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a b s t r a c t

Malignant tumors are the main diseases threatening human life. Using precise theranostics to diagnose

and cure tumors has emerged as a new method to improve patient survival. Based on the current de-

velopment of precise tumor imaging, image-guided tumor therapy has received widespread attention be-

cause it is beneficial for developing precise treatment of tumors, has the potential to improve the efficacy

of tumor therapy and reduce the incidence of adverse side effects. Nanoprobes, which are nanomaterial

functionalized with specific biomolecules, have intrigued intense interest due to their great potential in

monitoring biorecognition and biodetection evens. Benefiting from the unique advantages of nanomate-

rials, including the easy surface functionalization, the unique imaging performances, and the high drug

loading capacity, nanoprobes have become a powerful tool to simultaneously realize tumor precise imag-

ing, diagnosis, and therapy. This review introduces the non-invasive tumor precise imaging and highlights

the recent advances of image-guided oncotherapy mediated by nanoprobes in anti-tumor drug delivery,

tumor precise surgical navigation, chemodynamic therapy, and phototherapy. Finally, a perspective on the

challenge and future direction of nanoprobes in imaging-guided tumor theranostics is also discussed.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Malignant tumors are one of the major diseases threatening hu-

man health and life [1,2]. In recent years, the incidence of tumors

has gradually increased, and tumors have become the second lead-

ing cause of death in the world [3]. The identification, staging, and

classification of tumors by precise non-invasive in vivo imaging

technology is conducive to develop precise treatment for tumors,

which is crucial for improving the curative effect of tumor treat-

ment [4,5]. Traditional imaging techniques have been used in clin-

ics, including computed tomography (CT), ultrasound (US), mag-

netic resonance imaging (MRI), and positron emission tomogra-

phy (PET), etc. [5–7]. With the development of imaging technol-

ogy and material science, the emergence of new imaging technolo-

gies, such as near-infrared fluorescence imaging and photoacoustic

imaging, has further promoted the progress of non-invasive and

precise tumor imaging [8,9]. Whether for traditional or new imag-

ing techniques, ideal imaging probes are of great significance to
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improve imaging resolution, obtain important physiological infor-

mation about tumors, and achieve accurate tumor diagnosis.

Nanoprobes, which are nanomaterial functionalized with spe-

cific biomolecules, have intrigued intense interest due to their

great potential in monitoring biorecognition and biodetection

evens [10,11]. Due to the unique properties of nanoprobes, they

show unlimited potential in rapidly and accurately diagnosing tu-

mors and further improving the curative effect of tumor therapy

[12]. Nanoprobes have many unique properties: (1) The imaging

performance can be optimized with the regulation of composi-

tion, size, or structure of nanoparticles, (2) the large specific sur-

face area of nanomaterials is conducive to surface functional mod-

ification, which facilitates accurate molecular imaging of tumors,

(3) appropriate composition adjustment of nanoparticles can en-

dow them with the ability of multimodal imaging and even the

treatment of tumors [13–15]. Therefore, the unique properties of

nanoprobes make their application ideal for imaging probes, ther-

apeutic agents, and drug carriers, and give them great advantages

in precise tumor imaging, therapy, and imaging-guided tumor ther-

apy [16,17].

The design and synthesis of nanoprobes will directly influence

the final tumor imaging and therapeutic efficacy. Nanoprobes are

usually composed of the following three parts: (1) core nanopar-
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ticles (NPs), (2) affinity layer, (3) targeting part. As the most

important component of nanoprobes, core NPs can be selected

from a variety of materials, such as metal NPs, quantum dots

(QDs), carbon-based nanomaterials, magnetic NPs, silica NPs [18].

The large specific surface area and functional groups on the sur-

face of NPs make them possible to connect with affinity layer

and targeted components [19]. Moreover, antitumor drugs and

dyes can be loaded on or inside the core particles. The combina-

tion of macromolecular affinity layer (i.e., PEG, polypeptides, dex-

trans, chitosan, etc.) with core particles improves their hydrophilic-

ity, improves their biocompatibility, and enhances NPs circula-

tion time in vivo [20]. Targeting components (e.g. antibodies, pep-

tides, aptamers) can be tailored to identify the receptors on tu-

mor specifically to achieve target. In recent years, new targeting

strategies which use cell-derived materials for functional modifi-

cation have emerged [21], including cell-mediated (erythrocytes,

macrophages, leukocytes, stem cells, tumor cells, etc.) NPs deliv-

ery, nonimmunogenic bacteria-mediated NPs delivery, extracellu-

lar vesicles-mediated NPs delivery, and biomimetic cell membrane

coating-assisted NPs delivery. In general, a variety of nanoprobes

with excellent performance have been constructed by optimizing

the above three building blocks.

In this review, we focus on the application of nanoprobes in

precise imaging and imaging-guided theranostics of tumors. Firstly,

we introduce the recent process in the application of nanoprobes

for precise tumor imaging. Secondly, we summarize the utiliza-

tion of nanoprobes in imaging-guided tumor surgical navigation.

Thirdly, related research about nanoprobes as carriers of antitu-

mor drugs while providing real-time dynamic imaging to monitor

the release of drugs is also introduced. Finally, we discuss the lat-

est development of nanoprobes in imaging-guided tumor chemo-

dynamic therapy and phototherapy. Based on these explorations,

our thinking about current challenges and prospects for future re-

search is proposed.

2. Nanoprobes for in vivo precise imaging of tumors

Precise imaging is critical for tumors diagnosis, staging and reg-

ulation of follow-up therapeutic regime. Developing high-contrast

nanoprobes provides a promising opportunity for precise imag-

ing of tumors. In this section, we focus on recent advances in

nanoprobes that can be used for precise imaging of tumors in vivo.

2.1. For precise NIR-II fluorescence imaging of tumors

The near-infrared (NIR) window is more suitable for in vivo

imaging as compared with visible light (400–700nm) due to its

reduced photon scattering and tissue autofluorescence [8,22]. The

fluorescence imaging of tumors in the NIR window, especially fluo-

rescent imaging in the second near-infrared window (NIR-II, 1000–

1700nm), has attracted considerable attention due to its ability

to afford deeper penetration depth and higher clarity for in vivo

images [23–25]. Thus, NIR-II fluorescent imaging can assist the

diagnosis more accurately and provide more details for tumor

treatments [26]. Over the past few years, a variety of fluorescent

nanomaterials emitting in the NIR-II window with high fluores-

cence quantum yields have been designed for in vivo tumors imag-

ing nanoprobes, including inorganic nanomaterials such as single-

walled carbon nanotubes (SWNTs) [27], rare-earth nanoparticles

(RENPs) [28–30], QDs [31–36] and organic nanomaterials such as

semiconductor polymer nanoparticles (SPNs) [37]. Among these

nanomaterials, those that can be used for multi-channel fluores-

cence imaging are ideal probes for precise tumor imaging. Since

different types of immune cells in the tumor microenvironment

(TME) may express the same surface antigens, the classification

and staging of tumor cells require multi-channel imaging using

dual- or even multi-target fluorescent probes to simultaneously

confirm different characteristic molecules. Fluorescent nanoprobes

with non-overlap emission in the NIR-II window or different fluo-

rescence lifetimes, such as QDs or RENPs, can avoid mutual inter-

ference in multi-channel fluorescence imaging [38,39].

