10.1016/S0140-6736(19)32319-0
https://doi.org/10.3390/molecules27092685
https://www.ncbi.nlm.nih.gov/pubmed/35566032
https://doi.org/10.1002/anie.202210285
https://doi.org/10.1016/j.nantod.2022.101550
https://doi.org/10.1016/j.cej.2023.145065
https://doi.org/10.1021/acssensors.2c00683
https://doi.org/10.1039/D1SC02763H
https://doi.org/10.1021/acs.analchem.2c02052
https://doi.org/10.1016/j.cclet.2022.06.049
https://doi.org/10.1016/j.biomaterials.2022.121704
https://doi.org/10.1002/adfm.202111784
https://doi.org/10.1002/advs.202202384
https://doi.org/10.1038/nmeth.3929
https://www.ncbi.nlm.nih.gov/pubmed/27467727
https://doi.org/10.1002/adma.201805875
https://www.ncbi.nlm.nih.gov/pubmed/30556205
https://doi.org/10.2967/jnumed.118.222810
https://doi.org/10.1021/acs.accounts.2c00643

Int. . Mol. Sci. 2023, 24, 16949 23 of 27

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Wang, L.V.; Hu, S. Photoacoustic Tomography: In Vivo Imaging from Organelles to Organs. Science 2012, 335, 1458-1462.
[CrossRef] [PubMed]

Bi, S.; Wen, X.; Sun, G.; Zeng, S. Activatable NIR-II Ratiometric Fluorescence Nanoprobe for in Vivo Real-Time Dynamic Imaging
of GSH and Its-Associated Diseases. Nano Today 2023, 53, 102027. [CrossRef]

Wang, M.; Chen, N. Three-dimensional Cellular Imaging in Thick Biological Tissue with Confocal Detection of One-photon
Fluorescence in the Near-infrared Il Window. J. Biophotonics 2019, 12, €201800459. [CrossRef] [PubMed]

Smith, B.R.; Gambhir, S.S. Nanomaterials for In Vivo Imaging. Chem. Rev. 2017, 117, 901-986. [CrossRef] [PubMed]

Li, S.; Gu, K.; Wang, H.; Xu, B.; Li, H,; Shi, X,; Huang, Z.; Liu, H. Degradable Holey Palladium Nanosheets with Highly Active 1D
Nanoholes for Synergetic Phototherapy of Hypoxic Tumors. J. Am. Chem. Soc. 2020, 142, 5649-5656. [CrossRef]

Shao, J.; Xie, H.; Huang, H.; Li, Z,; Sun, Z,; Xu, Y,; Xiao, Q.; Yu, X.-F; Zhao, Y.; Zhang, H.; et al. Biodegradable Black
Phosphorus-Based Nanospheres for in Vivo Photothermal Cancer Therapy. Nat. Commun. 2016, 7, 12967. [CrossRef]

Zhang, M.; Wang, W.; Cui, Y.; Chu, X.; Sun, B.; Zhou, N.; Shen, ]J. Magnetofluorescent Fe304/Carbon Quantum Dots Coated
Single-Walled Carbon Nanotubes as Dual-Modal Targeted Imaging and Chemo/Photodynamic/Photothermal Triple-Modal
Therapeutic Agents. Chem. Eng. ]. 2018, 338, 526-538. [CrossRef]

Tai, Y.-W,; Chiu, Y.-C.; Wu, P-T,; Yu, J.; Chin, Y.-C.; Wu, S.-P.; Chuang, Y.-C.; Hsieh, H.-C.; Lai, P.-S.; Yu, H.-P; et al. Degradable
NIR-PTT Nanoagents with a Potential Cu@Cup;O@Polymer Structure. ACS Appl. Mater. Interfaces 2018, 10, 5161-5174. [CrossRef]
Sharker, S.M.; Lee, ].E.; Kim, S.H.; Jeong, ].H.; In, I; Lee, H.; Park, S.Y. pH Triggered in Vivo Photothermal Therapy and
Fluorescence Nanoplatform of Cancer Based on Responsive Polymer-Indocyanine Green Integrated Reduced Graphene Oxide.
Biomaterials 2015, 61, 229-238. [CrossRef]

Cheng, Y.-].; Yang, S.-H.; Hsu, C.-S. Synthesis of Conjugated Polymers for Organic Solar Cell Applications. Chem. Rev. 2009, 109,
5868-5923. [CrossRef]

Xie, C.; Zhen, X,; Lei, Q.; Ni, R.; Pu, K. Self-Assembly of Semiconducting Polymer Amphiphiles for In Vivo Photoacoustic Imaging.
Adv. Funct. Mater. 2017, 27, 1605397. [CrossRef]

Yin, C.; Zhu, H,; Xie, C.; Zhang, L.; Chen, P; Fan, Q.; Huang, W.; Pu, K. Organic Nanoprobe Cocktails for Multilocal and
Multicolor Fluorescence Imaging of Reactive Oxygen Species. Adv. Funct. Mater. 2017, 27, 1700493. [CrossRef]

Yang, S.; Sun, B,; Liu, E; Li, N.; Wang, M.; Wu, P, Wu, G.; Fang, H.; He, Y.; Zhou, W,; et al. NIR-II Imaging-Guided Mitochondrial-
Targeting Organic Nanoparticles for Multimodal Synergistic Tumor Therapy. Small 2023, 19, 2207995. [CrossRef]

Tao, J.; Tu, Y,; Liu, P; Tang, Y.; Wang, F; Li, Z.; Li, C.; Li, Y.; Ma, Y.; Gu, Y. Detection of Colorectal Cancer Using a Small Molecular
Fluorescent Probe Targeted against C-Met. Talanta 2021, 226, 122128. [CrossRef]

Yang, K.; Long, F; Liu, W.; Zhang, Z.; Zhao, S.; Wang, B.; Zou, Y.; Lan, M.; Yuan, J.; Song, X.; et al. A-DA’D-A Structured Organic
Phototheranostics for NIR-II Fluorescence/Photoacoustic Imaging-Guided Photothermal and Photodynamic Synergistic Therapy.
ACS Appl. Mater. Interfaces 2022, 14, 18043-18052. [CrossRef] [PubMed]

Yang, K.; Yu, B,; Liu, W,; Zhang, Z.; Huang, L.; Zhao, S.; Wang, B.; Yi, J.; Yuan, J.; Zou, Y.; et al. All-in-One Phototheranostics
Based on BTP-4F-DMO Nanoparticles for NIR-II Fluorescence/Photoacoustic Dual-Mode Imaging and Combinational Therapy.
Chin. Chem. Lett. 2023, 34, 107889. [CrossRef]

