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Abstract

Fluorescence imaging is revolutionizing oncologic surgery by overcoming the limitations of visual and tactile 

guidance. Despite this promise, clinical translation remains limited, with only a handful of probes having received 

regulatory approval. Using a challenges–strategy–efficacy–comparison framework, this review outlines clinical 

probes used across six major organ systems (nervous, circulatory, respiratory, digestive, reproductive, and urinary), 

including: 1) clinical surgical challenges for probe design: tumor heterogeneity, occult margins, and deep-seated 

lesions; 2) strategy and mechanisms: spanning ligand targeting, specific activatable chemistries, deep-penetration 

molecular scaffolds, and theranostic integration; 3) clinical quantitative efficacy metrics: differentiated distinction, 

excellent biosafety, high signal-to-noise ratio, and operational compatibility, and 4) functional extension of probes 

beyond resection. Moreover, a comprehensive comparative analysis between clinical and non-clinical probes is 

conducted to highlight the gaps and challenges between them, whereby the insights from the advantages of clinical 

probes are discussed to inspire the development of next-generation fluorescent probes. Based on data from a large 

number of clinical trials and surgeon requirements, this review highlights the crucial role of fluorescent probes in 

tumor removal, providing guidance to accelerate their clinical translation.

Keywords

Fluorescent probes; Human clinical applications; Strategy and mechanisms; Clinical translation.
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1 Introduction

Clinically, the treatment of tumors includes surgical resection, chemotherapy, radiotherapy, immunotherapy, 

targeted therapy, photodynamic therapy (PDT).1-5 Among these, surgical resection stands out as the most effective 

and direct method.6 However, the location of tumors significantly influences the surgical approach and its efficiency. 

Tumors in different organs exhibit distinct characteristics, which include: 1) The size and depth of the tumor within 

normal tissues;7 2) The number of tumors and tumor-positive lymph nodes;8, 9 3) The distribution area of the 

tumors;10 4) The speed and pathway of tumor metastasis;11, 12 5) The extent of resection required for the tumors.13 

These unique tumor features challenge surgeons. For instance, complex surgeries like craniotomy, cystoscopy, and 

lymph node dissection require extensive clinical experience, and surgeons often cannot rely on experience alone.14-

16 Moreover, limited visual feedback and blind spots can cause unintentional tumor residues.17-19 Therefore, to 

enhance the outcomes of tumor surgical resection, new technologies and methods have been introduced in clinical 

practice.

Thankfully, the advancement of medical imaging technology has brought about improvements in tumor surgical 

procedures.20-24 Commonly used imaging techniques include magnetic resonance imaging (MRI), computed 

tomography (CT), positron emission computed tomography (PET), ultrasound imaging (US), and X-ray imaging.25-

29 During the operation, surgeons can refer to the pre-operative images of the tumors to guide the resection process. 

Nonetheless, these imaging techniques come with many limitations, involving: lack of intraoperative real-time 

imaging, inaccurate discrimination of the tumor margin, low resolution, and radiation risks.30-32 In light of these 

issues, there is an urgent need for a more efficient imaging method to further enhance the rate of complete tumor 

resection.

In recent years, ongoing molecular imaging advances have driven the development and use of fluorescent probes 

in tumor surgery.33-35 Fluorescence-guided surgery (FGS) holds great promise for tumor resection by providing real-

time imaging and surgical guidance.36, 37 The process of FGS includes: 1) Administering fluorescent probes 

systemically (e.g., intravenous, oral) or topically (e.g., local injection, gargle);38, 39 2) Probes enter tumor cells 

through inherent properties (lipophilicity, zwitterions) or targeting antibodies/ligands for precise tumor 

localization;40, 41 3) Within tumor cells, probes emit fluorescence, enabling real-time tumor imaging during surgery;42 

4) Guided by fluorescence, surgeons can achieve complete tumor resection. Some probes, like photosensitizers, also 

kill tumor cells via PDT while guiding surgery.43-45 Theoretically, if fluorescent probes could precisely locate tumors 

and emit deep-penetrating fluorescence, such as near-infrared, they would represent an excellent strategy.46 

Regrettably, the development of probes is fraught with challenges, and there are only a limited number of fluorescent 

probes available for clinical use.47 Although fluorescent probes for tumor imaging and guided surgery show great 

clinical promise, most probes are still in clinical trials, and full integration into patient treatment remains distant.48, 

49 Therefore, a thorough discussion of the advantages and limitations of clinical probes, as well as the gap between 

non-clinical and clinical probes, is crucial for promoting their clinical translation.

Herein, we provide a comprehensive overview of clinically used fluorescent probes, following the clue of 

challenges–strategy–efficacy–comparison framework (Table 1). From the perspective of clinical application, we 

categorize the use of probes into six systems (nervous system, circulatory system, respiratory system, digestive 

system, reproductive system, and urinary system) to clearly analyze the specific requirements for probes in each. 

Emphasis is placed on the critical factors influencing probe design strategy and working mechanism. Representative 

case studies are discussed to illustrate how fluorescence-guided surgery reshapes operative strategies across diverse 

tumor types. Furthermore, we analyze the disparities between clinical and non-clinical probes, identifying both 

challenges and opportunities for researchers to address. We hope that this review will facilitate the translation of 
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non-clinical probes into clinical applications. 

2 Clinical probes across organ systems

2.1 Clinical probes for nervous system

Due to the influence of certain unpredictable factors, the brain is prone to a prevalent form of cancer: glioma.50 

Regrettably, patients with glioma typically face a dismal prognosis and a high mortality rate.51, 52 While with the 

advancement of fluorescent probe, the fluorescence imaging has found clinical applications in guiding the resection 

of gliomas(Fig. 1A).53 

Fig. 1 (A) The timeline of research progress of fluorescent probes in the nervous system. (B) The chemical structures, categories, and clinical 
efficacies of the probes. (C) Administration methods, in vivo fluorescence mechanisms, intraoperative fluorescence-guided resection methods, 
and clinical fluorescence images during surgery of the probes. (C b) Reproduced from ref. 54 with permission from Ivyspring International Publisher, 
copyright 2021. (C c) Reproduced from ref. 48 with permission from Ivyspring International Publisher, copyright 2024.
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2.1.1 Clinical probes for Brain

High-grade gliomas (grades III-IV) exhibit strong invasiveness, while conventional imaging (MRI/CT/US) lacks 

real-time guidance.55-58 Fluorescent probe 1 was employed in a phase III clinical trial.59 The tumor-targeting and 

fluorescence properties of 1 are determined by its molecular structure and metabolism (Fig. 1B). Under physiological 

conditions, the amino group of 1 is protonated (-NH3
+) and the carboxyl group is deprotonated (-COO−), forming a 

zwitterionic structure. This conformation highly mimics short-peptide substrates of PEPT1/2, thereby enabling 

efficient internalization into tumor cells via highly expressed PEPT1/2-mediated active transport. After it enters 

tumor cells via PEPT1/2 transporters, it is enzymatically converted to protoporphyrin IX (PpIX: probe 2), and 

accumulates in tumors with low ferrochelatase activity, emitting red fluorescence (635 nm) for real-time surgical 

visualization (Fig. 1C a, c).60 Based on these properties, this phase III clinical strategy for fluorescence-guided 

surgery (FGS) improved outcomes: resection rates increased from 36% to 65%, recurrence was reduced, and 6-

month progression-free survival doubled from 21.1% to 41%, with confirmed safety. Even for highly malignant 

glioblastoma (GBM, grade IV), combining probe 1–guided surgery with post-resection photodynamic therapy, in 

which light-activated compound 2 generates reactive oxygen species, allows complete tumor removal.61

Compared with experimental probes in preclinical studies, we found probe 1 shows better clinical performance 

because it has high target specificity, proven therapeutic effects, and an established safety profile. These advantages 

also highlight key limitations of non-clinical probes: 1) Most experimental probes, such as macromolecular 

nanoparticles and antibody conjugates, have poor blood-brain barrier (BBB) penetration, whereas probe 1 uses 

small-molecule transporters for targeted delivery, suggesting that smaller probes can overcome this barrier. 2) 

Clinical gliomas are highly heterogeneous, which can cause false negatives when probes target variable receptors or 

enzymes. While probe 1 avoids this problem by using the universal heme synthesis pathway, and rational 

modifications, such as replacing 5-ALA’s terminal carboxyl with a phosphonate (P=O) while keeping the γ-

ketoglutarate backbone, can improve transporter recognition. 3) Experimental probes can cause accumulative 

toxicity in the organs. In contrast, Probe 1 is naturally metabolized via the protoporphyrin IX–heme pathway. It 

accumulates as protoporphyrin IX in tumor cells to generate fluorescence, but is rapidly converted to heme in normal 

cells. The small fraction of unincorporated probe 1 is quickly cleared by the kidneys.