Nanoprobes based on QDs have offered tremendous promise

in the precise imaging of tumors in vivo, due to the unique flu-

orescence properties of QDs, such as high light stability, emission-

tunable, high fluorescence quantum yields, and tunable multicolor

fluorescence [40,41]. Yu et al. constructed a PbS/CdS QD-based

nanoprobes with non-overlap fluorescence emission in the NIR-II

region for the two-color molecular imaging of in vivo myeloid-

derived suppressor cells (MDSCs) [42]. PbS/CdS QDs emitting in

NIR-IIa and NIR-IIb window respectively were conjugated with two

different MDSC-specific antibodies to prepare the two-color target-

ing nanoprobe (Fig. 1a). Through the two-color molecular imaging

and the high-resolution imaging of PbS/CdS QDs, the non-invasive

accurate imaging of MDSCs was realized and the distribution of

MDSCs was revealed for the first time. These results demonstrated

that QDs-based nanoprobes with non-overlap emission in the NIR-

II windows provided a useful tool for monitoring the change of

immune cells in vivo, thus providing more physiological informa-

tion about tumors and treatments. In addition, the silver chalco-

genide (Ag2X; X= S, Se, Te) QDs without toxic heavy metal ele-

ments are promising fluorescent materials for in vivo tumor imag-

ing [43–46]. However, due to the narrow band gap, the emission

wavelength of Ag2X QDs is difficult to be precisely and continu-

ously tuned in a wide wavelength range, and it is a challenge to

obtain Ag2X QDs imaging probes with non-overlap emission in the

NIR-II window. Pang’s group successfully solved the problem via

trialkylphosphine-induced QDs ripening [47]. The precise regula-

tion of the emission wavelength of Ag2Te QDs was realized from

950nm to 2100nm (Fig. 1b). Ag2Te QDs were synthesized by this

strategy with emission wavelengths covering the entire NIR-II re-

gion. This work provides a novel strategy to control the growth

processes of nanocrystals. In the future, NIR QDs with multicolor

fluorescence emission spectra without toxic heavy metal elements

will play a unique role in non-invasive tumor molecular imaging.

RENPs with long luminescence lifetime, low toxicity and nar-

row emission spectrum have become promising NIR-II bioimaging

nanoprobes [30,48]. The NIR-II emission of RENPs comes from the

down-conversion luminescence, and different luminescence life-

time imaging approaches based on RENPs contribute to achieving

precise imaging of multi-target of tumors [28,49]. Zhang’s group

designed a NIR-II nanoprobe based on RENPs with core-multi-

shell nanostructure and engineered luminescence lifetimes [29].

By changing the thickness of the energy relay layer or increasing

the concentration of Er3+ in the inner layer, the nanoprobe re-

alized a lifetime range spanning three orders of magnitude in a

single emission. Three different lifetime populations of nanoparti-

cles were conjugated with antibodies against three biomarkers for

breast cancer to realize multi-target recognition of breast cancer

cells (Figs. 1c and d). This strategy based on distinct lifetime chan-

nels of RENPs enables multi-target recognition of tumors and cre-

ates a fast and reliable real-time approach to identify tumor sub-

types, whereby demonstrates its potential to detect multiple dis-

eases simultaneously.

2.2. For enhanced photoacoustic imaging of tumors

Photoacoustic imaging (PAI) as an emerging non-invasive imag-

ing modality with high sensitivity, high resolution, and deep tissue

penetration, shows great potential in biomedical imaging [50–54].

In PAI, the tissues or PAI probes absorb optical energy and convert

it to thermal energy under irradiation of a pulse laser, then they

undergo a thermal expansion-relaxation process to generate an ul-
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Fig. 1. In vivo precise imaging by NIR-II emitting inorganic nanoparticle-based probes. (a) In vivo non-invasive two-color fluorescence imaging of mouse possessing SCC7

xenograft and tumors in the NIR-II window. Copied with permission [42]. Copyright 2019, American Chemical Society. (b) Schematics of trialkylphosphine-controlled Ag2Te

growth and summaries of emission spectra of Ag2Te QDs. Copied with permission [47]. Copyright 2021, American Chemical Society. (c) Illustration of in vivo tumor imaging

using three lifetime populations of the Er nanoparticles. (d) Lifetime-resolved images of the MCF-7 and BT-474 tumors. Copied with permission [29]. Copyright 2018, Springer

Nature.

trasonic signal, which is detected by an ultrasonic transducer and

then the ultrasonic transducer reconstructs PA image by analyz-

ing the ultrasonic signal [55–59]. Different from traditional X-rays

CT and PET, PAI involves low-power nonionizing radiation, making

it safer for living organisms [60]. The intensity of electromagnetic

radiation and other factors will affect the generation of the final

photoacoustic signal. Thermoelastic expansion models are widely

studied in photoacoustic imaging. In thermoelastic expansion mod-

els, increasing laser fluence can lead to PA signal enhancement

[61]. However, high electromagnetic radiation energy for enhanc-

ing laser fluence can also lead to degradation of PAI nanoprobes

[62]. Therefore, optimizing the electromagnetic intensity is the key

to generate optimal sound signals.

Endogenous targets with light absorption such as hemoglobin,

lipid and melanin can produce strong photoacoustic signals, pro-

viding the possibility for tumor detection in vivo [63–65]. For ex-

ample, melanoma-containing melanoma has been successfully de-

tected by PAI [66]. However, in order to obtain high-contrast PA

images of more diseased tissues, exogenous imaging probes are

needed to improve the signal-to-background ratio of PA imaging.

Thus, a variety of nanomaterials with excellent properties have

been explored as exogenous imaging probes for PAI [67], such

as metallic nanomaterials [68–70], transition-metal chalcogenides-

based nanomaterials [71], semiconducting polymer nanoparticles

(SPNs) [72] and QDs [73,74]. In recent years, the PAI nanomate-

rials that have strong NIR-II absorption were emerging and sig-

nificantly improved the contrast and resolution of PAI due to the

lower background signal of endogenous substances and reduced

tissue scattering in the NIR-II window [75,76]. Gold nanoparticles

(AuNPs) are important PAI contrast probes and have been generally

employed because of the tunable absorption wavelength, strong

optical absorption, and easy surface modification [77,78]. When

the frequency of the incident photon matches the frequency of

free charges on the surface of AuNPs, resulting in resonance and

leading to strong optical absorption, the localized surface plas-

mon resonance (LSPR) effect occurs [79,80]. Due to the LSPR of

Au NPs, when the size and shape of Au NPs are changed, the res-

onant frequency changes and further affects the optical absorp-

tion of AuNPs [81]. By manipulating their size and shape, AuNPs

can generate strong absorption in NIR, resulting in stronger PA

signals. The size, shape and surface state of gold nanoparticles

will affect their interaction with environmental media and cells.

Among them, the size of gold nanoparticles causes a general at-

tention, because the size of gold nanoparticles ultimately deter-

mines their ability to cross physiological barriers and their toxicity

to tissues [82,83]. Cheng et al. modified the surface of AuNPs with

the PEG5000 (polyethylene glycol, Mn=5000), which would pro-

mote cross-linkable under 405nm laser and then generate a new

absorption peak in NIR region (Figs. 2a and b) [84]. The strategy

of light-triggered assembly of NPs to enhance PA signal can be

further extended into other PA imaging probes so as to achieve

advanced functions. Chen et al. adopted the strategy of adjusting

the volume of gold nanorods (AuNRs) with similar aspect ratios

to regular-sized AuNRs to realize the regulation of the absorp-

tion of AuNRs [85]. This study found that the relatively smaller

AuNRs have shown stronger absorption at 1064nm compared with

the larger one among AuNRs with the same aspect ratio. And the

smaller AuNRs generated 4.5 times greater PA signal at tumor site

than the larger one. This finding also provides a new strategy

for designing AuNPs-based nanoprobes with NIR-II absorption for

PAI.