Qin, Y,; Chen, X,; Gui, Y.; Wang, H.; Tang, B.Z.; Wang, D. Self-Assembled Metallacage with Second Near-Infrared Aggregation-
Induced Emission for Enhanced Multimodal Theranostics. J. Am. Chem. Soc. 2022, 144, 12825-12833. [CrossRef] [PubMed]
Wang, Q.; Qu, B.; Li, J; Liu, Y;; Dong, J.; Peng, X.; Zhang, R. Multifunctional MnO ,/Ag 3 SbS 3 Nanotheranostic Agent for
Single-Laser-Triggered Tumor Synergistic Therapy in the NIR-II Biowindow. ACS Appl. Mater. Interfaces 2022, 14, 4980-4994.
[CrossRef] [PubMed]

Dai, Y.; Zhang, F.; Chen, K,; Sun, Z.; Wang, Z.; Xue, Y.; Li, M.; Fan, Q.; Shen, Q.; Zhao, Q. An Activatable Phototheranostic
Nanoplatform for Tumor Specific NIR-II Fluorescence Imaging and Synergistic NIR-II Photothermal-Chemodynamic Therapy.
Small 2023, 19, 2206053. [CrossRef]

Li, Y; Jia, R; Lin, H.; Sun, X.; Qu, E. Synthesis of MoSe; /CoSe, Nanosheets for NIR-Enhanced Chemodynamic Therapy via
Synergistic In-Situ H ; O  Production and Activation. Adv. Funct. Mater. 2021, 31, 2008420. [CrossRef]

Ma, Y.; Guo, C.; Qu, E; Lin, H. NIR-II Driven Photocatalytic Hydrogen Peroxide-Supply on Metallic Copper-Nickel Selenide
(Cu-Ni0.855e) Nanoparticle for Synergistic Therapy. J. Colloid Interface Sci. 2023, 641, 113-125. [CrossRef]

Meng, X.; Zhang, Z.; Qian, Y.; Wang, X.; Lin, Y.; Shi, X.; Lin, W.; Zhang, M.; Wang, H. Carbon-Encapsulated Magnetite
Nanodoughnut as a NIR-II Responsive Nanozyme for Synergistic Chemodynamic-Photothermal Therapy. Adv. Healthc. Mater.
2023, 12, 2301926. [CrossRef] [PubMed]

Chen, J.; Xue, E; Du, W.; Deng, X.; Wu, Y.; Chen, H. Endogenous Fe?*-Activated Nanomedicine to Amplify ROS Generation and
in-Situ Response NIR-II Photothermal Therapy of Tumor. Chem. Eng. J. 2023, 471, 144358. [CrossRef]

Yu, H.; Wang, Y.; Chen, Y.; Cui, M,; Yang, F; Wang, P; Ji, M. Transmissible H-Aggregated NIR-II Fluorophore to the Tumor Cell
Membrane for Enhanced PTT and Synergistic Therapy of Cancer. Nano Converg. 2023, 10, 3. [CrossRef] [PubMed]

Wang, Q.; Dai, Y.; Xu, J.; Cai, J.; Niu, X,; Zhang, L.; Chen, R.; Shen, Q.; Huang, W.; Fan, Q. All-in-One Phototheranostics: Single
Laser Triggers NIR-II Fluorescence /Photoacoustic Imaging Guided Photothermal/Photodynamic/Chemo Combination Therapy.
Adv. Funct. Mater. 2019, 29, 1901480. [CrossRef]


https://doi.org/10.1126/science.1216210
https://www.ncbi.nlm.nih.gov/pubmed/22442475
https://doi.org/10.1016/j.nantod.2023.102027
https://doi.org/10.1002/jbio.201800459
https://www.ncbi.nlm.nih.gov/pubmed/30663282
https://doi.org/10.1021/acs.chemrev.6b00073
https://www.ncbi.nlm.nih.gov/pubmed/28045253
https://doi.org/10.1021/jacs.9b12929
https://doi.org/10.1038/ncomms12967
https://doi.org/10.1016/j.cej.2018.01.081
https://doi.org/10.1021/acsami.7b15109
https://doi.org/10.1016/j.biomaterials.2015.05.040
https://doi.org/10.1021/cr900182s
https://doi.org/10.1002/adfm.201605397
https://doi.org/10.1002/adfm.201700493
https://doi.org/10.1002/smll.202207995
https://doi.org/10.1016/j.talanta.2021.122128
https://doi.org/10.1021/acsami.1c22444
https://www.ncbi.nlm.nih.gov/pubmed/35420773
https://doi.org/10.1016/j.cclet.2022.107889
https://doi.org/10.1021/jacs.2c03895
https://www.ncbi.nlm.nih.gov/pubmed/35786928
https://doi.org/10.1021/acsami.1c21752
https://www.ncbi.nlm.nih.gov/pubmed/35050589
https://doi.org/10.1002/smll.202206053
https://doi.org/10.1002/adfm.202008420
https://doi.org/10.1016/j.jcis.2023.02.118
https://doi.org/10.1002/adhm.202301926
https://www.ncbi.nlm.nih.gov/pubmed/37552521
https://doi.org/10.1016/j.cej.2023.144358
https://doi.org/10.1186/s40580-022-00352-4
https://www.ncbi.nlm.nih.gov/pubmed/36609947
https://doi.org/10.1002/adfm.201901480

Int. . Mol. Sci. 2023, 24, 16949 24 of 27

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sun, P; Yang, W.; He, ].; He, L.; Chen, P; Xu, W,; Shen, Q.; Li, D.; Fan, Q. Phenylboronic Acid-Modified Near-Infrared Region II
Excitation Donor-Acceptor-Donor Molecule for 2-Deoxy-d-Glucose Improved Starvation/Chemo/Photothermal Combination
Therapy. Adv. Healthc. Mater. 2023, 2302099. [CrossRef]

Zhang, L.; Chu, C,; Lin, X,; Sun, R.; Li, Z; Chen, S; Liu, Y.; Wu, ].; Yu, Z,; Liu, X. Tunable Nanoparticles with Aggregation-Induced
Emission Heater for Precise Synergistic Photothermal and Thermodynamic Oral Cancer Therapy of Patient-Derived Tumor
Xenograft. Adv. Sci. 2023, 10, 2205780. [CrossRef] [PubMed]

Zhuang, J.; Wang, B.; Chen, H.; Zhang, K.; Li, N.; Zhao, N.; Tang, B.Z. Efficient NIR-II Type-I AIE Photosensitizer for Mitochondria-
Targeted Photodynamic Therapy through Synergistic Apoptosis—Ferroptosis. ACS Nano 2023, 17, 9110-9125. [CrossRef]