Despite the satisfying clinical performance of probe 1, current fluorescent probes still face challenges such as 

limited tumor selectivity, shallow tissue penetration, and insufficient signal in low-grade gliomas.62, 63 To overcome 

these challenges, probe 3, the first clinical-grade probe combining targeting capability with near-infrared (NIR) 

fluorescence, was developed by conjugating chlorotoxin peptides with the NIR fluorophore indocyanine green (ICG) 

(Fig. 1B).64 Probe 3’s molecular structure and design strategy confer its key properties: conjugation of chlorotoxin 

peptides with the NIR fluorophore ICG enables selective binding to the chloride channel-3 (ClC-3), precise 

identification of neuroectodermal tumors such as gliomas and medulloblastomas, as well as the inhibition of chloride 

efflux-mediated metastasis. Its NIR fluorescence at 822 nm provides approximately 10 mm tissue penetration, 

achieving detection rates of 88% in high-grade (III/IV) and 50% in low-grade (I/II) gliomas, outperforming non-

targeted probes like fluorescein and ICG. By leveraging these structure-defined properties, the clinical strategy of 

fluorescence-guided surgery with probe 3 maximizes tumor visualization and improves resection outcomes. 
Furthermore, unbound probe 3 and its enzymatic product ICG (as ICG‑protein complexes) are rapidly excreted via 

the hepatobiliary system, preventing undesired accumulation in vivo. In contrast, non-clinical probes face major 

limitations, including passive accumulation for targeting, insufficient sensitivity for low-grade gliomas, and static 

fluorescence without real-time feedback on tumor metabolism or residual activity, leaving micro-residual tumors 

undetected in a significant fraction of GBM cases.
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With advancing development, the field is moving toward conjugating targeted ligands or antibodies with NIR 

fluorophores, as exemplified by probe 4.54 Structurally, the fully humanized panitumumab moiety specifically binds 

to the extracellular domain III of epidermal growth factor receptor (EGFR). It blocks ligand-induced receptor 

dimerization and subsequent downstream signaling. Meanwhile, conjugation with an 800 nm NIR fluorophore 

enables around 10 mm deep tissue penetration and weakens autofluorescence. This design achieves accurate 

intraoperative localization of deep-seated high-grade gliomas (Fig. 1C b). These structure-determined properties 

translate into satisfying clinical performance: probe 4 achieves 95% sensitivity and 96% specificity, representing a 

45% improvement over cetuximab-IRDye800CW. Besides, its fully humanized antibody design minimizes 

immunogenicity risk (adverse event rate <0.5%) and lowers the detection threshold 3-fold compared with cetuximab-

IRDye800CW. Additionally, in vivo, probe 4 is proteolytically degraded into peptide fragments, amino acids, and 

the IRDye800CW fluorophore, all of which are rapidly metabolized via the hepatobiliary route. Leveraging these 

properties, probe 4 balances safety and efficacy while optimizing tumor visualization. By demonstrating both high 

clinical performance and safety, probe 4 not only validates the feasibility of human application but also provides a 

roadmap for guiding the design and translation of non-clinical probes toward clinical use. 

Table 1 Summary of the fluorescent probes currently used in clinical practice, including their functions and clinical effects.

Disease Probe Original name λex/λem (nm) Probe function and clinical effects Refs.
Nervous system

Glioma 1 5-ALA 407/635
Uptaken by PEPT1/2 in tumor cells and converted to PpIX; 
red tumor tissue in surgical cavity; complete resection of 
tumor.

59, 61

Glioma 3 BLZ-100 785/822 Targets CIC-3 in glioma cells; NIR fluorescence & in situ 
tumor imaging.

64

Glioma 4 Panitumumab-
IRDye800CW 789/800 Crosses BBB, targets EGFR in gliomas; strong NIR 

fluorescence in tumor core and infiltrative margin.
54

Circulatory system

Angiosarcoma 5 Ce6-PVP 400/665 Generates singlet oxygen under light to kill tumor cells; the 
lesion had clear fluorescence compared with normal skin.

65

Atherosclerosis 6 ICG 785/810 Localizes to macrophage, lipid, and exit regions of the plaque; 
fluorescence indicates endothelial damage.

66

HNSCC 7 Cetuximab-
IRDye800CW 778/795 Targets tumor EGFR; high fluorescence in tumor-positive 

lymph nodes.
67

Respiratory system

NSCLC 8 OTL38 776/793 Targets tumor FR-α with deep tissue penetration; accurately 
identifies normal and subcentimeter pulmonary nodules.

68

Lung nodules 6 ICG 785/810 ICG emulsion accumulates around pulmonary nodules; no 
intraoperative fluorescence diffusion.

69

NSCLC 9 VGT-309 785/820 Fluorescence activated by tumor cathepsins; strong in situ 
fluorescence in targeted tumors.

70

NSCLC 8; 10 OTL38; Folate-
FITC 776/793; 490/520 Longer wavelength fluorescence enables more efficient tumor 

detection; detects small, invisible tumors.
71

Digestive system

OSCC 11 Hypericin 450/590 Photosensitive red fluorescent probe; fluorescence intensity 
increases from normal tissue to carcinoma.

72

HNSCC 7 Cetuximab-
IRDye800CW 778/795 High sensitivity & specificity for HNSCC tumors; clear 

tumor-normal boundary.
73

HNSCC 4 Panitumumab-
IRDye800CW 789/800 High tissue penetration NIR probe; visualizes deep‑seated 

tumors.
74

OSCC 12 PARPi-FL 507/525 Targets tumor PARP1, inhibits DNA repair; large lesions 
show strong fluorescence.

75

OSCC 13 cMBP-ICG 789/803 Targets tumor c‑MET receptor; no positive margins in 
surgical cavity.

76

Gastric cancer 6 ICG 785/810 NIR fluorescence in sentinel lymph nodes; increased lymph 
node dissection.

77, 78

CRC 14 HAL 407/635 Converts to photosensitive PpIX in tumor cells; selective red 
fluorescence in rectal adenomas.

79

CRC 15 GE-137 640/680 Targets c-Met in polyps; hyperplastic & serrated polyps show 
strong fluorescence.

80

CRC 16 cRGD-ZW800-1 785/800
Targets tumor integrins; intraoperative imaging shows 
intestinal wall tumor fluorescence & enhanced ureteral 
fluorescence.

81

HCC 6 ICG 785/810 NIR‑Ⅰ/Ⅱ dual‑mode probe; homogeneous fluorescence in 
well‑differentiated HCC.

82, 83

Reproductive system
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Breast cancer 6 ICG 785/810

Micro-dose fluorophore enables non-invasive SLN detection; 
shorter surgery time; pre-mixed HSA-ICG shows comparable 
fluorescence to free ICG; fluorescent lymphatics visible in 
forearm and incision.

84-87

Breast cancer 17 Bevacizumab-
800CW 780/800 Targets tumor VEGF‑A, inhibits angiogenesis; selective 

tumor fluorescence in surgical cavity.
88

Ovarian cancer 10 Folate-FITC 490/520 Targets ovarian cancer FR‑α; tumor-specific fluorescence in 
abdominal cavity.

89

Ovarian cancer 8 OTL38 776/793 High TBR and long duration; sustained strong tumor 
fluorescence.

90

Prostate cancer 18 ICG-99mTc-NanoCol 785/810 Radio-fluorescent dual-modal probe; NIR laparoscopy 
identifies SLNs with low 99mTc-NanoCol background.

91

Urinary system

RCC 10 Folate-FITC 490/520 Completely resected renal mass with clear tumor 
fluorescence.

92

CRMs 6 ICG 785/810 NIR‑II fluorescence in renal parenchyma and tumor vessels. 93

Bladder cancer 19 PLSWT7-DMI 774/789 Targets tumor CD44v6; tumor-specific fluorescence in 
NMIBC; no signal in nonneoplastic lesions.

94

Bladder cancer 20; 21 Fotoran e6; 
Fotoditazin

660/671;
660/671 No phototoxicity or bladder contracture after irradiation. 95

Ureteral injury 22 Methylene blue 670/700 NIR microprobe; clearly visualizes ureters with fluorescence 
lasting ≥1 h.

96

2.2 Clinical probes for circulatory system

The human circulatory system facilitates cancer metastasis through blood and lymphatic routes, yet its vessels 

remain vulnerable to diseases such as angiosarcoma, atherosclerosis, and tumor-positive lymph nodes.97-99 

Conventional imaging (MRI, CT, and US) often fails to precisely localize metastatic lesions, whereas fluorescent 

probes have emerged as powerful tools for real-time diagnosis and guided resection, as summarized in Fig. 2A, 

which illustrates their clinical applications and research progress.

2.2.1 Clinical probes for blood vessels

Simple photosensitizers like chlorin e6 (Ce6) and 5-aminolevulinic acid (5-ALA) suffer from weak tumor-

targeting.100, 101 To address this limitation, one approach is to modify photosensitizers, as demonstrated by the 

development of photosensitizer 5.65 This probe is structurally defined by the conjugation of Ce6 with 

polyvinylpyrrolidone (PVP) (Fig. 2B), which determines its selective accumulation in tumors by exploiting 

microenvironment traits such as high metabolic activity. Functionally, the hydrophilic PVP moiety prevents Ce6 

aggregation, enhancing cellular uptake and therapeutic efficacy. Upon 400 nm light excitation, photosensitizer 5 

emits 665 nm red fluorescence (Fig. 2C c) and produces cytotoxic singlet oxygen (¹O₂) for photodynamic therapy. 

These structure-driven properties translate into clinical advantages: in angiosarcoma patients, photosensitizer 5 

achieves superior tumor specificity (83% vs 73% for Ce6), allowing clear differentiation between tumor and normal 

tissue. 

Compared to the advantages of probe 5, we can see that non-clinical probes still require several improvements 

before they can be applied in the clinical treatment of angiosarcoma: 1) Overcoming passive targeting that relies on 

the enhanced permeability and retention (EPR) effect, as tumor heterogeneity leads to uneven accumulation, with 

insufficient uptake in about 30% of cases. 2) Structural design: hydrophobic moieties may cause intracellular 

aggregation and fluorescence quenching, while certain double bonds in the conjugated linker are prone to 

photochemical instability. 3) Metabolic completeness: clinical use requires probes not to persist in normal tissues, 

which could cause photosensitivity contraindications within 48 hours. For instance, probe 5 is rapidly eliminated 

mainly via the hepatobiliary pathway, with negligible residual retention in vivo postoperatively. We recommend that 

this be addressed by using environment-specific release mechanisms, such as selective Ce6 release in acidic or 

enzyme-rich microenvironments, or by incorporating degradable linkers to ensure automatic deactivation of 

fluorescence and cytotoxicity within 24 hours post-surgery. Additionally, some structural differences and challenges 

between clinical and non-clinical photosensitizers are summarized in Table 2. 
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Apart from angiosarcoma, carotid atherosclerosis is another major vascular disease.102, 103 The commonly used 

methods for detecting atherosclerotic plaques can only observe their location or morphology, but cannot identify 

high-risk biological characteristics.104 However, fluorescent probe 6 has shown success in its first clinical study for 

atherosclerosis patients.66 Its mechanism of targeting plaques is based on such a design strategy: 1) It binds non-

covalently to albumin and lipoprotein, accumulating in the damaged intima. Such protein complexes passively 

accumulate in diseased tissues via the EPR effect; 2) it localizes in lipid, macrophage, and hemorrhage areas due to 

uptake by diseased tissues; 3) NIRF-OCT imaging reveals plaque location, shape, and high-risk features 
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Fig. 2 (A) The timeline of research progress of fluorescent probes in the circulatory system. (B) The chemical structures, categories, and clinical 
efficacies of the probes. (C) Administration methods, in vivo fluorescence mechanisms, intraoperative fluorescence-guided resection methods, 
and clinical fluorescence images during surgery of the probes. (C c) Reproduced from ref. 65 with permission from Elsevier Ltd, copyright 2008. 
(C d) Reproduced from ref. 105 with permission from Springer Nature, copyright 2017.