In addition to the characteristic of longer-wavelength ab-

sorption, the PAI probes also should have good thermal stabil-

ity to obtain stable and high signal-to-noise ratio PA signals.

Compared with AuNPs, transition-metal chalcogenide-based (TMC-

based) nanoprobes have better thermal stability, because their

structures hardly change under laser irradiation [86]. In addition,

most TMC-based nanoprobes, such as WS2, Cu2-xS (x=0–1), TiS2,

and Bi2S3, inherently have high photothermal conversion efficien-

cies, which are conducive to acquiring enhanced non-invasive PA

images in vivo. For example, Cu2-xS NPs serve as excellent PAI

probes, whose composition and structure are easy to engineer. The

absorption of Cu2-xS NPs in the NIR-II region can be achieved via

adjusting the composition and structure of Cu2-xS NPs to improve

the tumor imaging contrast [87]. As early as 2012, Ku et al. tuned

the absorption peak of CuS NPs to longer wavelengths by adjust-

ing the stoichiometric ratio of the synthetic precursors CuCl2 and

Na2S, and Cu2-xS NPs as a promising PA imaging probe at 1064nm
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Fig. 2. Amplified PA imaging of dAuNPs and SPNs. (a) Schematic illustration of light-triggered assembly of AuNPs. (b) PA images and quantified PA signals of the tumorous

sites of mice receiving treatments with different combinations. Copied with permission [84]. Copyright 2017, Wiley-VCH. (c) Scheme of surface engineering approaches for

amplified PA imaging. (d) The PA images of two different SPN at different concentrations. SPN1, SPN1-SiO2 (top) and SPN2, SPN2-SiO2 (down). (e) PA images of subcutaneous

tumor of SPN1-SiO2-RGD and SPN1-SiO2-PEG through tail vein injection for 0, 8 and 24h, respectively. Copied with permission [90]. Copyright 2017, Elsevier.

can enhance tumor imaging [88]. This imaging approach has great

potential for PAI in deep tissues.

Semiconductor polymer nanoparticles (SPNs) are an emerging

class of ideal PAI nanoprobe for tumor imaging, consisting of or-

ganic and biological inert components (semiconducting polymers

and amphiphilic polymers). SPNs generally possess high biocom-

patibility, excellent photothermal conversion efficiency, and photo-

stability [89]. Pu’s group has carried out a series of explorations

in this field, and amplified the PA signal of SPNs at tumor sites

in vivo through several different strategies [90–93]. For instance,

they amplified the PA signals by coating SPNs with the silica layer

(Fig. 2c) [90]. Since the interfacial thermal conductance between

the silica layer and water is higher than that of semiconducting

polymers, this effect consequently leads to a rapid temperature in-

crease of SPN-SiO2 under laser irradiation. The PA signals are en-

hanced in turn (Fig. 2d). After further surface modification, tar-

geted imaging of tumor was demonstrated in mice, and the PA

signal at the tumor site was also significantly amplified (Fig. 2e).

In their other work, they revealed that the electron donor-acceptor

backbone structure of SPs is the key factor determining PA signals

of SPNs [94]. By increasing the electron-donating ability of the cor-

responding structural unit of DPP, SPNs show enhanced photother-

mal conversion efficiency. These strategies provide directions for

the synthesis and modification of organic nanoparticles for molec-

ular imaging. Besides that, SPNs encapsulated with amphiphilic

copolymers not only possess overwhelming tumor imaging abil-

ity in the NIR-II region but also can be effectively degraded and

cleared, thus exhibiting lower toxicity and higher biocompatibility

in vivo [93]. The above strategies provide a new direction for gain-

ing NIR-II PA imaging nanoprobes that are more suitable for in vivo

tumor imaging.

2.3. For precise magnetic resonance imaging of ultrasmall tumors

Magnetic resonance imaging (MRI), with the advantages of non-

invasive imaging and exquisite soft tissue contrast, has generally

been employed in clinical tumor imaging [95]. MRI provides dis-

tinct images that reflect internal tissue information by detect-

ing the relaxation time of water protons [96]. In order to clearly

and accurately display the anatomical structure and location of

the tumor and provide sufficient diagnostic information, we must

pay attention to the imaging conditions and the selection of MRI

probes [97]. Normally, the imaging conditions can be adjusted to

obtain high-contrast images, such as magnetic field strength, fre-

quency intervals. Higher magnetic field strength provides images

with stronger signal-to-noise ratio [98]. On the other hand, the
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frequency intervals between two radiofrequency pulses (repetition

time) mainly affect T1-weight. Increasing repetition time will lead

to the increase of longitudinal magnetization tendency of tissue

[99]. The input of exogenous MR imaging probes can further in-

crease the signal intensity of MRI by affecting the relaxation time

of water protons [90,100]. The imaging probes for MRI are gener-

ally divided into T1-weighted and T2-weighted imaging probes. T1

imaging probes mainly include paramagnetic materials containing

Gd, Fe, Mn, and other elements. And T2 MR imaging probes mainly

focus on superparamagnetic iron oxide (SPION) [101,102]. Since the

dark signal produced by the T2 imaging probe is not clear but the

bright signal from the T1 imaging probe is easy to identify, T1

imaging probes are commonly used in clinical MRI. Gd-based com-

plexes have been approved as T1 imaging probes for clinical tu-

mor and tissue imaging, but commercial Gd-based imaging probes

generally have low relaxation rates and potential nephrotoxicity,

hindering their further application in vivo [103,104]. Therefore, the

low toxicity T1 imaging probes with high relaxation rates are ur-

gently needed.

Nanoprobes based on iron oxide nanoparticles and man-

ganese(II) complexes with low toxicity have become powerful tools

for targeting MR imaging of tumors, especially the small tumors

[105–112]. Tiny tumors imaging in vivo which is critical for early

tumor diagnosis is an extremely challenging area of research in MR

imaging, due to the low non-specific absorption of imaging probes

by small tumors. Conventional MR imaging probes are difficult to

accumulate at tumor sites and contrast enhancement of MR imag-

ing for ultrasmall tumors is limited. It is worth mentioning that

due to the easy surface functionalization of nanoprobes, some of

the iron oxide nanoparticles and manganese(II) complexes were fa-

cilitated for constructing the targeting probes of tiny tumors. For

example, Ma et al. synthesized monodisperse Fe2O3 supraparti-

cles (SPs), and Fe2O3 SPs were further disassembly into small-sized

Fe2O3 NPs after efficient aggregation in the TME [112]. The Fe2O3

NPs express higher r1 values and lower r2/r1 ratio, due to their

surface-to-volume ratio which facilitates the coordination interac-

tions of water molecules and Fe2O3 NPs surface, and then affects

the relaxation time of water protons. What is more, the small-sized

Fe2O3 NPs also exhibited distinct renal clearance capacity and fa-

vorable biocompatibility. Based on the small-sized Fe2O3 NPs, tu-

mors as small as 5mm3 could be identified precisely in vivo tumor

imaging. Besides that, Li and colleagues conjugated manganese fer-

rite NPs (UMF NPs) with high r1 value and rapid renal clearance

with cysteine-arginine-glutamic acid-lysine-alanine (Cys-Arg-Glu-

Lys-Ala, CREKA), achieved accurate detection of ultrasmall metas-

tases (Fig. 3a) [113]. UMFNP-CREKA possesses multilevel responsive

signal-amplification capabilities and can release Mn2+ by binding

with fibrin-fibronectin complexes around tumors under the stimu-

lation of TME. The release of Mn2+ can amplify T1-weighted MR

imaging signals and successfully detect metastases smaller than

0.39mm, which is the smallest tumor that can be detected by MRI

(Fig. 3b). These methods provide an effective strategy for the de-

sign of nanoprobes suitable for the precise imaging of ultrasmall

tumors.