Cui, M,; Tang, D.; Wang, B.; Zhang, H.; Liang, G.; Xiao, H. Bioorthogonal Guided Activation of Cgas-STING by Aie Photosensitizer
Nanoparticles for Targeted Tumor Therapy And Imaging. Adv. Mater. 2023, 2305668. [CrossRef]

Li, M.; Zhao, M.; Zhang, Y.; Ding, M.; Yu, N.; Peng, S.; Shi, X.; Li, J. Second Near-Infrared Light-Activated Semiconducting
Polymer Nanomediators Enable Three-in-One Tumor Microenvironment Modulation for Combination Immunotherapy. Nano
Today 2023, 50, 101833. [CrossRef]

Wang, Z.; Yu, L.; Wang, Y.; Wang, C.; Mu, Q.; Liu, X;; Yu, M.; Wang, K,; Yao, G.; Yu, Z. Dynamic Adjust of Non-Radiative and
Radiative Attenuation of AIE Molecules Reinforces NIR-II Imaging Mediated Photothermal Therapy and Immunotherapy. Adv.
Sci. 2022, 9, 2104793. [CrossRef]

Pu, Y.; Wu, W,; Zhou, B.; Xiang, H.; Yu, ].; Yin, H.; Zhang, Y,; Du, D.; Chen, Y.; Xu, H. Starvation Therapy Enabled “Switch-on”
NIR-II Photothermal Nanoagent for Synergistic in Situ Photothermal Immunotherapy. Nano Today 2022, 44, 101461. [CrossRef]
Xu, M.; Xue, B.; Wang, Y.; Wang, D.; Gao, D.; Yang, S.; Zhao, Q.; Zhou, C.; Ruan, S.; Yuan, Z. Temperature-Feedback Nanoplatform
for NIR-II Penta-Modal Imaging-Guided Synergistic Photothermal Therapy and CAR-NK Immunotherapy of Lung Cancer. Small
2021, 17,2101397. [CrossRef]

Li, C; Ye, J.; Yang, X,; Liu, S;; Zhang, Z.; Wang, J.; Zhang, K.; Xu, J.; Fu, Y,; Yang, P. Fe/Mn Bimetal-Doped ZIF-8-Coated
Luminescent Nanoparticles with Up/Downconversion Dual-Mode Emission for Tumor Self-Enhanced NIR-II Imaging and
Catalytic Therapy. ACS Nano 2022, 16, 18143-18156. [CrossRef]

Hu, Z,; Li, R.; Cui, X.; Hu, C.; Chen, Z. Tailoring Albumin-Based Theranostic PROTACs Nanoparticles for Enhanced NIR-II
Bioimaging and Synergistic Cancer Chemo-Phototherapy. Chem. Eng. J. 2023, 469, 143883. [CrossRef]

Zhang, S.; Li, Z.; Wang, Q.; Liu, Q.; Yuan, W.; Feng, W.; Li, F. An NIR-II Photothermally Triggered “Oxygen Bomb” for Hypoxic
Tumor Programmed Cascade Therapy. Adv. Mater. 2022, 34, 2201978. [CrossRef]

Wang, Q.-X.; Yang, Y.-F; Yang, X.-E; Pan, Y.; Sun, L.-D.; Zhang, W.-Y,; Shao, Y.; Shen, J.; Lin, J.; Li, L.; et al. Upcon-
verted /Downshifted NaLnF4 and Metal-Organic Framework Heterostructures Boosting NIR-II Imaging-Guided Photodynamic
Immunotherapy toward Tumors. Nano Today 2022, 43, 101439. [CrossRef]

Yang, S.; Wu, G.; Li, N.; Wang, M.; Wu, P; He, Y.; Zhou, W.; Xiao, H.; Tan, X,; Tang, L.; et al. A Mitochondria-Targeted
Molecular Phototheranostic Platform for NIR-II Imaging-Guided Synergistic Photothermal /Photodynamic/Immune Therapy. J.
Nanobiotechnol. 2022, 20, 475. [CrossRef] [PubMed]

Li, B.; Zhao, S.; Huang, L.; Wang, Q.; Xiao, J.; Lan, M. Recent Advances and Prospects of Carbon Dots in Phototherapy. Chem. Eng.
J. 2021, 408, 127245. [CrossRef]

Zhao, X; Liu, J.; Fan, J.; Chao, H.; Peng, X. Recent Progress in Photosensitizers for Overcoming the Challenges of Photodynamic
Therapy: From Molecular Design to Application. Chem. Soc. Rev. 2021, 50, 4185-4219. [CrossRef] [PubMed]

Park, J.M.; Hong, K.-I; Lee, H.; Jang, W.-D. Bioinspired Applications of Porphyrin Derivatives. Acc. Chem. Res. 2021, 54,
2249-2260. [CrossRef] [PubMed]

Li, X,; Fang, F; Sun, B.; Yin, C,; Tan, J.; Wan, Y.; Zhang, J.; Sun, P.; Fan, Q.; Wang, P,; et al. Near-Infrared Small Molecule Coupled
with Rigidness and Flexibility for High-Performance Multimodal Imaging-Guided Photodynamic and Photothermal Synergistic
Therapy. Nanoscale Horiz. 2021, 6, 177-185. [CrossRef]

Liu, Y.; Bhattarai, P.; Dai, Z.; Chen, X. Photothermal Therapy and Photoacoustic Imaging via Nanotheranostics in Fighting Cancer.
Chem. Soc. Rev. 2019, 48, 2053-2108. [CrossRef]

Yi, X.; Duan, Q.-Y.; Wu, F.-G. Low-Temperature Photothermal Therapy: Strategies and Applications. Research 2021, 2021, 9816594.
[CrossRef]

Jiang, R.; Dai, J.; Dong, X.; Wang, Q.; Meng, Z.; Guo, ].; Yu, Y.; Wang, S.; Xia, F; Zhao, Z.; et al. Improving Image-Guided Surgical
and Immunological Tumor Treatment Efficacy by Photothermal and Photodynamic Therapies Based on a Multifunctional NIR
AlEgen. Adv. Mater. 2021, 33, 2101158. [CrossRef]

Wang, D.; Wang, X.; Zhou, S.; Gu, P; Zhu, X.,; Wang, C.; Zhang, Q. Evolution of BODIPY as Triplet Photosensitizers from
Homogeneous to Heterogeneous: The Strategies of Functionalization to Various Forms and Their Recent Applications. Coord.
Chem. Rev. 2023, 482, 215074. [CrossRef]