(Fig. 2C b). When comparing probe 6 to non-clinical probes, we find it offers several advantages: 1) High detection 

success rate: probe 6 achieves a 100% detection rate for plaques in clinical use. 2) Distinct signal characteristics: its 

strong green fluorescence allows clear lesion identification by physicians (Fig. 2C d). 3) Identification of a new 

target: probe 6 targets intraplaque hemorrhage, which was not seen in previous animal studies, thus overcoming 

prior research limitations focused on macrophages and lipids. 4) Capability to assess plaque risk and severity: 

combined with NIRF-OCT imaging, probe 6 reveals plaque location, shape, and high-risk features like hemorrhage, 

aiding in severity and risk assessment. In addition, probe 6 is rapidly cleared via the hepatobiliary pathway. We 

think, these advantages, driven by probe 6's structure and strategy set the "entry threshold" for clinical use and 

minimize research risks.

2.2.2 Clinical probes for lymph nodes

Lymph is an important way for the metastasis of tumor cells except blood vessels.106 However, white-light surgery 

often fails to completely resect these lymph nodes, which is attributed to the lack of visual feedback and targeting 

of tumors.107 Residual tumor-positive lymph nodes will increase the probability of cancer recurrence and metastasis. 

In order to maximally resect these lymph nodes, a method of lymph node visualization is necessary. With advances 

in lymphatic fluorescence imaging, probe 7 has shown initial success in lymph node detection in head and neck 

cancer (HNC).67 The design strategy of probe 7, which combines cetuximab, an EGFR-targeted drug, with the NIR 

fluorophore IRDye800CW, enables its successful application in HNC (Fig. 2B): 1) high EGFR expression, 

facilitating tumor and tumor-positive lymph node targeting; 2) cetuximab binding to EGFR domain III, blocking 

downstream signaling; and 3) fluorescence emission from lymph nodes upon probe localization in cancer cells (Fig. 

2C a). Based on these features, probe 7 provided high sensitivity (97.2%) and specificity (92.7%) for identifying 

positive lymph nodes in HNC patients. Strategically, deeper sectioning of fluorescent "false positives" revealed 

hidden cancer cells, thereby detecting metastases missed by standard methods. As such, this strategy reduces 

unnecessary lymph node resections and improves patient survival, demonstrating the crucial role of both structure 

and strategy in advancing clinical outcomes.

Drawing upon the clinical advantages of this probe, we propose the following insights to guide the development 

of future clinical probes. 1) Achieving ultra-high sensitivity and specificity is crucial. We recommend that even 

probe 7 require further optimization, as these metrics are key to differentiating benign from malignant lesions and 

identifying lymphoma subtypes. 2) Multitarget and multicolor detection are essential. After all, probes with multi-

color labeling can enable simultaneous detection of multiple targets, avoiding signal overlap and photobleaching, 

which is critical for diagnosing lymphomas with complex genetic alterations. 3) Chemical strategies to enhance 

stability and standardization are vital; modifications like dye rigidification, hydrophilic tuning, and charge regulation 

can significantly improve photostability, ensuring signal persistence during prolonged observation. 4) Optimizing 

pharmacokinetics and clearance profiles is necessary; adjusting probe hydrodynamic radius can maximize tumor-to-

background contrast within the optimal imaging window and ensure metabolic degradation, thus reducing long-term 

toxicity. As exemplified by probe 7, the extremely low residual toxicity in vivo is attributed to its rapid hepatic 

metabolism and subsequent biliary excretion.

2.3 Clinical probes in respiratory system

The respiratory system serves for absorbing oxygen and releasing carbon dioxide in the human body, which 

includes the respiratory tract (nose, pharynx, larynx and trachea, etc.) and the lung.108, 109 To discuss the probes for 

lung cancer, we summarized the recent clinical research in patients (Fig. 3A).
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2.3.1 Clinical probes for lung

For non-small cell lung cancer (NSCLC),110 standard white-light surgery for NSCLC often misses small nodules, 

leading to recurrence.111 Fluorescent probe 8 was applied to NSCLC patients and confirmed the feasibility of FGS 

for the treatment of NSCLC.68 8 is synthesized from folate combined with an NIR fluorophore (Fig. 3B), and its 

design strategy is based on the following principles: 1) Since most NSCLCs overexpress folate receptor-α (FR-α), 8 

targets tumors expressing FR-α (Fig. 3C a) through high-affinity folate binding via endocytosis. 2) The lung nodules 

containing 8 emit red fluorescence (around 800 nm) (Fig. 3C b). Based on these structural features, probe 8 

demonstrated excellent clinical efficacy in NSCLC patients, achieving a 100% identification rate and successfully 

localizing sub-centimeter lesions. Its superior targeting and NIR properties, with low autofluorescence and deep 

tissue penetration, provide a distinct advantage over conventional probes like ICG, enabling the detection of small 

nodules often missed during standard surgery. Furthermore, it exhibits negligible in vivo retention, being rapidly 

cleared via the kidneys and excreted in urine.

Table 2 Comparison of clinical and non-clinical photosensitizers.

Probe Disease Advantages / limitations Refs.
Clinical probes

Ce6-PVP Angiosarcoma High uptake rate; fast metabolic rate; non-phototoxicity to normal 
tissues.

65

Hypericin Oral cancer Clear fluorescence tumor edge; almost no blood circulation; no 
systemic toxicity.

72

Structural advantages from clinical probes

 The rigid plane provides high molecular stability.

 The planar structure prevents free rotation and vibration of the molecular structure.

 Low non-radiative transitions.

Non-clinical probes
TPA-DCR Breast cancer Complex preparation methods; limitations in treating deep-seated 

tumors.
112

89Zr-PHZ-BrCyE Liver cancer Radiation exposure risk; pH-responsive micelles have the possibility 
of non-specific uptake (inflammatory tissue).

113

Chemical challenges from non-clinical probes

 Hydrophobic structures may cause the probe to aggregate and quench within cells.

 The cis-trans isomerization of the molecule disrupts its rigid planar structure.

 The double bond in the conjugated bridge exhibits photochemical instability and readily breaks under oxidative conditions.

 The small conjugated range results in a low fluorescence quantum yield.

As we can see, this clinical application reveals that the respiratory system, particularly the lungs, possesses unique 

anatomical and physiological characteristics, imposing specific demands on fluorescent probes in clinical settings. 

1) There is an urgent need for probes with exceptional tissue penetration depth to enable non-invasive or minimally 

invasive imaging of lung parenchyma or mediastinal lymph nodes. We believe integrating X-ray or ultra-active 

functional groups with probes may offer a viable solution. 2) Overcoming strong background interference and 

autofluorescence is critical, as lung tissue contains collagen fibers, elastin, and inhaled particulates that generate 

nonspecific signals. Thus, probes must exhibit ultrahigh signal-to-noise ratios to distinguish pathological signals 

from complex backgrounds. 3) Probes administered systemically must traverse the 'air–blood barrier' to reach lung 

parenchyma. We think designing small-molecule probes or conjugating cell-penetrating peptides (e.g., 

Trans‑activator of transcription peptide (TAT), Octa‑arginine (R8)) could significantly enhance their efficiency in 

crossing physiological barriers and entering lung tissue from circulation. 

While for the imaging of lung nodules, even the mature probe 6 has limitations in penetration depth and 

diffusion.114 Optimizing its state or changing its dosage form can resolve these limitations.115, 116 The first probe used 
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in human to prevent the diffusion of 6 gives us a new method: a fluorescent iodized emulsion (water: oil = 1:6) and 

emulsified by 6 and ethiodized oil.69 The design principle of this method involves: 1) To locate tumors accurately, 

physicians use fluoroscopic CT to identify lung nodules before surgery and then inject this emulsion at the nodule 

margins.117 As a result, 6 binds with human albumin after injection, enabling passive targeting and accumulation in 

Fig. 3 (A) The timeline of research progress of fluorescent probes in the respiratory system. (B) The chemical structures, categories, and clinical 
efficacies of the probes. (C) Administration methods, in vivo fluorescence mechanisms, intraoperative fluorescence-guided resection methods, 
and clinical fluorescence images during surgery of the probes. (C c) Reproduced from ref. 118 with permission from American Medical Association, 
copyright 2023.

the nodules. In addition to the EPR effect, this accumulation is also attributed to the endocytosis of albumin-bound 
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complexes mediated by SPARC (secreted protein acidic and rich in cysteine), an albumin-binding receptor 

overexpressed by tumor cells;119 2) The water-in-oil emulsion prevents diffusion of probe 6, allowing it to 

accumulate maximally in the nodules. This in turn, increases fluorescence intensity, which further enhances the 

detection depth of nodules. The emulsion shows strong clinical potential by forming stable water-in-oil droplets that 

prevent diffusion and quenching of compound 6, maintaining 6-day stability, achieving 66.6% lung nodule detection, 

and extending penetration to 25 mm (vs. 10 mm for compound 6) (Fig. 3C c). However, the current method of 

mixing iodide oil and compound 6 lacks consistency, highlighting the need for more reliable carrier development. 

From this clinical application, we can find that the water-in-oil emulsion strategy illustrates how physical 

encapsulation can improve both probe stability and clinical utility, while passive targeting via human albumin 

binding boosts nodule accumulation. This integrated approach underscores three actionable principles: 1) Dual-

functional carrier design that combines probes with approved agents for imaging or therapeutic synergy. Such design 

accelerates clinical application, enhances diagnostic precision, reduces side effects, and enables personalized 

treatment. 2) Endogenous protein-mediated targeting to enhance tissue retention. We believe it would improve 

targeting accuracy, prolong treatment effects, and offer broad clinical applications with natural biodegradability. 3) 

Multimodal guidance, using both CT and fluorescence, for precise delivery to deep lesions, which could be an 

adaptable framework for other probe systems that require depth and specificity.