2.4. For multimodal imaging of tumors

Multimodal imaging generally combines imaging techniques

with high penetration depth (PA, MRI, CT) and high temporal and

spatial resolution (optical imaging, PET) [114,115]. In combination

with the merits of different imaging modalities, it overcomes the

limitations of a single imaging modality and can simultaneously

reflect anatomical and biomolecular information of tissues in vivo

[116]. Moreover, multimodal imaging can accurately depict the

three-dimensional structure, location and edge of the tumor, and

provides more precise guidance for tumor resection and treatment

by performing high-resolution and three-dimensional (3D) imag-

ing on the premise of ensuring a deep imaging depth. Designing

nanoparticles to construct imaging nanoprobes with diverse prop-

erties for multimodal imaging not only avoids the repeated injec-

tion of imaging probes but also enables complementary imaging

[117]. Therefore, multimodal imaging based on nanoprobes can not

only become an ideal tool for non-invasive precise tumor imaging

but also reflect the complex biochemical processes in vivo. Moritz

F. Kircher et al. designed a triple-modality MRI-PAI-Raman (MPR)

imaging nanoprobe and it was used for high-sensitivity and high-

resolution imaging of the tumor margins, and delineating tumor

3D structure (Fig. 4a) [118]. MPRs consist of AuNPs as the core

coated with a layer of Raman molecule tag trans-1,2-bis(4-pyridyl)-

ethylene. To protect the Raman-active outer layer, the surface was

covered with a silica coating. And 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA)-Gd3+ was modified on the sil-

ica coating, resulting in gold-silica-based surface-enhanced Raman

scatting (SERS) nanoparticles with Gd3+. The MPR nanoprobe could

cross the blood-brain barrier and efficiently accumulate at ortho-

topic brain tumor sites, enabling orthotopic brain tumor imaging in

living mice. It can not only perform three-channel co-identification

of tumors by MRI, PAI, and Raman imaging, but also provide com-

plementary tumor information. This three-modality imaging strat-

egy achieved accurate localization of the whole brain tumor using

MRI, then obtained a high spatial resolution 3D image of the tumor

through PAI, and finally Raman imaging with highly sensitive sur-

face imaging capabilities was been used to detect tumor margins

(Figs. 4b and c). With the guidance of triple-modality imaging of

MPR NPs, brain tumors in living mice could be precisely resected.

This strategy can reflect the status of tumors from different levels,

provide more precise information for tumor diagnosis, therapy, and

prognosis, and point out a new direction for tumor precise therapy.

3. Nanoprobes for imaging-guided tumors surgical navigation

The advances in precise tumor imaging, which can more accu-

rately locate tumors and identify tumor margins, make imaging-

guided tumor resection possible. Since tumor margins should be

determined and distinguished from normal tissue to make sure

the surgeons can completely remove the tumor without damaging

normal tissues, real-time high-resolution intraoperative imaging

guidance is vital during tumor resection [119]. Traditional imag-

ing techniques, such as ultrasound, MRI, CT, PET, are mainly used

for the preoperative assessment of tumors. However, optical imag-

ing, especially fluorescence imaging with high temporal and spa-

tial resolution, can be applied alone or in combination with tradi-

tional imaging techniques to get high-resolution images of tumors

to provide real-time guidance for tumor resection and improve the

accuracy of surgery [120,121].

As mentioned above, in vivo fluorescence imaging based on the

near-infrared window effectively avoids the interference of tissue

auto-fluorescence, and can achieve sub-centimeter-level imaging

depth and micron-level imaging accuracy, thus it is more suit-

able for intraoperative imaging in vivo. Although a variety of flu-

orescent molecules, such as indocyanine green (ICG), methylene

blue, and 5-aminolevulinic acid (5-ALA), have been widely inves-

tigated as commercially available imaging probes for fluorescence

image-guided cancer surgery [9,122]. Nanoprobes have many ad-

vantages in NIR-II fluorescence imaging of tumor due to their in-

herent physical and chemical properties. For example, the wave-

length of nanoprobes can be adjusted by changing the size, compo-

sition and so on, which is significant for NIR fluorescence imaging,

especially the NIR IIb imaging (emitting in longer-wavelength re-

gion) [123]. Owing to suppressed photon scattering and diminished

autofluorescence, NIR-IIb fluorescence imaging can afford deeper

tissue penetration with higher clarity [124]. Nowadays, the NIR-IIb
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Fig. 3. In vivo T1-weighted MR imaging of ultra-small metastases by UMF NPs. (a) Schematic illustration of the bioinspired UMFNP-CREKA nanoprobe with multilevel

responsive T1-weighted MR signal-amplification function for illuminating ultrasmall metastases. (b) MR images at 20min post-injection with UMFNP-CREKA (left: pre-

injection, right: post-injection, arrows indicate metastases; Scale bar=5mm) and BLI images (Scale bar=5mm) of mouse lung metastases. Copied with permission [113].

Copyright 2020, Wiley-VCH.

probes reported are mainly nanomaterials and the maximum emit-

ting wavelength of most traditional fluorescent dyes reported is

less than 1200nm [125]. Besides, the large specific surface area of

nanoprobes is conducive to surface functional modification, which

is important for the further tumor targeting.

Emerging imaging nanoprobes have displayed wide potential

application in imaging-guided tumor surgery because of their spe-

cial function, structure, and outstanding properties [126]. For ex-

ample, in the treatment of breast cancer, targeted excision and

biopsy of tiny sentinel lymph nodes (LN) are the dominant ways

to monitor tumor-lymph node metastasis, which are the key to

formulating therapeutic regimes and tumor staging. The complete

excision of tiny sentinel LNs requires the guidance of high spa-

tial resolution imaging. Accordingly, Chen’s group reported a mul-

tiplexed NIR-II fluorescent imaging method for visualization of

primary/metastatic breast cancer and sentinel LNs using donor-

acceptor-donor dye (IR-FD) with emission wavelengths in NIR-IIa

(1100–1300nm) and PbS/CdS QDs with emission in the NIR-IIb

(1500–1700nm) window during the surgery, respectively (Fig. 5a)

[127]. In this study, IR-FD was used to map primary/metastatic

breast cancer cells. Since PbS/CdS QDs have high fluorescence

quantum yields in the NIR-IIb region, they can provide better spa-

tial resolution, thereby realizing precise resection of tiny sentinel

LNs guided by NIR-IIb fluorescence imaging (Figs. 5b and c). With

the dual-NIR-II guidance of the two NIR-II fluorescent probes, real-

time surgical navigation could be achieved. Moreover, the mul-

tiplexed NIR-II imaging system has the ability to predict tumor

metastasis in the process of intraoperative excision of sentinel LNs,

further reducing the time for biopsy judgment, and saving time for

tumor treatment.
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Fig. 4. In situ non-invasive triple-modality MRI-PAI-Raman imaging of brain tumor by MPR NPs. (a) Triple-modality MPR concept. (b) Two-dimensional axial MRI, photoa-

coustic and Raman images. The post-injection images of all three modalities showed clear tumor visualization. (c) A three-dimensional (3D) rendering of magnetic resonance

images with the tumor segmented (red; top), an overlay of the three-dimensional photoacoustic images (green) over the MRI (middle) and an overlay of MRI. Copied with

permission [118]. Copyright 2012, Nature Publishing Group.