Song, W.; Song, S.-].; Kuang, J.; Yang, H.; Yu, T,; Yang, F.; Wan, T.; Xu, Y.; Wei, S.-T.; Li, M.-X,; et al. Activating Innate Immunity by
a STING Signal Amplifier for Local and Systemic Immunotherapy. ACS Nano 2022, 16, 15977-15993. [CrossRef] [PubMed]
Zhang, Y.; Zhang, S.; Zhang, Z.; Ji, L.; Zhang, J.; Wang, Q.; Guo, T; Ni, S.; Cai, R.; Mu, X.; et al. Recent Progress on NIR-II
Photothermal Therapy. Front. Chem. 2021, 9, 728066. [CrossRef]

Liu, T.; Zhang, X,; Liu, D.; Chen, B.; Ge, X.; Gao, S.; Song, ]J. Self-Assembled Ag,S-QD Vesicles for In Situ Responsive NIR-II
Fluorescence Imaging-Guided Photothermal Cancer Therapy. Adv. Opt. Mater. 2021, 9, 2100233. [CrossRef]


https://doi.org/10.1002/adhm.202302099
https://doi.org/10.1002/advs.202205780
https://www.ncbi.nlm.nih.gov/pubmed/37078783
https://doi.org/10.1021/acsnano.2c12319
https://doi.org/10.1002/adma.202305668
https://doi.org/10.1016/j.nantod.2023.101833
https://doi.org/10.1002/advs.202104793
https://doi.org/10.1016/j.nantod.2022.101461
https://doi.org/10.1002/smll.202101397
https://doi.org/10.1021/acsnano.2c05152
https://doi.org/10.1016/j.cej.2023.143883
https://doi.org/10.1002/adma.202201978
https://doi.org/10.1016/j.nantod.2022.101439
https://doi.org/10.1186/s12951-022-01679-0
https://www.ncbi.nlm.nih.gov/pubmed/36369039
https://doi.org/10.1016/j.cej.2020.127245
https://doi.org/10.1039/D0CS00173B
https://www.ncbi.nlm.nih.gov/pubmed/33527104
https://doi.org/10.1021/acs.accounts.1c00114
https://www.ncbi.nlm.nih.gov/pubmed/33891405
https://doi.org/10.1039/D0NH00672F
https://doi.org/10.1039/C8CS00618K
https://doi.org/10.34133/2021/9816594
https://doi.org/10.1002/adma.202101158
https://doi.org/10.1016/j.ccr.2023.215074
https://doi.org/10.1021/acsnano.2c03509
https://www.ncbi.nlm.nih.gov/pubmed/36190834
https://doi.org/10.3389/fchem.2021.728066
https://doi.org/10.1002/adom.202100233

Int. . Mol. Sci. 2023, 24, 16949 25 of 27

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Hu, Z; Li, R,; Cui, X;; Hu, C.; Chen, Z. A pH-Sensitive Carbonic Anhydrase IX-Targeted near-Infrared Probe for Fluorescent
Sensing and Imaging of Hypoxic Osteosarcoma. Sens. Actuators B Chem. 2023, 379, 133171. [CrossRef]

Choi, PJ.; Tomek, P; Tercel, M.; Reynisson, ].; Park, T1.H.; Cooper, E.A.; Denny, W.A ; Jose, J.; Leung, E. Conjugation of Palbociclib
with MHI-148 Has an Increased Cytotoxic Effect for Breast Cancer Cells and an Altered Mechanism of Action. Molecules 2022,
27, 880. [CrossRef] [PubMed]

Hu, Z.; Li, R.; Cui, X.; Chen, Z. Albumin-Based Cyanine Crizotinib Conjugate Nanoparticles for NIR-II Imaging-Guided
Synergistic Chemophototherapy. ACS Appl. Mater. Interfaces 2023, 15, 33890-33902. [CrossRef]

He, S.; Song, J.; Qu, J.; Cheng, Z. Crucial Breakthrough of Second Near-Infrared Biological Window Fluorophores: Design and
Synthesis toward Multimodal Imaging and Theranostics. Chem. Soc. Rev. 2018, 47, 4258-4278. [CrossRef]

Grohl, J.; Schellenberg, M.; Dreher, K.; Maier-Hein, L. Deep Learning for Biomedical Photoacoustic Imaging: A Review.
Photoacoustics 2021, 22, 100241. [CrossRef]

Lyu, Y.; Fang, Y.; Miao, Q.; Zhen, X.; Ding, D.; Pu, K. Intraparticle Molecular Orbital Engineering of Semiconducting Polymer
Nanoparticles as Amplified Theranostics for in Vivo Photoacoustic Imaging and Photothermal Therapy. ACS Nano 2016, 10,
4472-4481. [CrossRef] [PubMed]

Jiang, Y.; Cui, D.; Fang, Y.; Zhen, X.; Upputuri, PK.; Pramanik, M.; Ding, D.; Pu, K. Amphiphilic Semiconducting Polymer as
Multifunctional Nanocarrier for Fluorescence /Photoacoustic Imaging Guided Chemo-Photothermal Therapy. Biomaterials 2017,
145, 168-177. [CrossRef] [PubMed]

Jiang, Y,; Upputuri, PK,; Xie, C.; Zeng, Z.; Sharma, A.; Zhen, X,; Li, J.; Huang, J.; Pramanik, M.; Pu, K. Metabolizable
Semiconducting Polymer Nanoparticles for Second Near-Infrared Photoacoustic Imaging. Adv. Mater. 2019, 31, 1808166.
[CrossRef] [PubMed]

Zhen, X.; Pu, K,; Jiang, X. Photoacoustic Imaging and Photothermal Therapy of Semiconducting Polymer Nanoparticles: Signal
Amplification and Second Near-Infrared Construction. Small 2021, 17, 2004723. [CrossRef]

Li, T; Liu, L.; Xu, P; Yuan, P; Tian, Y.; Cheng, Q.; Yan, L. Multifunctional Nanotheranostic Agent for NIR-II Imaging-Guided
Synergetic Photothermal /Photodynamic Therapy. Adv. Ther. 2021, 4, 2000240. [CrossRef]

Chen, L.-].; Yang, H.-B. Construction of Stimuli-Responsive Functional Materials via Hierarchical Self-Assembly Involving
Coordination Interactions. Acc. Chem. Res. 2018, 51, 2699-2710. [CrossRef]

Percastegui, E.G.; Ronson, T.K.; Nitschke, ].R. Design and Applications of Water-Soluble Coordination Cages. Chem. Rev. 2020,
120, 13480-13544. [CrossRef] [PubMed]