Table 3 Comparison of clinical and non-clinical probes in emission wavelength.

Type Probe Disease Advantages / limitations Refs.
Clinical probes

Bevacizuma
b-800CW

Breast cancer High tumor background ratio; clear tumor positive margin; deep 
tissue penetration.

88NIR probes

PLSWT7-
DMI

Bladder cancer Detection of small and flat lesions; accurate tumor localization; 
clear intraoperative fluorescence.

94

Folate-FITC Ovarian cancer High tumor recognition rate; stable fluorescence signal; identify 
metastatic lesions.

89Non-NIR probes

GE-137 Colon cancer High tumor specificity; assisted minimally invasive surgery. 80

Structural advantages from clinical probes

 Heptamethine conjugated bridge provides a large conjugated system.

 Small HOMO-LUMO energy gap.

 Highly symmetrical structures minimize energy loss.

 The π electrons are highly delocalized within the conjugated system.

Non-clinical probes
Tg-RGD Breast cancer GSH-responsive probes may be affected by liver and inflammatory 

tissues; low blood GSH may shorten probe half-life.
120NIR probes

DCM-βgal Colon cancer May activate in other tissues (aging cells); natural β-gal substrates 
may compete with probe for enzyme binding.

121

HPL-1 Liver cancer May be interfered by low-pH normal tissues; possible competitive 
binding with endogenous galactose.

122Non-NIR probes

BO-biotin Liver cancer Endogenous biotin interference; may be non-specific accumulation. 123

Chemical challenges from non-clinical probes

 The narrow conjugation range and the accompanying high non-radiative transitions result in a low fluorescence quantum yield.

 The targeting groups are interfered with by endogenous substances in the body.

 The double bonds in the conjugated bridge exhibit photochemical instability and are prone to oxidative cleavage within the body.

 Risk of in vivo metabolite toxicity posed by risk groups.

For FGS to treat lung cancer, if we have a “smart” probe, we can achieve high tumor targeting, deep tissue 

penetration and favorable biosafety.124 A clinical study that uses a quenched activity-based probe (qABP) 9 to 

identify the tumors of patients with lung cancer is reported.70 Mechanistically, with the overexpression of cathepsins 

in many organs, 9 can covalently combine with cathepsins of tumor cells by its phenoxymethyl ketone electrophile; 

the quencher QC-1 will be broken after 9 is combined with cathepsins, and then the fluorescence characteristic of 9 

(from fluorophore ICG) will be opened (Fig. 3C a). Probe 9 demonstrates high clinical value in lung cancer surgery, 
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achieving tumor-background ratio >2.0 and enabling visualization of subpleural tumors (~17 mm depth) during 

minimally invasive wedge resection, thereby reducing surgical trauma and improving outcomes. In tumor cells, 

enzymatic cleavage of its targeting peptide releases the ICG fluorophore, which is ultimately eliminated via the 

hepatobiliary pathway. Moreover, the human trials confirm its feasibility and safety. Notably, since cathepsins are 

expressed across multiple tumor types (kidney, thymus, etc.), probe 9's application could extend to other cancers.125, 

126 Similarly, 8 and 10 are also the “smart” probes for the lung tumor resection (Fig. 3B). Both probes target FR-α, 

which is overexpressed in lung tumor cells. After intravenous injection, they enter tumor cells, allowing physicians 

to use different light wavelengths for fluorescence imaging. Preoperatively, probe 8 shows a higher detection rate 

than probe 10 (75.4% vs. 23.9%) and locates tumors nearly three times more effectively. Additionally, probe 8 can 

detect tumors at greater depths (18 mm vs. 3 mm), while probe 10 is limited to surface tumors. Based on this, we 

conducted a comparative analysis (Table 3) between these probes with non-clinical probes and analyzed the 

structural advantages of clinical probes (Fig. 4), where we can see the gap between the two mainly lies in low in vivo 

fluorescence efficiency, poor stability, and potential toxicity: 1) Low fluorescence quantum yield; 2) Targeting 

groups are interfered with by endogenous substances; 3) Conjugated double bonds are photochemically unstable and 

prone to oxidative cleavage; 4) Certain structural groups may generate toxic metabolites. Nevertheless, folate 

released from the degradation of clinical probes such as 8 and 10 poses no biosafety risks, and their fluorophores 

(S0456 and FTIC dyes) are rapidly excreted renally. By addressing these gaps, new probes can be developed with 

better fluorescence efficiency, stability, selectivity, and safety, paving the way for effective clinical applications.

2.4 Clinical probes for digestive system

Cancers in the digestive system include oral cancer, gastric cancer, and colorectal cancer.127 For the resection of 

digestive system cancers, fluorescent probes give them great hope. Given their diverse clinical applications, we 

summarize the structural characteristics of these probes as follows: 1) The balance between the positive quaternary 

ammonium and negative sulfonate charges within the probe molecule minimizes non-specific protein binding. 2) 

The connection bond between the fluorescent group and the targeting group is of optimal length, reducing steric 

hindrance and minimizing interference. 3) A rigid plane, such as Hypericin, prevents intramolecular rotation and 

vibration, thus enhancing the fluorescence stability of the molecule. 4) Lipid modification, such as HAL, increases 

the probe's fat solubility, facilitating its entry into tumor cells. 5) The large conjugated system provided by the 

heptamethine bridge improves deep tissue penetration, enabling detection of small or flat lesions in deeper organs 

such as the colon, stomach, and liver. The specific applications and characteristics in each sub-organ are detailed in 

the discussion below.

2.4.1 Clinical probes for upper digestive tract

2.4.1.1 Oral cavity

The main treatment of oral squamous cell carcinoma (OSCC) is surgical resection combined with radiotherapy 

and chemotherapy, and pathology biopsy is also required among them.128, 129 Unfortunately, even with a white-light 

endoscope, complete tumor resection is challenging because physicians lack sufficient visual and tactile feedback, 

thus leading to repeated surgery and increasing the frequency of pathological biopsy.130 Many fluorescent probes 

have been applied to intraoperative imaging of digestive system tumors (Fig. 5A). Among them, a clinical study 

with probe 11 to detect and resect tumors of OSCC patients provides us with a guidance.72 With a design of 

subcellular accumulation in the endoplasmic reticulum, lysosomes, Golgi apparatus, and mitochondria, this 

photosensitizing probe enables OSCC tumor localization via a 30-minute oral rinse and intraoperative fluorescence 

guidance (Fig. 5C b). The clinical efficacy of probe 11 for OSCC detection arises from its unique chemical properties: 

its extended π-conjugation system generates strong red fluorescence (~590 nm), which provides superior tissue 
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contrast compared to white light endoscopy, with over 90% sensitivity and specificity for OSCC localization. 

Additionally, the enhanced R/B intensity ratio helps to distinguish normal, hyperplastic, and cancerous tissues. 

Moreover, the phenolic hydroxyl groups present opportunities for structural optimization, including conjugation 

with OSCC-targeting ligands (e.g., EGFR antibodies) or PEGylation, which can further enhance tumor selectivity. 

Unused probe 11 is rapidly eliminated via the hepatobiliary system. Therefore, we have outlined several structural 

optimizations and design strategies in BOX 1 to improve specificity for OSCC.

As a comparative analysis, probes 4 and 7 are successfully applied in head and neck squamous cell carcinoma 

(HNSCC: oral part).73, 74 The results demonstrate they have superior clinical performance over probe 11 through 3 
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Fig. 4 Synthetic methods and structural analysis of bevacizumab-800CW (Probe 17; IRDye 800CW fluorophore), PLSWT7-DMI (Probe 19; IRDye 
800CW fluorophore), folate-FITC (Probe 10; FITC fluorophore) and GE-137 (Probe 15; Cy5 derivative fluorophore).
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key advancements: 1) Targeted specificity via EGFR antibodies (cetuximab/panitumumab) achieving >89% 

sensitivity/specificity, eliminating non-specific uptake issues; 2) Enhanced imaging with NIR capabilities enabling 

10 mm tissue penetration and 3-fold tumor-to-normal fluorescence contrast for precise margin delineation, especially 

for lesions within a 0-5 mm depth range; 3) Optimized safety with panitumumab-compatible structures, about 8-fold 

higher EGFR affinity while maintaining low toxicity; however, shallow penetration remains a shared limitation 

requiring future wavelength optimization.

Actually, the development of “smart” probes for oral cancer has never stopped. Probe 12, a Poly(ADP-ribose) 

polymerase 1 (PARP1)-targeting probe combines olaparib's inhibitor scaffold with BODIPY-FL (507 nm emission), 

with structural optimization achieved via cyclopropane substitution (Fig. 5B), and has entered OSCC clinical trials.75 

Its fluorescence mechanism is determined by its dual-component structure: 1) The olaparib-derived moiety 

specifically binds the C-terminal catalytic domain (CAT) of overexpressed PARP1 in tumor cell nuclei (due to 

defective DNA repair), inhibiting single-strand break repair and inducing BReast CAncer susceptibility gene 

(BRCA)-mutated tumor cell death via synthetic lethality; 2) The covalently linked BODIPY-FL fluorophore (507 

nm) emits green fluorescence for real-time tumor visualization, enabled by its 11.6-fold higher tumor uptake (45.14% 

vs 3.89%) compared to normal cells (Fig. 5C c). While effective for margin delineation, BODIPY-FL's short 

wavelength limits penetration depth, necessitating future optimization. Taking the advantages of tumor 

overexpression of cellular-mesenchymal epithelial transition factor (c-Met) in OSCC cells, probe 13 was developed 

as a covalent conjugate of water-soluble small molecules and ICG (Fig. 5B).76 Its tumor-targeting capability stems 

from its c-Met binding peptide (cMBP) structure, which specifically binds to IPT3/4 domains of c-Met receptors, 

inhibiting receptor dimerization and downstream signaling activation (Fig. 5C a). This molecular design enables 

deep-tissue tumor detection with high sensitivity, capable of identifying both small deep-seated tumors and 

precancerous hyperplasia, while offering rapid and safe surgical application. 