Fig. 5. NIR fluorescence imaging-guided surgical resection of tumors and sentinel lymph nodes. (a) Dual NIR-II probes design with donor-acceptor-donor (D-A-D) dye at

NIR-IIa and PbS QDs at NIR-IIb. (b) Dual-NIR-II imaging of tumor and sentinel LN. (c) The dual-NIR-II imaging guided sentinel lymph node surgery in orthotopic 4T1 breast

cancer model. Copied with permission [127]. Copyright 2020, Wiley-VCH. (d) Schematic illustration of the procedure for preparing Gd-Ag2S nanoprobe and brain tumor

targeting of Gd-Ag2S nanoprobe. (e) T1-weighted MR images of U87MG brain tumors at different time points after injection of Gd-Ag2S nanoprobe. (f) NIR-II fluorescence

guided brain tumor resection using Gd-Ag2S nanoprobe. Copied with permission [128]. Copyright 2015, Wiley-VCH.

Multimodal imaging that combines NIR fluorescence imaging

with clinical imaging techniques is another way to accurately iden-

tify and resect the deep orthotopic tumors and brain tumors

[124,128]. The multimodal imaging techniques through high spatial

resolution intraoperative NIR fluorescence can delineate the pre-

cise macroscopic structure and localization of the tumor during

the surgery. For example, Yan and colleagues designed a stimuli-

responsive in situ self-assembly probe to activate multimodality

imaging signals at tumor sites for imaging-guided tumor resection

[129]. The probe they constructed consists of three parts: (1) a

NIR fluorophore (merocyanine, Cy-Cl) capped by alkaline phos-

phatase (ALP) recognition phosphate group (-PO3H), (2) a DOTA-

Gd chelate for MR imaging and (3) a hydrophobic dipeptide Phe-

Phe (FF) linker that promotes self-assembly. Under the activation of

endogenous ALP, P-CyFF-Gd probe can dephosphorylation and self-

assembly to form nanoparticles, and its fluorescent and MRI signals

are greatly enhanced. The MR images can assist in spatially local-

izing ALP-positive tumors in the whole body in vivo, and NIR fluo-

rescent signals can detect the edges of tumors. With the guidance

of dual-modality imaging, the orthotopic liver tumor can be iden-
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tified and resected. In another work, Wang’s group reported a Gd-

Ag2S nanoprobe combining two imaging modalities (NIR-II fluores-

cence imaging and MRI) to guide the resection of the brain tumor

precisely (Fig. 5d) [128]. Since brain tumors are closely associated

with considerable brain structures and nerve cells, exact identifi-

cation of the margin of brain tumor is critical for removing brain

tumors and reducing irreversible damage. After accurately locating

the depth of the brain tumor by MRI (Fig. 5e), NIR-II fluorescence

imaging clearly distinguishes the edge of the brain tumor, and the

brain tumor is precisely resected under its guidance (Fig. 5f). The

above multimode imaging-guided tumor resection is a promising

strategy in future clinical applications.

In order to achieve complete tumor resection, the optimal

nanoprobes for image-guided tumors surgical resection should

have the following characteristics: (1) Specific targeting to tumors.

(2) High brightness and deep tissue penetration to ensure accurate

tumor identification. (3) Adequate retention time to ensure high

contrast imaging of tumor during surgery and to avoid repeated

administration during surgery [130].

4. Nanoprobes for monitoring anti-tumor drug delivery

Real-time monitoring of drug biodistribution and pharmacoki-

netic studies are critical for precision tumor therapy. Based on the

current development of precise tumor imaging, it is an important

research field to realize the visualization of drug delivery by devel-

oping a drug delivery system with the imaging function to realize

the evaluation of tumor treatment effect [131,132]. Currently, the

visualized drug delivery systems generally consist of the following

three parts: (1) therapeutic drugs, (2) imaging probes, and (3) drug

carriers [133–136]. An ideal drug delivery platform should have the

ability to maintain the drug within a desired therapeutic range. On

the other hand, it should be able to control drug release at the

tumor site under internal or external stimuli, to reduce its toxi-

city on surrounding normal tissues. Compared with conventional

drug delivery platforms, due to the unique properties of nanoma-

terials, nanoprobes-based drug delivery systems with anti-tumor

drug and imaging nanomaterials are widely employed in various

aspects, such as real-time monitoring of the targeted drug delivery

and extending the circulation time in vivo [137,138].

Nanoprobes as drug carriers play an important role in tumor

targeting. Nanomaterials have a large specific surface area and rich

surface functional groups, which possess natural advantages in sur-

face modification and functionalization. When the surface of the

carrier is functionalized with ligands (antibodies, peptides, RNA,

etc.), the carrier can be specifically bound to the target to achieve

specific recognition of tumor and TME [139]. In recent years, given

the increased understanding of the key role of TME in regulating

cancer progression and therapeutic effect, TME is regarded as a po-

tential target for drug delivery [140]. The normal cells in TME were

more genetically stable than tumor cells, and the genomic stabil-

ity is helpful to reduce the influence of tumor heterogeneity [141].

Therefore, nanoprobes that target tumor microenvironment might

be more universality.

The following approaches are widely used to construct a

nanoprobe-based drug delivery system that can be released at the

TME: (1) utilizing nanoparticles that can be decomposed in TME as

carriers, such as amphiphilic polymer self-assembled nanoparticles

[142], (2) encapsulating drugs and nanocarriers with compounds

that decompose and release drugs under certain stimuli [143], (3)

attaching antitumor drug molecules onto the surfaces of nanocar-

rier via chemical bonds that sensitive to changes in TME (the acidic

pH, reductive environment, etc.) or external photothermal condi-

tions [144]. For example, Lu et al. synthesized a dual responsive

nanocarrier that released doxorubicin (DOX) in response to dual

stimuli in the TME [145]. Specifically, the core-shell Fe/Gd hybrid

NPs (FeGdNPs) were modified with methoxy poly(ethylene gly-

col) (mPEG) to load DOX, and then formed SA-FeGdNP-DOX@mPEG

by self-assembly after aggregation. After SA-FeGdNP-DOX@mPEG

efficiently aggregated at the tumor site, the acid-labile benzoic

imide was cleaved under acidic conditions and the glutathione-

labile (GSH) linker disulfide bond on cystamine dihydrochloride

(CA) could be broken under reductive conditions, leading to disso-

ciation of its self-assembled structure and release of DOX. In par-

ticular, due to the tight assembly of SA-FeGdNP-DOX@mPEG, an

acidic or reductive environment cannot make it dissociated. There-

fore, DOX exhibits pH/GSH dual stimulus-responsive release ability,

which can effectively reduce adverse side effects of DOX release in

normal tissues. Importantly, since the r2 value is proportional to

particle size and the saturation magnetization, the r2 value of the

decomposed nanoparticles in the TME is much tinier than that be-

fore the decomposition, resulting in a decrease in the r2/r1 ratio.