Purba, P.C.; Maity, M.; Bhattacharyya, S.; Mukherjee, P.S. A Self-Assembled Palladium(II) Barrel for Binding of Fullerenes and
Photosensitization Ability of the Fullerene-Encapsulated Barrel. Angew. Chem. Int. Ed. 2021, 60, 14109-14116. [CrossRef]
Cullen, W.; Misuraca, M.C.; Hunter, C.A.; Williams, N.H.; Ward, M.D. Highly Efficient Catalysis of the Kemp Elimination in the
Cavity of a Cubic Coordination Cage. Nat. Chem. 2016, 8, 231-236. [CrossRef]

Catti, L.; Narita, H.; Tanaka, Y.; Sakai, H.; Hasobe, T.; Tkachenko, N.V,; Yoshizawa, M. Supramolecular Singlet Fission of Pentacene
Dimers within Polyaromatic Capsules. J. Am. Chem. Soc. 2021, 143, 9361-9367. [CrossRef]

Lee, H.; Tessarolo, J.; Langbehn, D.; Baksi, A.; Herges, R.; Clever, G.H. Light-Powered Dissipative Assembly of Diazocine
Coordination Cages. J. Am. Chem. Soc. 2022, 144, 3099-3105. [CrossRef]

Mu, C,; Zhang, Z.; Hou, Y; Liu, H,; Ma, L; Li, X;; Ling, S.; He, G.; Zhang, M. Tetraphenylethylene-Based Multicomponent
Emissive Metallacages as Solid-State Fluorescent Materials. Angew. Chem. Int. Ed. 2021, 60, 12293-12297. [CrossRef]

Di, Q.; Wang, J.; Zhao, Z; Liu, J.; Xu, M,; Liu, J.; Rong, H.; Chen, W.; Zhang, ]. Near-Infrared Luminescent Ternary Ags;SbSs;
Quantum Dots by in Situ Conversion of Ag Nanocrystals with Sb(CoH19COOS)3. Chem. A Eur. ]. 2018, 24, 18643-18647. [CrossRef]
Li, L; Hu, FE; Xu, D.; Shen, S.; Wang, Q. Metal Ion Redox Potential Plays an Important Role in High-Yield Synthesis of
Monodisperse Silver Nanoparticles. Chem. Commun. 2012, 48, 4728. [CrossRef]

Tang, Z.; Liu, Y.; He, M.; Bu, W. Chemodynamic Therapy: Tumour Microenvironment-Mediated Fenton and Fenton-like Reactions.
Angew. Chem. Int. Ed. 2019, 58, 946-956. [CrossRef]

Tian, Q.; Xue, F; Wang, Y.; Cheng, Y.; An, L.; Yang, S.; Chen, X.; Huang, G. Recent Advances in Enhanced Chemodynamic Therapy
Strategies. Nano Today 2021, 39, 101162. [CrossRef]

Zhao, P; Tang, Z.; Chen, X.; He, Z.; He, X.; Zhang, M; Liu, Y,; Ren, D.; Zhao, K.; Bu, W. Ferrous-Cysteine-Phosphotungstate
Nanoagent with Neutral pH Fenton Reaction Activity for Enhanced Cancer Chemodynamic Therapy. Mater. Horiz. 2019, 6,
369-374. [CrossRef]

Hwang, E.; Jung, H.S. Metal-Organic Complex-Based Chemodynamic Therapy Agents for Cancer Therapy. Chem. Commun. 2020,
56, 8332-8341. [CrossRef]

Qian, X.; Zhang, J.; Gu, Z.; Chen, Y. Nanocatalysts-Augmented Fenton Chemical Reaction for Nanocatalytic Tumor Therapy.
Biomaterials 2019, 211, 1-13. [CrossRef]

Cheng, Q.; Li, T; Tian, Y.; Dang, H.; Qian, H.; Teng, C.; Xie, K.; Yan, L. NIR-II Fluorescence Imaging-Guided Photothermal Therapy
with Amphiphilic Polypeptide Nanoparticles Encapsulating Organic NIR-II Dye. ACS Appl. Bio. Mater. 2020, 3, 8953-8961.
[CrossRef]

Fan, Y,; Wang, S.; Zhang, F. Optical Multiplexed Bioassays for Improved Biomedical Diagnostics. Angew. Chem. Int. Ed. 2019, 58,
13208-13219. [CrossRef]


https://doi.org/10.1016/j.snb.2022.133171
https://doi.org/10.3390/molecules27030880
https://www.ncbi.nlm.nih.gov/pubmed/35164144
https://doi.org/10.1021/acsami.3c05926
https://doi.org/10.1039/C8CS00234G
https://doi.org/10.1016/j.pacs.2021.100241
https://doi.org/10.1021/acsnano.6b00168
https://www.ncbi.nlm.nih.gov/pubmed/26959505
https://doi.org/10.1016/j.biomaterials.2017.08.037
https://www.ncbi.nlm.nih.gov/pubmed/28866477
https://doi.org/10.1002/adma.201808166
https://www.ncbi.nlm.nih.gov/pubmed/30663820
https://doi.org/10.1002/smll.202004723
https://doi.org/10.1002/adtp.202000240
https://doi.org/10.1021/acs.accounts.8b00317
https://doi.org/10.1021/acs.chemrev.0c00672
https://www.ncbi.nlm.nih.gov/pubmed/33238092
https://doi.org/10.1002/anie.202103822
https://doi.org/10.1038/nchem.2452
https://doi.org/10.1021/jacs.0c13172
https://doi.org/10.1021/jacs.1c12011
https://doi.org/10.1002/anie.202100463
https://doi.org/10.1002/chem.201804800
https://doi.org/10.1039/c2cc18152e
https://doi.org/10.1002/anie.201805664
https://doi.org/10.1016/j.nantod.2021.101162
https://doi.org/10.1039/C8MH01176A
https://doi.org/10.1039/D0CC03012K
https://doi.org/10.1016/j.biomaterials.2019.04.023
https://doi.org/10.1021/acsabm.0c01218
https://doi.org/10.1002/anie.201901964

Int. . Mol. Sci. 2023, 24, 16949 26 of 27

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Meng, X.; Zhou, K; Qian, Y.; Liu, H.; Wang, X; Lin, Y.; Shi, X,; Tian, Y.; Lu, Y.; Chen, Q.; et al. Hollow Cuprous Oxide@Nitrogen-
Doped Carbon Nanocapsules for Cascade Chemodynamic Therapy. Small 2022, 18, 2107422. [CrossRef]