Based on the clinical application of the aforementioned probes in humans, we believe that non-clinical probes 

should be improved to meet the requirements of oral diseases: 1) Oral mucosa requires probes with mucus-

penetrating capability. We think it can be achieved through polyethylene glycol (PEG) modification or cell-

penetrating peptide (CPP) conjugation. 2) Probes need to be stable against enzymatic degradation in saliva. This can 

be accomplished by using D-amino acids or cyclic structures. 3) Probes should rapidly target and bind, ideally within 

30 minutes, which suits the oral microenvironment. Moreover, unbound probes should be rapidly eliminated via the 

hepatobiliary system like probes 12 and 13 to avoid nonspecific accumulation in vivo. 4) When superficial and deep 

lesions coexist, a balance between penetration depth and fluorescence resolution must be achieved.

2.4.1.2 Stomach

The radical surgery of gastric cancer includes complete resection of tumors and lymph nodes.131 However, the 

small surgical cavity in laparoscopic radical gastrectomy (LRG) consistently results in poor visual and tactile 

feedback for surgeons, which further necessitates reliance solely on experiential judgment.132 To evaluate the 

feasibility and safety of utilizing FGS to augment LRG, a clinical study involving 6 provided satisfactory results.78 

The clinical efficacy of fluorophore 6 in gastric cancer lymph node resection results from its albumin-binding 

design: 1) The submucosal injection (proximal/distal/lateral tumor sites) uses the probe's tissue diffusion properties 

for efficient uptake by tumor-positive lymph nodes via albumin complexation. Uptake of such albumin complexes 

in tumors is also attributed to the dual effects of the EPR effect and SPARC-mediated internalization; 2) This 

transport mechanism enables real-time dual visualization of primary tumors and metastatic lymph nodes under 

laparoscopy (Fig. 5D c), leading to better surgical outcomes, 35 mL less blood loss, 20-30 more lymph nodes 
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harvested; 3) The fluorophore's optical stability ensures sustained fluorescence, reducing surgical time and 

complications. In clinical surgery, its utility stems from molecular fluorescence properties: the fluorescence emission 

(Fig. 5D b) enables real-time lymph node visualization, aiding precise distal gastrectomy (DG) and total gastrectomy 

(TG) with D2 lymphadenectomy. Moreover, 
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Fig. 5 (A) The timeline of research progress of fluorescent probes in the digestive system. (B) The chemical structures, categories, and clinical 
efficacies of the probes. (C, D) Administration methods, in vivo fluorescence mechanisms, intraoperative fluorescence-guided resection methods, 
and clinical fluorescence images during surgery of the probes. (C b) Reproduced from ref. 133 with permission from Ivyspring International 
Publisher, copyright 2025. (C c) Reproduced from ref. 73 with permission from Ivyspring International Publisher, copyright 2020. (D c) Reproduced 
from ref. 78 with permission from Frontiers Media S.A., copyright 2022.

the persistent signal allows repeated cavity evaluations and iterative lymphadenectomy until complete signal 

elimination, standardizing surgical quality control beyond traditional lymph node quantification. Clearly, 

fluorescence probes like this can enhance tumor and lymph node detection, optimize surgical precision, and improve 

outcomes in gastric cancer surgeries.

2.4.2 Clinical probes for lower digestive tract

2.4.2.1 Colorectum

The common detection methods of colorectal cancer (CRC) include: endoscopy (sigmoid colonoscopy and 

colonoscopy) and imaging detection (CT, MRI, etc.).134, 135 Unfortunately, none of these methods can provide real-

time tumor visualization for physicians during surgery. The first human study using probe 14 to detect rectal 

adenoma confirmed the feasibility of FGS.79 14 is a prodrug obtained by esterification of 1 (Fig. 5B). For tumor 

localization, 14 and 1 have similar principles.136 However, 14 (lipophilic) is obtained from the esterification of 

carboxyl of 1 (hydrophilic), which makes 14 more easily absorbed and penetrated into tumor cells. The esterase-

labile structure of compound 14 enables its tumor-specific hydrolysis to 1, which is subsequently converted by 

enzymatic cascades into the photosensitizer 2 (Fig. 5D a), a process amplified by ferrochelatase inhibition-induced 

accumulation of the fluorescent 2 (λem ≈ 635 nm). Benefiting from its molecular strategy, the probe has three 

advantages that make it successful for clinical use: 1) The lipophilic modifications in 14 enhance membrane 

permeability, allowing quite low doses and shorter infusion while maintaining equal fluorescence intensity; 2) 

Tumor-selective activation ensures 100% adenoma detection with no off-target phototoxicity, as normal tissues lack 

the enzymatic milieu for generation of 2. Unbound probe 14 and its hydrolytic product 1 are rapidly renally excreted 

in urine; 3) Limited fluorescence in low-grade cancers reflects poor prodrug activation in undifferentiated cells, 

highlighting the metabolic dependency of this chemical strategy.

In light of these promising results in adenoma detection, researchers have further developed probes to address the 

challenge of detecting and resecting polyps that are often missed. Fluorescent probe 15 was developed and used for 

the first time in fluorescence-guided colonoscopy of polyps in patients at high risk for CRC.80 The cyclic peptide 

structure of 15, composed of a 26-amino acid sequence conjugated with modified sulfo-Cyanine5 (Cy5) dye, confers 

high c-Met affinity through specific interactions with the extracellular IPT3/IPT4 domains (Fig. 5B), enabling 

selective tumor targeting in colorectal adenomas and cancers (Fig. 5D a). This design strategy leads to 3 key 

functional benefits: 1) The peptide-dye conjugate emits bright green fluorescence upon light excitation, achieving 

97% detection probability for polyps, including sub-6 mm flat lesions during fluorescence colonoscopy; 2) Unlike 

locally applied probes, 15’s systemic applicability stems from its optimized plasma protein non-binding 

characteristics and safety profile, thereby overcoming colorectal surface coverage limitations; 3) The targeting 

mechanism parallels 13 by inhibiting c-Met dimerization and downstream signaling, demonstrating structure-activity 

consistency. Similarly, probe 15 shares a comparable metabolic pathway with 13, and unincorporated probes are 

rapidly excreted via the hepatobiliary system.

The standard treatments of CRC include minimally invasive laparoscopic surgery (MIS) and open colectomy.137 

However, the narrow surgical space of MIS usually provides extremely poor tumor visualization during surgery.138 

The first-in-human study of probe 16 has been conducted in CRC patients undergoing MIS.81 The molecular design 

of probe 16, combining an integrin-targeting cyclic Arg-Gly-Asp (cRGD) peptide with the zwitterionic fluorophore 

ZW800-1 (Fig. 5B), reflects a strategic design to achieve tumor selectivity through three key structural features: 1) 

Page 19 of 49 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
26

 3
:3

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC02520J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02520j


The cRGD motif binds integrins (e.g., αvβ6/αvβ3/αvβ5) in a cation-dependent manner (Ca²⁺/Mg²⁺), disrupting 

extracellular ligand interactions and downstream signaling; 2) The zwitterionic design reduces nonspecific uptake, 

allowing NIR fluorescence with deeper tissue penetration and dual imaging of tumors/lymph nodes, achieving 100% 

sensitivity and 87% specificity; 3) The zwitterionic scaffold's renal clearance aids in ureter identification during 

surgery. However, integrin overexpression in non-neoplastic tissues presents diagnostic challenges, requiring 

clinical differentiation. 

BOX 1. The structural descriptions and functions of the target receptors, ligands and antibodies of the probes and the principle 
of them.
 EGFR
Structure and function
EGFR, a 1186-residue transmembrane glycoprotein, comprises an 
extracellular region (domains I-IV), a transmembrane domain 
(TM), and an intracellular domain (JM, TK, and C-terminal tail). 
Its primary ligands include epidermal growth factor (EGF) and 
transforming growth factor-α (TGF-α); ligand binding triggers 
downstream signaling cascades, including JAK/STAT (immune 
regulation), RAS-RAF-MEK (cell proliferation), and PI3K-AKT-
mTOR (cell survival). 
Differences between cetuximab and panitumumab
Both target domain III of EGFR to inhibit downstream signaling 
activation. While most binding amino acid residues overlap, they 
can be distinguished by distinct sites: cetuximab (I467, S468, 
Q408, H409) and panitumumab (W386, E388, R390, T391).
 The principle of RGD binding to integrin
Integrin and RGD
Integrins are transmembrane heterodimers formed by the non-
covalent association of α and β subunits. Due to the existence of 
multiple isoforms of these subunits, integrins are classified into 
various types (e.g., αvβ6, αvβ3, αvβ5). The tripeptide RGD motif, 
widely present in extracellular matrix proteins such as fibronectin 
and laminin, mediates the specific binding to integrins.
Principle 
Divalent cations (e.g., Ca2+, Mg2+) support specific binding of 
fibronectin/laminin RGD motifs to the extracellular domain of 
integrins. The linkage between integrin intracellular domains and 
actin cytoskeleton enables bidirectional coupling between the 
extracellular matrix and intracellular skeleton, facilitating tumor 
cell adhesion and migration. Cyclic RGD (cRGD) inhibits these 
processes via integrin binding, and fluorophore-conjugated cRGD 
enables targeted fluorescence imaging.
 CD44v6: structure and function
CD44v6, a major CD44 isoform encoded by its sixth variant exon, 
is a transmembrane glycoprotein comprising extracellular, 
transmembrane, and intracellular domains. The extracellular 
region contains an N-terminal globular domain and a membrane-
proximal region, with the N-terminal domain mediating ligand 
binding to hyaluronic acid (HA). The intracellular domain 
activates MAPK/ERK and PI3K/Akt signaling, thereby regulating 
cancer cell growth and metastasis. HA specifically binds the 
CD44v6 extracellular domain, inducing intracellular domain 
phosphorylation and downstream signaling activation, which 
modulates cell growth, metastasis, and apoptosis.