Consequently, the T1-weighted MRI positive signal was presented

in tumor site, while SA-FeGdNP-DOX@mPEG cannot disassemble in

normal tissue, which showed a high r2/r1 and T2-weighted neg-

ative signal. This smart MRI signal switch in the TME can signif-

icantly enhance the contrast of MRI at the tumor site, track the

distribution of drugs and evaluate the therapeutic effect of tumor.

This strategy realizes multiple response modes triggered by two or

more stimuli, providing a new idea for building the ideal imaging-

guided tumor chemotherapy platform.

Using nanoprobes with inherent imaging capabilities as drug

carriers is an emerging strategy for the anti-tumor drug deliv-

ery, which benefits are improving atom utilization and reducing

the amount of external agents injection and the unpredictable

mutual interference between components [146,147]. For exam-

ple, mesoporous silica NPs have been used as carriers for anti-

tumor drugs due to their high loading capacity [143,147]. Since

mesoporous silica NPs cannot be used as imaging probe, in or-

der to realize the visualization of drug delivery, it is usually la-

beled with fluorophores. However, Chen et al. obtained the flu-

orescent mesoporous silica nanoparticles (FL-SiO2 NPs) by cal-

cining mesoporous silica particles containing amine (from 3-

aminopropyltriethoxysilane (APTES)), and the fluorescence of FL-

SiO2 comes from carbon dots produced by calcining APTES [148].

When DOX is loaded into it, the real-time monitoring of the dis-

tribution of the mesoporous silica and loaded drug can be accom-

plished without using external fluorophore labeling. Such strate-

gies of monitoring drug delivery by multifunctional nanoprobes

can greatly promote atom utilization, thus improving the biocom-

patibility.

5. Imaging-guided tumors chemodynamic therapy and

phototherapy based on nanoprobes

5.1. Imaging-guided tumor chemodynamic therapy

Chemodynamic therapy (CDT), a novel cancer therapeutic

method, utilizes the Fenton reaction mediated by iron or the

Fenton-like reaction initiated by other metal ions (such as Co2+,
Ti3+, Ni2+, Cu2+, Mn2+) to convert intracellular H2O2 to hydroxyl

radical (•OH) [149–151]. The •OH can cause irreversible oxidative

damage to biomolecules such as lipids, proteins and deoxyribonu-

cleic acid (DNA), thereby causing damage to target cancer cells

[152–154]. Compared with normal cells, the content of H2O2 in the

TME is higher, and the unique acidic conditions in it also facilitate

the efficacy of the Fenton reaction and the Fenton-like reaction,

so CDT has better selectivity in specifically eliminating tumor cells

[155]. Meanwhile, the metal-based nanomaterials that are used to

catalyze the Fenton reaction, such as iron-based and copper-based

nanomaterials, also serve as versatile nanoprobes for tumor imag-

ing. For this reason, imaging-guided CDT can be realized using Fen-
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Fig. 6. MR imaging-guided chemodynamic therapy by FeS@BSA nanoclusters and

Cu-Fe peroxide nanoparticles. (a) Schematic illustration of synergistic therapeutic

mechanism of FeS@BSA nanoclusters. (b) T2-weighted MR images of Huh7 tumor-

bearing nude mice before and after the intravenous administration of FeS@BSA nan-

oclusters for 2 h. (c) Photograph of the tumors extracted from the mice groups

treated with different samples. Copied with permission [164]. Copyright 2020,

Wiley-VCH. (d) In vivo T1-weighted MR images of a U-87MG tumor-bearing mouse

before and 24h after injection of Cu-Fe peroxide nanoparticles. (e) MRI signal in-

tensity ratios of tumor-to-normal tissues. Copied with permission [168]. Copyright

2022, American Chemical Society.

ton metal-based nanoprobes to real-time monitor their distribution

in vivo and therapeutic effect [156,157]. The examples of recently

developed nanoprobes for imaging-guided chemodynamic therapy

were shown in Table S1 (Supporting information).

As we all know, iron-based nanoprobes can not only show cat-

alytic activity to produce •OH, but also serve as MR imaging probes

for bioimaging [158,159]. Since iron-based nanoprobes were em-

ployed as Fenton reagents for MRI-guided CDT in 2016, researchers

have been striving to improve the effect of MRI-guided CDT [160].

On the one hand, the effect of tumor CDT is closely related to the

TME. Decreasing the pH value and increasing the H2O2 level to en-

hance the efficiency of •OH generation are two main approaches

to improve the CDT of the tumor [161–163]. In a study by Xie

and colleagues, the amorphous FeS@BSA nanoclusters were formed

through embedding Fe2+ and S2− in bovine serum albumin (BSA)

using the self-assembly method [164]. In the acidic environment

of the tumor, the FeS@BSA nanoclusters degrade and generate Fe2+

and H2S (Fig. 6a). As an effective T2-weighted MRI imaging probe,

Fe2+ presents a dark signal at the tumor site, so the release of

Fe2+ at the tumor site can be observed by MRI signal changes to

further guide the subsequent therapeutic effect (Fig. 6b). The gen-

erated H2S regulates the functions of catalase (CAT) in cells, in-

creasing the content of H2O2 in the TME, thereby also improving

the efficacy of reactive oxygen species (ROS)-based therapeutic ap-

proaches [165]. The synergistic effect of FeS@BSA nanoclusters has

significantly enhanced the anti-tumor effect (Fig. 6c). This method

provides a new method for designing a synergistic diagnosis and

treatment integrated nanoprobe of tumors with imaging guidance

function.

On the other hand, since the efficiency of Fe3+ catalyzing Fen-

ton reaction is lower than that of Fe2+ and the conversion from

Fe3+ to Fe2+ is usually slow, it is important to improve the con-

version efficiency between Fe3+ and Fe2+ to increase the efficiency

of CDT [166,167]. Sagang Koo et al. designed a kind of Cu-Fe per-

oxide nanoparticles (CFp NPs) with polyvinylpyrrolidone (PVP) as

a stabilizer [168]. Protonation of PVP in the acidic environment

of tumors enables CFp NPs to release iron and copper ions. Cu+

can not only regulate the charge transfer between Fe3+ and Fe2+

(Cu++ Fe3+ →Cu2++ Fe2+), but also improve the efficiency of cat-

alyzing the Fenton-like reaction to generate •OH. Besides, the Cu2+

generated in this process also catalyzes the Fenton-like reaction

to generate •OH. The entire reaction process of the nanoparticles

greatly improves the •OH generation efficiency at the tumor site,

and the released iron ions enhance the T1-weighted MRI signal

(Figs. 6d and e). This imaging-therapeutic integrated nanoprobe

that dynamically changes with the treatment process provides a

new direction for personalized therapies.

Compared with iron-based nanoprobes, copper-based

nanoprobes have a wider reaction pH range and higher •OH

yield, and the photothermal conversion ability enables them to

realize the synergy of CDT and photothermal therapy under the

guidance of PA imaging [169–171]. For example, Hu et al. reported

for the first time that copper-based nanocatalysts have the ability

to catalyze H2O2 into •OH in a wider pH range [170]. The prepared

ultrasmall Cu2-xS nanoparticles (Cu2-xS NPs) as the novel Fenton

nanocatalysts for tumor therapy can not only kill cancer cells

by efficiently decomposing H2O2 overexpressed in the TME into
•OH but also the Cu2-xS NPs can act as photothermal agents

which can increase the temperature at the tumor site. Taking

the unique advantage of copper-based nanomaterials, they can

efficiently delineate/monitor the tumor regions with the help of

PA images and enhance tumor therapeutic efficacy by CDT and

photothermal therapy, thus enabling imaging-guided synergetic

therapies.