Liu, J.; Wu, M,; Pan, Y,; Duan, Y,; Dong, Z.; Chao, Y.; Liu, Z; Liu, B. Biodegradable Nanoscale Coordination Polymers for Targeted
Tumor Combination Therapy with Oxidative Stress Amplification. Adv. Funct. Mater. 2020, 30, 1908865. [CrossRef]

Liu, B.; Hu, E; Zhang, J.; Wang, C.; Li, L. A Biomimetic Coordination Nanoplatform for Controlled Encapsulation and Delivery of
Drug-Gene Combinations. Angew. Chem. Int. Ed. 2019, 58, 8804-8808. [CrossRef]

Sun, W.; Zhao, X.; Fan, ].; Du, ].; Peng, X. Boron Dipyrromethene Nano-Photosensitizers for Anticancer Phototherapies. Small
2019, 15, 1804927. [CrossRef]

Li, Y.; Wang, X; Yan, J.; Liu, Y; Yang, R.; Pan, D.; Wang, L.; Xu, Y,; Li, X,; Yang, M. Nanoparticle Ferritin-Bound Erastin and Rapamycin:
A Nanodrug Combining Autophagy and Ferroptosis for Anticancer Therapy. Biomater. Sci. 2019, 7, 3779-3787. [CrossRef]

Deng, H.; Zhang, J.; Yang, Y.; Yang, J.; Wei, Y.; Ma, S.; Shen, Q. Chemodynamic and Photothermal Combination Therapy Based
on Dual-Modified Metal-Organic Framework for Inducing Tumor Ferroptosis/Pyroptosis. ACS Appl. Mater. Interfaces 2022, 14,
24089-24101. [CrossRef]

Sungu Akdogan, C.Z.; Gokcal, B.; Polat, M.; Hamaloglu, K.O.; Kip, C.; Tuncel, A. Porous, Oxygen Vacancy Enhanced CeO,_
Microspheres with Efficient Enzyme-Mimetic and Photothermal Properties. ACS Sustain. Chem. Eng. 2022, 10, 9492-9505. [CrossRef]
Hosseini, P.; Wolkersdorfer, K.; Wark, M.; Redel, E.; Baumgart, H.; Wittstock, G. Morphology and Conductivity of Copper
Hexacyanoferrate Films. J. Phys. Chem. C 2020, 124, 16849-16859. [CrossRef]

Yang, Y.;; Sun, C.; Wang, S.; Yan, K.; Zhao, M.; Wu, B.; Zhang, F. Counterion-Paired Bright Heptamethine Fluorophores with
NIR-II Excitation and Emission Enable Multiplexed Biomedical Imaging. Angew. Chem. Int. Ed. 2022, 61, €202117436. [CrossRef]
Yu, H.; Ji, M. Recent Advances of Organic Near-Infrared II Fluorophores in Optical Properties and Imaging Functions. Mol.
Imaging Biol. 2021, 23, 160-172. [CrossRef]

Zhang, C.; Wu, J; Liu, W.; Zhang, W.; Lee, C.; Wang, P. New Xanthene Dyes with NIR-II Emission Beyond 1200 Nm for Efficient
Tumor Angiography and Photothermal Therapy. Small 2022, 18, 2202078. [CrossRef]

Spano, EC; Silva, C. H- and J-Aggregate Behavior in Polymeric Semiconductors. Annu. Rev. Phys. Chem. 2014, 65, 477-500.
[CrossRef]

Sun, Q.; Ren, J.; Jiang, T.; Peng, Q.; Ou, Q.; Shuai, Z. Intermolecular Charge-Transfer-Induced Strong Optical Emission from
Herringbone H-Aggregates. Nano Lett. 2021, 21, 5394-5400. [CrossRef]

Sun, C.; Li, B.; Zhao, M.; Wang, S.; Lei, Z.; Lu, L.; Zhang, H.; Feng, L.; Dou, C.; Yin, D.; et al. | -Aggregates of Cyanine Dye for
NIR-II in Vivo Dynamic Vascular Imaging beyond 1500 Nm. J. Am. Chem. Soc. 2019, 141, 19221-19225. [CrossRef]

Sun, C.; Zhao, M.; Zhu, X.; Pei, P.; Zhang, F. One-Pot Preparation of Highly Dispersed Second Near-Infrared J-Aggregate
Nanoparticles Based on FD-1080 Cyanine Dye for Bioimaging and Biosensing. CCS Chem. 2022, 4, 476—486. [CrossRef]
Chakraborty, S.; Debnath, P.; Dey, D.; Bhattacharjee, D.; Hussain, S.A. Formation of Fluorescent H-Aggregates of a Cyanine Dye
in Ultrathin Film and Its Effect on Energy Transfer. |. Photochem. Photobiol. A Chem. 2014, 293, 57-64. [CrossRef]

Chen, P; Qu, E; Chen, S.; Li, J.; Shen, Q.; Sun, P; Fan, Q. Bandgap Modulation and Lipid Intercalation Generates Ultrabright
D-A-D-Based Zwitterionic Small-Molecule Nanoagent for Precise NIR-II Excitation Phototheranostic Applications. Adv. Funct.
Mater. 2022, 32, 2208463. [CrossRef]

Ong, S.Y.; Zhang, C.; Dong, X.; Yao, S.Q. Recent Advances in Polymeric Nanoparticles for Enhanced Fluorescence and Photoa-
coustic Imaging. Angew. Chem. Int. Ed. 2021, 60, 17797-17809. [CrossRef]

Lyu, Y,; Li, J.; Pu, K. Second Near-Infrared Absorbing Agents for Photoacoustic Imaging and Photothermal Therapy. Small
Methods 2019, 3, 1900553. [CrossRef]

Wang, X.; Gao, F.; Zhang, X. Initiator-Loaded Gold Nanocages as a Light-Induced Free-Radical Generator for Cancer Therapy.
Angew. Chem. Int. Ed. 2017, 56, 9029-9033. [CrossRef]

Tian, H. Spectrally Distinct Near-Infrared Probes for Multiplexed Biomedical Imaging. Sci. China Chem. 2021, 64, 2057-2059.
[CrossRef]

Ye, S.; Rao, J.; Qiu, S.; Zhao, J.; He, H.; Yan, Z,; Yang, T.; Deng, Y.; Ke, H.; Yang, H.; et al. Rational Design of Conjugated
Photosensitizers with Controllable Photoconversion for Dually Cooperative Phototherapy. Adv. Mater. 2018, 30, 1801216.
[CrossRef]