 The principle of glioma migration
To infiltrate the narrow extracellular matrix, glioma cells reduce 
their volume and adopt an elongated or wedge-shaped 
morphology prior to migration. To maintain the cellular isoelectric 
point upon shrinkage, intracellular Cl⁻ and K+ efflux via chloride 
channel-3 (ClC-3) and potassium-calcium ion channel (KCa3.1), 
respectively. This ion efflux activates water channels, promoting 
water outflow and inducing regulatory volume decrease (RVD), 
which facilitates glioma cell migration.
 c-Met: structure and function
c-Met is a transmembrane protein encoded by the human proto-
oncogene, which binds its ligand hepatocyte growth factor (HGF) 
and activates multiple signaling pathways. Its extracellular region 
consists of an N-terminal SEMA domain, a cysteine-rich domain, 
and four IPT domains; the intracellular region includes a 
juxtamembrane domain (Tyr1003, Ser985), a catalytic domain 
(Tyr1234, Tyr1235), and a C-terminal multifunctional docking 
region (Tyr1349, Tyr1356). HGF binds with high affinity to the 
IPT3/IPT4 domains and low affinity to the SEMA domain of c-
Met. Upon HGF binding, c-Met undergoes dimerization and 
phosphorylation, activating downstream pathways including 
PI3K/Akt, RAS/MAPK, and STAT3, which regulate cell growth, 
proliferation, and migration.
 PARP-1
Structure and function
PARP‑1 comprises an N‑terminal DNA‑binding domain (DBD), a 
central auto‑modification domain (AD), and a C‑terminal catalytic 
domain (CAT). PARPi‑FL inhibits its catalytic activity by binding 
to the CAT domain. PARP‑1 is activated by nicotinamide adenine 
dinucleotide (NAD⁺) and primarily mediates cellular DNA repair. 
Synthetic lethality (such as BRCA mutant cells) 
BRCA mutation impairs homologous recombination, rendering 
cancer cells dependent on PARP-1 for DNA repair. Inhibition of 
PARP-1 abrogates this pathway, inducing irreparable DNA 
damage and cell death. This dual targeting strategy, termed 
synthetic lethality, exploits the underlying deficiency to eliminate 
tumor cells.
 The function of VEGF and VEGFR
VEGF 
VEGF is a homodimeric protein, and its family comprises VEGF-
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental growth 
factor (PGF). VEGF-A specifically binds to VEGFR-1/2, 
activating downstream signaling to promote angiogenesis. 
VEGFR 
VEGFRs are VEGF receptors consisting of VEGFR‑1, VEGFR‑2 
and VEGFR‑3. VEGFR‑1/2 are mainly expressed on tumor 
vascular endothelium and mediate tumor angiogenesis, while 
VEGFR‑3 is primarily localized on lymphatic endothelium and 
regulates lymphangiogenesis.

Compared to the above clinical probes, developing effective fluorescent probes for colorectal cancer requires a 

chemical design strategy that meets three key needs: 1) real-time visualization via tumor-specific fluorescence 

activation, shown by probe 14, which converts to a photosensitizer emitting at 635 nm; 2) high-sensitivity detection 

of sub-6 mm lesions through targeted molecular interactions, as seen with probe 15 (a c-Met-binding peptide-Cy5 

conjugate) and probe 16 (an integrin-targeting cRGD-ZW800-1 system); and 3) surgical utility with near-infrared 

tissue penetration and anatomical guidance. These probes have improved pharmacokinetics, with lipophilic 

modifications in probe 14 allowing a 10–20-fold dose reduction and zwitterionic engineering in probe 16 to lower 

nonspecific uptake. Despite these advances, challenges persist in activating poorly differentiated cancers and 
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maintaining specificity for wound tissues, showing the need for next-generation designs that combine enzymatic 

activation with dual-targeting strategies.

2.4.3 Clinical probes for Digestive Glands

2.4.3.1 Liver

An early clinical study using probe 6 to identify liver tumors confirmed the feasibility of FGS for treating patients 

with hepatocellular carcinoma (HCC) and CRC metastasis, making it the earliest NIR probe approved by the Food 

and Drug Administration (FDA) for clinical application.83 Intravenously injected, compound 6 accumulates in HCC 

and CRC metastatic lesions, emitting fluorescence to guide surgical resection, including occult small tumors. The 

design of 6, combining targeted accumulation with fluorescence emission, drives its clinical success, demonstrated 

by 100% sensitivity and 93% positive predictive value for HCC and 100% sensitivity and 100% positive predictive 

value for CRC metastasis. The structural properties of 6 enable strong fluorescence and deep tissue penetration (≈ 8 

mm), allowing detection of minute tumors. Meanwhile, its low adverse event rate (≈ 0.003%) highlights the safety 

of this strategy. Multispectral imaging equipment allows tumor fluorescence to be captured in both NIR-I and NIR-

II windows (Fig. 5D b). The strategic use of NIR-II imaging enhances surgical precision by enabling physicians to 

switch between NIR-I and NIR-II fluorescence for comparison. Compared to NIR-I imaging, NIR-II imaging offers 

superior sensitivity (100% vs 90.63%) and positive predictive value (91.43% vs 90.63%). Moreover, the tumor-

normal liver tissue ratio (5.33 vs 1.45) and tumor detection rate (56.41% vs 46.15%) are both higher with NIR-II 

imaging. This breakthrough allows detection of tumors deeper than 8 mm, overcoming the limitation of NIR-I 

imaging, which struggles to visualize deep liver tumors.

2.5 Clinical probes for reproductive system and urinary system

The reproductive system and urinary system are closely related and interact with each other in terms of anatomical 

structure and physiological function.139, 140 We provide a summary of the clinical applications and research progress 

(Fig. 6A) of fluorescent probes in the reproductive and urinary systems.

2.5.1 Clinical probes for reproductive system

The reproductive system is responsible for secreting sex hormones and reproducing offspring. Its tumor-prone 

organs include the breast, ovary, and prostate.141 However, facing the surgical resection of these cancers, 

conventional white-light surgery usually provides no satisfactory surgical results and usually causes tumor 

recurrence.142 Therefore, to better resect these tumors, fluorescent probes have been applied to their surgery. 

2.5.1.1 Clinical probes for breast

In addition to the above applications, this is the first time that the micro-dose NIR probe 6 can noninvasively 

image lymph nodes and lymph pathways.86 Probe 6 utilizes a molecular design that binds to interstitial proteins, 

forming 5-10 nm biomacromolecules. Such albumin complexes accumulate in tumor-positive lymph nodes through 

multiple mechanisms, including the EPR effect, SPARC-mediated uptake by tumor cells within lymph nodes, 

phagocytosis by lymph node macrophages, and impaired lymphatic drainage, thereby exhibiting favorable 

fluorescence imaging performance.143 This structure allows the probe to selectively enter lymphatic capillaries and 

accumulate in sentinel lymph nodes (SLNs) for 1-2 hours. The structural choice behind 6 enables real-time 

visualization of lymph drainage (Fig. 6C c) with high sensitivity (88.9%) and safety, offering a significant advantage 

over traditional blue dyes. However, the lack of specificity for lymph nodes and tumors reveals a limitation of this 

strategy, highlighting the need for more targeted designs—such as peptide-fluorophore conjugates—to enhance 

precision. While NIR fluorophores like 6 are useful for SLN tracing in breast cancer, the strategy of visualizing 

invisible fluorescence requires specialized imaging systems. To address this challenge, advanced imaging systems 

are needed to translate NIR signals into actionable surgical guidance within the anatomical context. The FLARE™ 
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system was developed with this strategy in mind, combining the NIR signals with surgical anatomy.87 Using 

ICG:HSA—a pre-complexed form of 6 with human serum albumin (Fig. 6C a)—FLARE™ provides real-time color 

video and NIR images, successfully identifying SLNs with 100% sensitivity (Fig. 6C b). This design significantly 

reduces surgical time, as ICG:HSA reaches SLNs in about 5 minutes, while allowing for real-time lymph flow 
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Fig. 6 (A) The timeline of research progress of fluorescent probes in the reproductive system and urinary system. (B) The chemical structures, 
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categories, and clinical efficacies of the probes. (C, D) Administration methods, in vivo fluorescence mechanisms, intraoperative fluorescence-
guided resection methods, and clinical fluorescence images during surgery of the probes. (B 18 and C b) Reproduced from ref. 91 with permission 
from Elsevier Ltd, copyright 2011. (C c) Reproduced from ref. 144 with permission from Springer International Publishing, copyright 2012. (D b, c) 
Reproduced from ref. 93 with permission from John Wiley & Sons, Inc., copyright 2021.

without altering the surgical view. Given the limitations in device size and cost, the development of the more portable 

Mini-FLARE™ reflects an adaptation of this strategy to improve accessibility and convenience.

To further optimize clinical application, a comparative study utilizing the Mini-FLARE™ system was conducted 

to determine whether ICG:HSA offers superior performance over single probe 6.85 A randomized double-blind study 

compared ICG:HSA and 6 for SLN imaging in breast cancer. Using Mini-FLARE, results showed that single 6 

provided higher fluorescence intensity and clearer lymph-vessel visibility than ICG:HSA, with no difference in SLN 

detection count. Consequently, single 6 is recommended for breast cancer to save costs. However, ICG:HSA remains 

superior in other cancers like hepatocellular carcinoma, likely because 6 sufficiently binds proteins during its longer 

transit to breast SLNs.145 

Compound 6 has been applied beyond sentinel lymph node mapping to axillary reverse mapping (ARM) for 

reducing complications in axillary lymph node dissection (ALND) in breast cancer.146 The ARMONIC study 

demonstrated that ARM with probe 6 can effectively identify arm lymph nodes, with a high success rate of 94.5%, 

thereby reducing the risk of lymphedema. However, probe 6 exhibits low specificity. Metastatic and non-metastatic 

lymph nodes display comparable fluorescence signals, making it impossible to distinguish tumor-positive nodes 

from benign ones.84 This highlights the need for more tumor-specific probes for better metastatic lymph node 

detection.

To address the lack of specificity with compound 6, researchers have developed tumor-specific probes like 17 and 

established new analytical strategies for their clinical evaluation.88 Targeting hypoxia-induced Vascular Endothelial 

Growth Factor-A (VEGF-A) overexpression in breast cancer, probe 17 is designed to provide specific NIR 

fluorescence for tumor imaging. The structure of 17 enables dose-independent specificity, successfully identifying 

tumor-positive margins in 88% of patients missed by traditional methods. Additionally, the IRDye800CW dye 

derived from probe 17 is predominantly excreted via the hepatobiliary system postoperatively, with no in vivo 

accumulation. This strategic design enhances pathological workflows by minimizing sampling errors and offering 

real-time guidance for precise resection. However, while the probe shows high clinical potential, the strategy of 

targeting VEGF-A still faces challenges, as false positives from parenchymal tissues like collagen need further 

investigation to improve specificity.