5.2. Imaging-guided tumor phototherapy

Photodynamic therapy (PDT) and photothermal therapy (PTT),

two typical phototherapy strategies, have attracted attention due

to their negligible drug resistance, noninvasive properties, and low

adverse side effects [172]. Photosensitizer is excited under laser ir-

radiation, and then the excited state photosensitizer can generate

ROS, in turn resulting in oxidative damage to cells and achieving a

therapeutic effect [173–175]. PTT is a treatment method in which

photothermal agents convert light energy into heat under laser ir-

radiation, thereby increasing local temperature thermally ablating

tumor cells [176,177]. The light range of phototherapy can be ar-

tificially controlled in space to irradiate specific sites, endowing

it with selectivity and reducing side effects of photodamage to

normal tissue [172]. Therefore, by evaluating the accumulation of

phototherapy agents at the tumor site by imaging, including pho-

tothermal (PT) agents and photosensitizers (PSs), the laser dose can

be tuned while ensuring the therapeutic effect so as to achieve

the effect of precise therapy [178]. Furthermore, the phototherapy

agents with imaging function can also be used to monitor the drug

release process and predict the treatment effect during photother-

apy. There are two main strategies for constructing nanoprobes

that can be used for optical imaging-guided phototherapy: (1) sin-

gle nanoplatforms with both the therapeutic and imaging func-

tions; (2) combining multiple functional units such as the imaging

probe and the phototherapeutic agent into one system of nanoplat-

forms [179,180]. Besides, due to the use of lasers during pho-

totherapy, optical imaging (fluorescence imaging and photoacoustic

imaging) is a common strategy in the study of imaging-guided tu-

mor phototherapy [181,182]. The performance of nanoprobes used

for optical imaging-guided phototherapy are summarized in Ta-

ble S2 (Supporting information). In addition, the components of

nanoprobe that play a key role in imaging and treatment are given

in the table.
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5.2.1. For NIR fluorescent imaging-guided tumor phototherapy

As mentioned above, due to the deep penetration depth of NIR

light and less tissue scattering, fluorescence imaging-guided tumor

phototherapy in NIR region is an important emerging research field

in recent years [183–185]. A great variety of inorganic nanoprobes,

such as rare-earth-doped nanocrystals [186], carbon-based nano-

materials [187–189], and a variety of organic nanoprobes can be

used in NIR-I (700–800nm) for fluorescence imaging-guided pho-

totherapy. The guidance of high-resolution fluorescence imaging-

guided phototherapy helps to improve the effect of tumor treat-

ment. The content of O2 during PDT is significant to the produc-

tion of ROS, but the hypoxic TME greatly weakens the effect of

O2-dependent PDT. Therefore, it is urgently needed to construct a

nanoplatform that can deliver or generate O2 to improve the ef-

fect of PDT, and to monitor relevant parameters and evaluate the

effect of PDT treatment in real time during the treatment process

[190–192]. Jia et al. successfully prepared magnetofluorescent car-

bon dots (Mn-CDs) for the first time [193]. The presence of Mn2+

in Mn-CDs could react with H2O2 to generate MnO2, and MnO2

highly catalyzed H2O2 to generate oxygen, which ameliorated the

hypoxic state of the TME and improved PDT efficiency. More im-

portantly, the paramagnetic manganese (II) produced by acidic

H2O2 reduction was an effective T1-weighted MR imaging probe.

Therefore, Mn-CDs achieved fluorescence and MR dual-modality

imaging-guided PDT. The tumor growth could be completely inhib-

ited with no recurrence after the precise imaging-guided PDT.

The aggregation-induced emission luminogens (AIEgens) show

much enhanced emission and some of them possess strong pho-

tosensitizing ability in aggregate state, which make them be-

come promising turn-on probes for image-guided photodynamic

therapy [194]. For example, Mao and colleagues designed a NIR-

driven immunostimulant by covalently linking AIE photosensitizer

TPEBTPy with SiO2 up-conversion nanoparticles (UCNPs) [195].

AIEgen-coupled UCNPs show intense fluorescence after aggregating

at the tumor site, and they can generate high-dose ROS, which ex-

cites PDT and induces immunogenic cell death under high-power

NIR irradiation. AIEgen-coupled UCNPs can also capture the anti-

gen released by tumor through electrostatic interaction and taken

up by sentinel lymph nodes. Upon subsequent low-power laser ir-

radiation of lymph nodes, low-dose ROS are produced to trigger

effective T-cell immune response. This dual-mode ROS activation

provided a powerful and controllable platform to active efficient

antitumor immunotherapy.

For organic NPs-based nanoprobe, current research on the flu-

orescence imaging-guided phototherapy mainly focuses on over-

coming the instability and non-specificity of phototherapy agents

and small molecule dyes [196]. Conjugation or encapsulation of

phototherapy agents and small molecule dyes to form organic

nanoparticles with suitable carriers are widely used strategies

[197]. For instance, Ren et al. successfully synthesized organic com-

pounds (C72H82N2O4S3)n (C3) with excellent photothermal proper-

ties, encapsulated with indocyanine green (ICG) into polyethylene

glycol and polycaprolactone (PEG-PCL) to form hybrid nanoparti-

cles (PEG-PCL-C3-ICG NPs) [198]. The NPs generate heat and ROS

via C3, and realized fluorescence imaging through ICG, making NPs

can be used for fluorescence imaging-guided PDT and PTT of tu-

mors. PEG-PCL increases the photostability of ICG and avoids rapid

ICG clearance at the tumor site, thereby enhancing PDT therapeu-

tic efficacy. With the guidance of fluorescence images, the best

laser irradiation timing can be confirmed to achieve a better tu-

mor elimination effect. With this hybrid strategy, the instability

and non-specificity of small molecule dyes could be greatly im-

proved.

Compared with the NIR-I window, the NIR-II window has less

interference from scattering and biological autofluorescence and

can realize higher-resolution fluorescence imaging. Utilizing NIR-

II fluorescence imaging technology enables real-time monitoring

of tumor vascular morphological changes during phototherapy, en-

abling us to gain a deeper understanding of the interaction be-

tween phototherapeutic agents and tumor blood vessels, evalu-

ate the therapeutic effects and guide subsequent treatment [199].

Since tumor blood vessels are the lifeline of tumor growth, devel-

oping special phototherapy agents with NIR-II imaging function is

essential to achieve high-resolution imaging of tumor blood ves-

sels and adjust the therapeutic regime by judging the reduction

of tumor blood vessels during phototherapy by imaging [200,201].

For example, Huang et al. developed an arginine-glycine-aspartate

(RGD) peptide-modified NIR-IIb PbS/CdS-RGD nanoprobe which has

a long emission wavelength (-1600nm) and good photothermal

conversion performance (47.6%) [200]. Based on the high signal-to-

background ratio advantage of the NIR-IIb imaging window, high-

resolution fluorescent images can be obtained to reflect the vascu-

lar structure inside the tumor. The times of photothermal therapy

were adjusted according to the monitoring of tumor blood ves-

sel destruction by NIR-IIb fluorescence imaging. The NIR-IIb fluo-

rescence images also could confirm that the intratumoral vascular

network was completely ablated after PTT and excellent therapeu-

tic efficacy was achieved with suppressed recurrence. This strategy

offers a more precise imaging tool to judge the effect of photother-

apy treatment on personalized therapies.