Jiang, Y.; Pu, K. Multimodal Biophotonics of Semiconducting Polymer Nanoparticles. Acc. Chem. Res. 2018, 51, 1840-1849.
[CrossRef] [PubMed]

Wang, D.; Lee, M\M.S.; Xu, W.; Shan, G.; Zheng, X.; Kwok, R TK.; Lam, JW.Y,; Hu, X,; Tang, B.Z. Boosting Non-Radiative Decay
to Do Useful Work: Development of a Multi-Modality Theranostic System from an AlEgen. Angew. Chem. Int. Ed. 2019, 58,
5628-5632. [CrossRef] [PubMed]

Zhang, W.; Lyu, X.; Zhang, L.; Wang, W.; Shen, Q.; Lu, S.; Lu, L.; Zhan, M.; Hu, X. Rationally Driven Drug Nonradiative Decay
via a Label-Free Polyprodrug Strategy to Renew Tumor Cascade Photothermal-Chemotherapy. Macromol. Rapid Commun. 2022,
43,2100918. [CrossRef] [PubMed]

Gao, S.; Wei, G.; Zhang, S.; Zheng, B.; Xu, J.; Chen, G.; Li, M.; Song, S.; Fu, W.; Xiao, Z.; et al. Albumin Tailoring Fluorescence
and Photothermal Conversion Effect of Near-Infrared-II Fluorophore with Aggregation-Induced Emission Characteristics. Nat.
Commun. 2019, 10, 2206. [CrossRef]


https://doi.org/10.1002/smll.202107422
https://doi.org/10.1002/adfm.201908865
https://doi.org/10.1002/anie.201903417
https://doi.org/10.1002/smll.201804927
https://doi.org/10.1039/C9BM00653B
https://doi.org/10.1021/acsami.2c00574
https://doi.org/10.1021/acssuschemeng.2c01981
https://doi.org/10.1021/acs.jpcc.0c06114
https://doi.org/10.1002/anie.202117436
https://doi.org/10.1007/s11307-020-01545-1
https://doi.org/10.1002/smll.202202078
https://doi.org/10.1146/annurev-physchem-040513-103639
https://doi.org/10.1021/acs.nanolett.1c01734
https://doi.org/10.1021/jacs.9b10043
https://doi.org/10.31635/ccschem.021.202101332
https://doi.org/10.1016/j.jphotochem.2014.07.018
https://doi.org/10.1002/adfm.202208463
https://doi.org/10.1002/anie.202101964
https://doi.org/10.1002/smtd.201900553
https://doi.org/10.1002/anie.201703159
https://doi.org/10.1007/s11426-021-1109-4
https://doi.org/10.1002/adma.201801216
https://doi.org/10.1021/acs.accounts.8b00242
https://www.ncbi.nlm.nih.gov/pubmed/30074381
https://doi.org/10.1002/anie.201900366
https://www.ncbi.nlm.nih.gov/pubmed/30834634
https://doi.org/10.1002/marc.202100918
https://www.ncbi.nlm.nih.gov/pubmed/35106866
https://doi.org/10.1038/s41467-019-10056-9

Int. . Mol. Sci. 2023, 24, 16949 27 of 27

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Liu, S,; Li, Y.; Kwok, RTK,; Lam, JJW.Y,; Tang, B.Z. Structural and Process Controls of AIEgens for NIR-II Theranostics. Chem. Sci.
2021, 12, 3427-3436. [CrossRef]

Wang, D.; Lee, M.M.S,; Xu, W.,; Kwok, RTK.; Lam, JJW.Y; Tang, B.Z. Theranostics Based on AIEgens. Theranostics 2018, 8,
4925-4956. [CrossRef]

Li, J.; Luo, Y,; Pu, K. Electromagnetic Nanomedicines for Combinational Cancer Inmunotherapy. Angew. Chem. Int. Ed. 2021, 60,
12682-12705. [CrossRef]

Lin, M.].; Svensson-Arvelund, J.; Lubitz, G.S.; Marabelle, A.; Melero, I.; Brown, B.D.; Brody, J.D. Cancer Vaccines: The next
Immunotherapy Frontier. Nat. Cancer 2022, 3, 911-926. [CrossRef]

Nam, J.; Son, S.; Park, K.S.; Zou, W.; Shea, L.D.; Moon, ].J. Cancer Nanomedicine for Combination Cancer Immunotherapy. Nat.
Rev. Mater. 2019, 4, 398-414. [CrossRef]

Chen, P-M.; Pan, W.-Y.; Wu, C.-Y; Yeh, C.-Y.; Korupalli, C.; Luo, P-K.; Chou, C.-J.; Chia, W.-T.; Sung, H.-W. Modulation of Tumor
Microenvironment Using a TLR-7/8 Agonist-Loaded Nanoparticle System That Exerts Low-Temperature Hyperthermia and
Immunotherapy for in Situ Cancer Vaccination. Biomaterials 2020, 230, 119629. [CrossRef]

Yu, N.; Ding, M.; Wang, F.; Zhou, ].; Shi, X.; Cai, R.; Li, ]. Near-Infrared Photoactivatable Semiconducting Polymer Nanocomplexes
with Bispecific Metabolism Interventions for Enhanced Cancer Immunotherapy. Nano Today 2022, 46, 101600. [CrossRef]
Huang, L.; Wan, J.; Wu, H.; Chen, X,; Bian, Q.; Shi, L.; Jiang, X.; Yuan, A.; Gao, J.; Wang, H. Quantitative Self-Assembly of
Photoactivatable Small Molecular Prodrug Cocktails for Safe and Potent Cancer Chemo-Photodynamic Therapy. Nano Today 2021,
36, 101030. [CrossRef]

Sun, H.; Zhang, Q.; Li, J.; Peng, S.; Wang, X.; Cai, R. Near-Infrared Photoactivated Nanomedicines for Photothermal Synergistic
Cancer Therapy. Nano Today 2021, 37, 101073. [CrossRef]

Zhang, Q.; Kuang, G.; He, S.; Lu, H.; Cheng, Y.; Zhou, D.; Huang, Y. Photoactivatable Prodrug-Backboned Polymeric Nanoparticles
for Efficient Light-Controlled Gene Delivery and Synergistic Treatment of Platinum-Resistant Ovarian Cancer. Nano Lett. 2020, 20,
3039-3049. [CrossRef]

Ni, W.; Wu, ]J.; Fang, H.; Feng, Y.; Hu, Y,; Lin, L.; Chen, J.; Chen, F; Tian, H. Photothermal-Chemotherapy Enhancing Tumor
Immunotherapy by Multifunctional Metal-Organic Framework Based Drug Delivery System. Nano Lett. 2021, 21, 7796-7805.
[CrossRef]