Based on previous reports, we believe the development of clinical breast cancer-targeted fluorescent probes should 

focus on three key issues: 1) Molecular target selectivity, low off-target rates, and multi-target compatibility. We 

propose using ligand-receptor conjugation technology. Targeting ligands like folate and Arg-Gly-Asp (RGD) 

peptides are covalently linked to near-infrared fluorophores such as Cy5.5 and IRDye800CW via amide bonds or 

click chemistry. This design ensures specific recognition of highly expressed receptors in breast cancer while 

reducing non-specific binding and adapting to the heterogeneity of different breast cancer types, especially triple-

negative breast cancer. 2) Breast cancer probes must balance targeting specificity with optical performance. Probes 

should have a 650-900 nm near-infrared emission range for better tissue penetration and reduced autofluorescence. 

They should also have a quantum yield Φ > 0.3, a large Stokes shift > 100 nm, and excellent photostability for 

sustained intraoperative laser use. These can be achieved through fluorophore molecular engineering, such as using 

squaraine dye SQ-660 for better quantum yield and designing electron donor-acceptor groups like D-π-A structured 

CY7-COOH to increase the Stokes shift. 3) Safe metabolic strategies and molecular design for biocompatible probes. 

To ensure safety, fluorescent probes must meet three biocompatibility requirements: rapid blood clearance (half-life 
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< 6 h), renal/hepatic dual-pathway excretion, and non-immunogenicity. We recommend a dual-track strategy: first, 

controlling the probe molecular weight for efficient clearance, such as with the GE11 peptide-ICG conjugate; second, 

optimizing surface modifications, such as PEGylation (e.g., PEG2000-Cy5.5) to reduce liver uptake and 

phosphorylcholine coating to avoid immune recognition. These designs will ensure clinical safety, as shown by the 

GE11-ICG system. 4) Chemical design and optimization for real-time intraoperative imaging. For precise navigation, 

probes must accumulate in tumors in < 30 minutes, provide persistent imaging for > 2 hours, show linear 

fluorescence intensity correlation with tumor burden, and be compatible with multi-modality imaging. The design 

of these fluorescent probes not only aids in the early detection of breast cancer but also optimizes the surgical process, 

enhances the precision of tumor removal, and reduces the risk of postoperative complications, providing safer and 

more effective surgical support for breast cancer patients. 

2.5.1.2 Clinical probes for ovary

It is difficult to identify ovarian cancer by naked eyes and surgical experience of physicians during the surgery. 

In this regard, a tumor-specific fluorescent probe 10 was first applied to the cytoreductive surgery of ovarian cancer 

patients and achieved satisfactory visual effects.89 

Over 90% of ovarian cancers, particularly epithelial types, overexpress FR-α, making folate a key targeting 

ligand.147 Probe 10, designed by conjugating folate to Fluorescein 5-isothiocyanate (FITC: 525 nm) (Fig. 6B), is 

used intraoperatively: injected intravenously one hour before surgery, it binds FR-α and emits green fluorescence to 

guide cytoreductive surgery. The structure of 10 enables detection of all FR-α+ tumors (100% identification rate), 

with stronger signals in well-differentiated tumors and the ability to detect deposits as small as 1 mm. However, its 

strategy of targeting FR-α limits specificity, as it fails on FR-α-negative tumors. 

To improve on these limitations, novel near-infrared (NIR) probes with enhanced imaging capabilities have been 

developed for cytoreductive surgery. For example, 8 targets FR-α similarly to 10 but emits NIR light, which requires 

specialized equipment (Fig. 6C b).90 The strategy behind 8 results in low autofluorescence, a higher tumor-to-

background ratio (4.4 vs 3.1), and deeper tissue penetration (10 mm), allowing detection of deep and additional 

tumors (29% extra detection). Moreover, 8 has optimal kinetics with prolonged tumor retention (2-6 hours) and rapid 

plasma clearance (<2 hours). While 8 overcomes the previous limitations of 10, its structure still leads to a 23% false 

positive rate due to FR-β expression in lymph node macrophages and FR-α in non-cancerous tissues, highlighting 

the need for further research.

The clinical management of ovarian cancer requires fluorescent molecular probes to meet several needs. We 

believe these can be addressed through innovative chemical strategies: 1) For early diagnosis and precise surgical 

navigation, probes must target specifically. This can be achieved by designing ligands such as PEGylated folate 

analogs targeting folate receptor α, and thiol-maleimide conjugated single-chain antibodies for mesothelin 

recognition. These modifications preserve natural ligand affinity while enabling controlled fluorescent labeling. 2) 

To address the deep pelvic location of the ovary, we recommend near-infrared fluorophores like cyanine derivatives, 

nitrogen-modified squaraine dyes, and D-A-D molecules with large Stokes shifts. These designs improve tissue 

penetration and reduce background interference. 3) For optimized pharmacokinetics, strategies should focus on 

controlling molecular weight, introducing hydrophilic groups (e.g., sulfonic acid or carboxyl groups for renal 

excretion), and designing responsive prodrugs (e.g., ROS/hypoxia-activated). 4) Multimodal compatibility can be 

achieved by integrating radiometal chelation sites or magnetic components. These innovations aim to improve 

ovarian cancer diagnosis and treatment by increasing sensitivity, specificity, and safety, ultimately enabling real-

time tumor boundary visualization and complete resection assessment.
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2.5.1.3 Clinical probes for prostate

During the surgery, it is important to detect and resect the SLN of prostate cancer.148 Physicians can clear the 

surgical stage of the tumor and its metastatic pathway by the SLN of patients. Currently, 6 is the most widely used 

fluorescent probe for SLN detection in breast cancer patients.149 However, due to the rapid in vivo migration of probe 

6, its distribution and metabolism cannot be accurately monitored, leading to incomplete SLN detection. This 

highlights the need for an accurate preoperative evaluation method in clinical practice. To address this, a hybrid 

multimodal radiocolloid, probe 18, was developed for SLN detection in prostate cancer patients.91 This design 

strategy combines the fluorophore 6 with the radioactive drug 99mTc-NanoCol, giving 18 both radioactive and NIR 

fluorescence properties (Fig. 6B). The structure of 18 allows for detection by both lymphoscintigraphy and single-

photon emission computed tomography/computed tomography (SPECT/CT) imaging before surgery, in addition to 

fluorescence imaging (Fig. 6C b). The NIR fluorescence from 6 enables real-time SLN imaging during surgery, 

allowing physicians to observe extra SLNs (about 22%) not seen with other preoperative methods. Additionally, 

fluorophore 6 is excreted via the hepatobiliary pathway. Moreover, the radioactivity from 99mTc-NanoCol aids in 

identifying SLN locations before surgery, assisting in accurate resection. Some SLNs (about 19%) are detected only 

by preoperative radioactivity detection, not by fluorescence imaging. 18 outperforms previous methods like 

ICG:HSA or 6 alone in SLN detection for prostate cancer, as shown in preclinical studies. However, prostate cancer 

fluorescence laparoscopy still requires manual adjustment, which can affect surgical accuracy. Thus, future studies 

should focus on improving probe tissue penetration and refining laparoscopic accuracy.

Table 4 Comparison of clinical and non-clinical probes in tumor targeting.

Type Probe name Mechanism type Disease Advantages / limitations Refs.
Clinical probes

Panitumumab-
IRDye800

Targeting EGFR Glioma High sensitivity and specificity; weak 
fluorescence in normal tissues; high biosafety.

54Targeted probe

BLZ-100 Targeting ClC-3 Glioma Deep tissue penetration; wide range of tumor 
recognition; clear tumor edge; high imaging 
stability.

64

5-ALA Active transport Glioma Clinical application is mature; high biosafety; 
low cost; easy to promote.

59Non-targeted 
probe

ICG Permeation Glioma Fast fluorescence effect; rapid metabolism in 
the body; deep tissue penetration.

150

Structural advantages from clinical probes

 The long linking bonds reduce the steric hindrance between the fluorescent probe and the targeted antibody.

 Water-soluble groups prevent hydrophobic aggregation of the probes.

 The symmetrical indole quaternary ammonium ring expands the conjugated range and constructs a rigid plane.

Non-clinical probes
NIR-Lys-H2S Identify H₂S Glioma It may target other H2S-rich tissues, and its 

human BBB penetration remains unvalidated.
151Targeted probe

MPA-Pip-abt-510 Targeting CD36 Glioma Tumors (low-grade gliomas) with unobvious 
up-regulation of CD36 may be difficult to 
detect; the high molecular weight impedes 
intratumoral diffusion.

152

IR780SS@CaP Endocytosis Peritoneal 
cancer

Risk of human accumulation; interference by 
tissue pH and GSH; unvalidated in vivo safety.

153Non-targeted 
probe

BP-A Diffusion Breast 
cancer

Normal tissue aggregation risk; potential 
false-positive results.

154

Chemical challenges from non-clinical probes

 Large steric hindrance between the targeting part and the fluorescent group.

 Environmental sensitive groups have the possibility of non-specific activation in vivo.

 Non-specific recognition of endogenous substance recognition groups.

For deep-seated prostate cancer, the development of ultrasound or X-ray probes is crucial for treatment and 

surgical navigation due to tissue obstruction and limited optical imaging penetration. 1) Ultrasound probes can 

enhance acoustic reflection using microbubbles or nanobubbles. These probes consist of a gas core surrounded by a 

lipid or polymer shell, and their surfaces can be modified with targeting antigens like prostate-specific membrane 
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antigen (PSMA) for selective cancer cell targeting. Solid nanoparticles such as silicon, titanium, or calcium can 

improve acoustic contrast, while PEGylation or antibody conjugation boosts stability and targeting. 2) X-ray/CT 

probes use high atomic number elements to absorb X-rays. Small-molecule probes with iodine or tantalum can be 

linked to targeting ligands for cancer-specific accumulation. Gold, bismuth, or tantalum nanoparticles improve CT 

contrast and can also aid in photothermal or radiation-enhanced therapy. 3) Multimodal probes combining X-ray/CT 

with ultrasound or fluorescence provide preoperative localization, intraoperative navigation, and real-time 

monitoring. PSMA-targeted probes, tumor microenvironment-responsive probes, and nanoparticle carriers increase 

probe accumulation and signal in deep lesions while enabling drug delivery for integrated diagnosis and therapy. 