5.2.2. For photoacoustic imaging-guided tumor phototherapy

Photoacoustic imaging probes, which have good photothermal

conversion efficiency, are a class of phototherapeutic agents with

excellent performance [202–204]. In order to improve the resolu-

tion of photoacoustic imaging to better guide the phototherapy,

many efforts have been made to develop nanoprobes with excel-

lent performance in the NIR region. The nanoprobes widely em-

ployed in photoacoustic imaging-guided PTT and PDT mainly in-

clude gold nanoparticles [205], transition metal chorionic com-

pounds [206], quantum dots [207], organic polymer nanoparticles

and so on [208].

Nanoprobes with two-dimensional (2D) nanoplate structure

have strong absorption and high photothermal conversion effi-

ciency in the NIR region [209]. For example, transition metal

dichalcogenide (TMDs) nanosheets are widely employed as photoa-

coustic imaging probes and photothermal agents because of their

high photothermal conversion efficiency [210,211]. Zhu et al. pre-

pared polyvinylpyrrolidone (PVP)-modified CoFeMn dichalcogenide

nanosheets (CFMS-PVP NSs) using a lamellar CoFeMn-layered dou-

ble hydroxide as a precursor for the first time [153]. The photother-

mal conversion efficiency can reach 89% by tuning the Co/Fe/Mn

ratio in the layered double hydroxide (LDH) precursor, which is

the highest photothermal conversion efficiency reported in 2D

TMDs. Fe2+, Fe3+ and Co2+ in CFMS-PVP NSs can convert H2O2

to •OH through Fenton and Fenton-like reactions at the tumor site

to kill tumor cells, while Mn4+ and Mn3+ can rapidly consume

GSH through redox reaction, synergistically improving the CDT effi-

ciency. The accumulation of CFMS-PVP NSs at the tumor site could

be monitored according to the PA signal (Fig. 7a). With the guid-

ance of PA images, the timing of photothermal therapy to the tu-

mor could be confirmed, and tumors were completely eradicated

in tumor-bearing mice by the combined PTT/CDT effects of the

CFMS-PVP NSs (Fig. 7b). The CFMS-PVP NSs are one of the poten-

tial ideal tools for clinical imaging-guided tumor therapy in the fu-

ture.

Besides, QDs-based nanoprobes have attracted much atten-

tion in PA imaging-guided phototherapy, especially all-in-one QDs

[212]. Imaging-guided PDT/PTT combined therapy using all-in-one

quantum dots does not require additional photosensitizers, avoids

interference between components in the composite system, im-

proves therapeutic effect with few side effects. Ding and col-
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Fig. 7. Photoacoustic imaging-guided phototherapy of tumors in vivo by CFMS-PVP NSs and donor-acceptor structured P1-RGD NPs. (a) PA images of tumors tissue (arrows)

at different time points after injection of CFMS-PVP NSs. (b) Relative tumor volume changes among treatment groups before and after CFMS-PVP NSs treatment. Copied with

permission [153]. Copyright 2020, Wiley-VCH. (c) Schematic illustration of P1 NPs fabrication. (d) Through scalp and skull noninvasive PA imaging of mouse brain tumor at

different time points upon P1-RGD NPs injection. (e) In vivo PTT of mice bearing orthotopic brain tumors. Copied with permission [217]. Copyright 2018, Wiley-VCH.

leagues used MoO3-x QDs to construct multifunctional therapeu-

tic nanoprobes for PA imaging-directed PDT/PTT combination tu-

mor therapy [73]. The strong optical absorption of MoO3-x QDs in

NIR region enables the simultaneous generation of ROS and hyper-

thermic effects at the same time as executing PA imaging-guided

PDT/PTT. Both in vivo and in vitro tests demonstrated that the gen-

eration of ROS and heat by 880nm laser irradiation was sufficient

to kill tumor cells when the PA signal was the strongest. Note

that after being treated with the PDT/PTT combined tumor treat-

ment, tumors in mice were completely ablated. This study paves

the way to design the all-in-one nanomaterial probe for imaging-

guided PDT/PTT combined tumor treatment.

Donor-acceptor (D-A) organic conjugated polymers (CPs) with

the advantages of good biocompatibility, good photostability, and

large extinction coefficient, have gradually become the widely

studied nanoprobes for PA imaging-guided phototherapy [213–

216]. For example, Guo et al. polymerized the alkyl-chain-grafted

donor BDT (benzothiodiphene) and acceptor BBT (benzobisthiadia-

zole) to form D-A structured CPs (P1) [217]. P1 and DSPE-PEG2000-

MAL combined to further form P1 NPs which were further deco-

rated cyclo(Arg-Gly-Asp-d-Phe-Lys(mpa)) for selective targeting of

tumor cells (Fig. 7c). The P1-RGD NPs have strong absorption in

NIR-II region and can act as a PA imaging nanoprobe to clearly lo-

calize gliomas at a depth of nearly 3mm through the scalp and

skull (Fig. 7d). In addition, the PA images can reflect the accumula-

tion and clearance of P1-RGD NPs in glioma in real time and guide

photothermal treatment. And the PA imaging-guided PTT treat-

ment also can avoid thermal damage to surrounding nerves and

brain tissues, and maximize the photothermal effect on the tumor

(Fig. 7e). By this D-A structure, the absorption wavelength of PA

imaging nanoprobes can be extended to NIR-II region, providing a

new strategy for the development of integrated probes for tumor

diagnosis and therapy.

6. Summary and outlook

In summary, effective imaging nanoprobes have exhibited great

potential in various medical imaging modalities, enabling precise

imaging-guided tumor diagnosis and therapy. In addition, they are

also powerful tools to achieve the delivery of anti-tumor drugs and

tumor photodynamic therapy and phototherapy under the guid-

ance of imaging. And imaging probes lay the foundation for the re-

alization of precise clinical tumor therapy. Although the emergence

of various nanoprobes with excellent properties will promote the

advancement of medical imaging and precise tumor therapy, in the

future, there is still room for further improvement in this area: (1)

Utilizing surface/interface chemistry to further enhance the spe-

cific targeting ability of nanoprobes and improve the delivery effi-

ciency of imaging nanoprobes in vivo. (2) Design biodegradable and

highly biocompatible nanoprobes to reduce the residual amount of

nanoprobes in vivo and decrease the toxicity. Nanomaterials may

induce potential side effects at the cellular, tissue and organ sys-

tem levels, with harmful consequences for patients treated with

nanomaterials. For example, nanomaterials that remain in organ-

isms for too long may cause side effects such cell death, oxidative

stress and inflammation. (3) The non-invasive cross-scale imaging

in vivo can provide more precise and comprehensive information

on tumor development, classification, and staging. Thus, by de-

signing and constructing multifunctional nanoprobes with multiple

imaging functions, they will take an important part in multimodal

imaging and play complementary roles in imaging depth, scope,

and resolution. At present, imaging-guided surgical navigation and

tumor phototherapy and chemotherapy are in the early stage of

development, and with the development of precise imaging, the

field will have better prospects in the future.
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