Li, J.; Luo, Y.; Zeng, Z.; Cui, D.; Huang, J.; Xu, C,; Li, L.; Pu, K,; Zhang, R. Precision Cancer Sono-Immunotherapy Using
Deep-Tissue Activatable Semiconducting Polymer Immunomodulatory Nanoparticles. Nat. Commun. 2022, 13, 4032. [CrossRef]
Qi, J.; Jia, S.; Kang, X.; Wu, X.; Hong, Y.; Shan, K.; Kong, X.; Wang, Z.; Ding, D. Semiconducting Polymer Nanoparticles with
Surface-Mimicking Protein Secondary Structure as Lysosome-Targeting Chimaeras for Self-Synergistic Cancer Immunotherapy.
Adv. Mater. 2022, 34, 2203309. [CrossRef]

Li, M.; Zhang, Y.; Zhang, Q.; Li, ]J. Tumor Extracellular Matrix Modulating Strategies for Enhanced Antitumor Therapy of
Nanomedicines. Mater. Today Bio 2022, 16, 100364. [CrossRef]

Yang, Y,; Sun, B.; Zuo, S.; Li, X.; Zhou, S.; Li, L.; Luo, C.; Liu, H.; Cheng, M.; Wang, Y.; et al. Trisulfide Bond—Mediated Doxorubicin
Dimeric Prodrug Nanoassemblies with High Drug Loading, High Self-Assembly Stability, and High Tumor Selectivity. Sci. Adv.
2020, 6, eabc1725. [CrossRef]

Xu, W,; Jiao, L.; Yan, H.; Wu, Y,; Chen, L.; Gu, W.; Du, D,; Lin, Y.; Zhu, C. Glucose Oxidase-Integrated Metal-Organic Framework
Hybrids as Biomimetic Cascade Nanozymes for Ultrasensitive Glucose Biosensing. ACS Appl. Mater. Interfaces 2019, 11,
22096-22101. [CrossRef]

Gao, P; Chen, Y;; Pan, W,; Li, N,; Liu, Z.; Tang, B. Antitumor Agents Based on Metal-Organic Frameworks. Angew. Chem. Int. Ed.
2021, 60, 16763-16776. [CrossRef]

Li, H.; Wang, X.; Ohulchanskyy, T.Y.; Chen, G. Lanthanide-Doped Near-Infrared Nanoparticles for Biophotonics. Adv. Mater.
2021, 33, 2000678. [CrossRef]

Li, X.; Kwon, N.; Guo, T; Liu, Z.; Yoon, J. Innovative Strategies for Hypoxic-Tumor Photodynamic Therapy. Angew. Chem. Int. Ed.
2018, 57, 11522-11531. [CrossRef]

Liang, X.; Chen, M.; Bhattarai, P.; Hameed, S.; Dai, Z. Perfluorocarbon@Porphyrin Nanoparticles for Tumor Hypoxia Relief to
Enhance Photodynamic Therapy against Liver Metastasis of Colon Cancer. ACS Nano 2020, 14, 13569-13583. [CrossRef]

Zhou, C; Zhang, L.; Sun, T.; Zhang, Y.; Liu, Y.; Gong, M.; Xu, Z.; Du, M,; Liu, Y,; Liu, G,; et al. Activatable NIR-II Plasmonic
Nanotheranostics for Efficient Photoacoustic Imaging and Photothermal Cancer Therapy. Adv. Mater. 2021, 33, 2006532. [CrossRef]
[PubMed]

Ruttala, H.B.; Ramasamy, T.; Ruttala, R.R.T.; Tran, T.H.; Jeong, ].-H.; Choi, H.-G.; Ku, S.K,; Yong, C.S.; Kim, J.O. Mitochondria-
Targeting Multi-Metallic ZnCuO Nanoparticles and IR780 for Efficient Photodynamic and Photothermal Cancer Treatments. J.
Mater. Sci. Technol. 2021, 86, 139-150. [CrossRef]

Yang, Q.; Hu, Z; Zhu, S.; Ma, R.; Ma, H.; Ma, Z.; Wan, H.; Zhu, T.; Jiang, Z.; Liu, W.; et al. Donor Engineering for NIR-II Molecular
Fluorophores with Enhanced Fluorescent Performance. J. Am. Chem. Soc. 2018, 140, 1715-1724. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/D0SC02911D
https://doi.org/10.7150/thno.27787
https://doi.org/10.1002/anie.202008386
https://doi.org/10.1038/s43018-022-00418-6
https://doi.org/10.1038/s41578-019-0108-1
https://doi.org/10.1016/j.biomaterials.2019.119629
https://doi.org/10.1016/j.nantod.2022.101600
https://doi.org/10.1016/j.nantod.2020.101030
https://doi.org/10.1016/j.nantod.2020.101073
https://doi.org/10.1021/acs.nanolett.9b04981
https://doi.org/10.1021/acs.nanolett.1c02782
https://doi.org/10.1038/s41467-022-31551-6
https://doi.org/10.1002/adma.202203309
https://doi.org/10.1016/j.mtbio.2022.100364
https://doi.org/10.1126/sciadv.abc1725
https://doi.org/10.1021/acsami.9b03004
https://doi.org/10.1002/anie.202102574
https://doi.org/10.1002/adma.202000678
https://doi.org/10.1002/anie.201805138
https://doi.org/10.1021/acsnano.0c05617
https://doi.org/10.1002/adma.202006532
https://www.ncbi.nlm.nih.gov/pubmed/33283355
https://doi.org/10.1016/j.jmst.2021.01.035
https://doi.org/10.1021/jacs.7b10334
https://www.ncbi.nlm.nih.gov/pubmed/29337545

	Introduction 
	Photothermal Therapy Synergized with Photodynamic Therapy 
	Polymers 
	Small Molecule Probe 
	Metal Nanomaterials 

	Photothermal Therapy Synergistic Chemodynamic Therapy 
	Polymers 
	Metal Nanomaterials 
	Small Molecule Probe 

	Photothermal Therapy Synergized with Thermodynamic Therapy 
	Photothermal Therapy Synergistic Immunotherapy 
	Polymers 
	Small Molecule Probe 

	Photodynamic Therapy Synergized Chemodynamic Therapy 
	Rare Earth-Doped Nanoparticles 
	Small Molecule Probe 
	Precious Metals 

	Other 
	Rare Earth-Doped Nanomaterials 
	Small Molecule Probe 

	Conclusions and Outlook 
	References