These strategies help locate deep prostate cancer and lymph nodes preoperatively, guide surgery in real-time, and 

offer therapeutic functions, improving clinical treatment accuracy and safety.

2.5.2 Clinical probes for urinary system

2.5.2.1 Clinical probes for Kidney

The main treatment of Renal Cell Carcinoma (RCC) is radical or partial nephrectomy, and its main presurgical 

diagnosis methods are MRI, CT and US.155, 156 However, these diagnostic methods cannot present the complete 

detection range, high-resolution imaging and real time imaging for RCC, thus leading to the incomplete resection of 

tumors and the residue of tumor-positive margins.157 Clinically, probe 10 was first applied to tumor detection in 

patients with clear cell RCC, the most common subtype of RCC.92 Probe 10 targets FR-α, which is overexpressed in 

ovarian cancer and about 65% of clear cell RCC cases. This design competes with folate for FR-α binding (Fig. 6D 

a), achieving high tumor-to-background contrast (TBR~4.0) and ensuring no kidney parenchyma uptake, thus 

allowing precise resection of tumors and metastatic lymph nodes via real-time fluorescence imaging (Fig. 6D b). 

The non-ionizing property of probe 10 ensures safety, though its efficacy may be reduced if folate is ingested 

preoperatively. This strategy is particularly effective in nephron-sparing surgery, which preserves renal function by 

retaining nephrons.

With the advancement of NIR fluorescence, NIR-II imaging of probe 6 was developed for guiding cystic renal 

mass (CRM) resection.93 After intravenous injection, 6 accumulates in tumors and SLNs, but not in the CRM liquid 

cavity. Instead, it highlights the surrounding renal parenchyma. The NIR-II system enables surgeons to clearly 

differentiate CRM from renal tissue, achieving near 100% complete resection in small patient studies (Fig. 6D c). 

The high fluorescence intensity (~6.37) and contrast-to-noise ratio (~5.25) greatly enhance visualization, reducing 

tumor-positive margins, which are often greater than 10% in traditional nephron-sparing surgery. 

In order to allow more probes to be added to clinical trials, we compared the advantages of clinical probes and 

the limitations of non-clinical probes in tumor targeting (Table 4) and analyzed the structural advantages of clinical 

probes (Fig. 7). Clinical targeted probes, such as the EGFR-targeted Panitumumab-IRDye800 and ClC-3-targeted 

BLZ-100, possess high sensitivity, deep tissue penetration and favorable imaging stability. These superior 

performances benefit from rational structural optimization. Representative strategies include introducing long linkers 

to reduce steric hindrance, modifying hydrophilic groups to avoid aggregation, and constructing rigid conjugated 

planes to enhance fluorescence signals. Non-targeted clinical probes leverage established clinical utility and rapid 

metabolic clearance. In contrast, non-clinical probes like NIR-Lys-H₂S (H₂S-targeted) and MPA-Pip-abt-510 

(CD36-targeted) face challenges including unverified BBB penetration and target heterogeneity, with chemical 

limitations such as poor tumor diffusion and nonspecific activation of environment-sensitive groups. Clearly, these 

identified challenges in non-clinical probes critically guide the optimization of next-generation clinical probes by 

highlighting key translational barriers in specificity, biodistribution, and safety. 
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2.5.2.2 Clinical probes for bladder

Bladder cancer is one of the most common malignant tumors of the human urinary system, its most common type 

is non-muscle invasive bladder cancer (NMIBC).158 However, physicians usually ignore some small satellite tumors 

and flat tumors in situ under this method, which will cause the high recurrence rate (up to 70%) of NMIBC.159 The 

NIR fluorescent probe 19 was developed and applied to the imaging of NMIBC patients for the first time and its 

clinical results are satisfactory.94 Probe 19 exemplifies a rational molecular strategy that integrates target specificity 

and therapeutic potential through its structural design. The covalent conjugation of the high-affinity peptide PLSWT, 

which targets the N-terminal domain of CD44 variant 6 (CD44v6), with the near-infrared fluorophore IRDye800CW 

ensures stable in vivo binding via irreversible hyaluronic acid (HA) displacement, enabling real-time imaging with 

deep-tissue NIR emission (Fig. 6B). This structural strategy allows for selective accumulation in CD44v6-

overexpressing tumors through competitive inhibition of endogenous HA binding, which disrupts the HA-CD44v6 

interaction, both enabling tumor visualization and inhibiting oncogenic signaling and metastasis, offering a 

therapeutic advantage. The strategy behind probe 19 demonstrates significant clinical utility by providing high 

tumor-to-normal tissue contrast (TNR = 5.1) for real-time tumor delineation. It also detects satellite and flat lesions, 

reducing recurrence risk, and prevents unnecessary benign lesion resections, preserving bladder mucosa. 
Furthermore, unbound probe 19 is excreted via the hepatobiliary pathway with negligible in vivo accumulation. 

However, probe 19 cannot target tumors that do not express CD44v6, such as squamous cell carcinoma and 

adenocarcinoma, due to the varying expression of CD44v6 in different tumor types.160
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Fig. 7 Synthetic methods and structural analysis of panitumumab-IRDye800 (Probe 4; IRDye 800CW fluorophore), BLZ-100 (Probe 3; ICG 
fluorophore), 5-ALA (Probe 1; Protoporphyrin IX photosensitizer) and ICG (Probe 6; ICG fluorophore).

For the treatment of NMIBC in the clinic, transurethral resection of bladder tumor (TURBT) combined with 

intravesical chemotherapy (CT) or bacillus Bacillus Calmette–Guérin (BCG) is the surgical gold standard.161, 162 In 

recent years, a combined treatment of TURBT followed by fluorescence diagnosis (FD) and PDT was proposed and 

successfully used in the surgery of NMIBC.95

This method integrates FD and PDT into traditional TURBT, incorporating new second-generation chlorin PSs 

20 and 21 for PDT (Fig. 6B). The tetrapyrrolic ring structure of these photosensitizers (PSs) enables them to take 

advantage of the glutathione (GSH)-rich reductive tumor microenvironment typical of tumor cells. This redox 

potential difference drives selective endocytosis and accumulation within the cytosol of tumor cells, forming the 

chemical basis for subsequent diagnosis and therapy. In PDT, light irradiation at specific wavelengths triggers a 

Type II photochemical reaction, where excited-state PSs transfer energy to molecular oxygen (³O₂), generating 

highly cytotoxic singlet oxygen (¹O₂). Compared to other second-generation PSs (e.g., Radachlorin, ALA, HLA), 

the chemical structure of 20 and 21 allows tumor-selective accumulation efficiency, a higher singlet oxygen quantum 

yield, and optimized photophysical properties, offering a prognostic advantage. These two photosensitizers are 
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mainly eliminated via the hepatobiliary pathway postoperatively, avoiding additional phototoxicity. Additionally, 

we compared the differences between clinical and non-clinical probes using different administration routes (Table 

5), and analyzed the structural advantages of clinical probes (Fig. 8).

Table 5 Comparison of clinical and non-clinical probes in administration methods.

Type Probes Administra
tion method

Disease Advantages / limitations Refs.

Clinical probes
OTL-38 Intravenous 

injection
lung cancer Fast fluorescence signal; identifying deep lesions; 

high imaging contrast.
68Systemic 

administration
cRGD-
ZW800-1

Intravenous 
injection

Colon cancer Low background fluorescence signal; high sensitivity 
of tumor; identify tumor and lymph node metastasis.

81

cMBP-ICG Gargle Oral cancer Fast fluorescence effect; high tumor background 
ratio; simple way of administration.

76Topical 
administration

HAL Enema Rectal cancer Low dose administration; no skin phototoxic 
reaction; patients with liver and kidney dysfunction 
are applicable.

79

Structural advantages from clinical probes

 Ether bond connection improves stability.

 The electron provided by the quaternary ammonium nitrogen atom increases the electron density of the conjugated system.

 Molecular charge balance inhibits aggregation-induced quenching.

Non-clinical probes
Cy756-
CHN-1

Intravenous 
injection

Breast cancer Limited spatial resolution and deep penetration; 
potential background fluorescence interference.

163Systemic 
administration

DCNP@PB Intravenous 
injection

Colon cancer Overreliance on the EPR effect; non‑specific 
aggregation risk; unknown human circulatory 
stability.

164

YH-APN Spray Liver cancer Off-target activation risk; tumor heterogeneity causes 
variable fluorescence performance.

165Topical 
administration

NIR-βgal-2 Spray Breast cancer Potential false positives; lack of standardized 
administration timing, dosage and imaging protocols.

166

Chemical challenges from non-clinical probes

 The small delocalization range of electrons results in a large HOMO-LUMO energy gap.

 Intramolecular rotation and vibration lead to high nonradiative transitions.

 The lack of rigidity of the conjugated system leads to a decrease in fluorescence quantum yield.

To further enhance the efficacy of tumor-targeted therapies, it is essential to consider how the structural design of 

probes impacts both their performance and clinical applicability. The structural strategy differences between clinical 

and non-clinical probes directly determine their in vivo delivery properties and in vivo delivery efficiency. For 

clinical imaging probes, systematic structural optimization—such as incorporating ether linkages (-O-), introducing 

quaternary nitrogen centers, and achieving overall charge balance—can enhance molecular stability, suppress 

aggregation-induced quenching, and improve electronic density. These strategies lead to administration advantages, 

such as OTL-38, which benefits from structural stability for rapid fluorescence signal and deep lesion identification, 

and cRGD-ZW800-1 which reduces background fluorescence and enhances tumor sensitivity through charge 

balance design. Conversely, non-clinical probes are limited by structural defects, such as Cy756-CHN-1, which 

suffers from low spatial resolution due to insufficient electronic delocalization, and DCNP@PB, which faces non-

specific aggregation and EPR dependence due to lack of rigidity. These structural limitations hinder their clinical 

applicability and administration efficacy.

Page 30 of 49Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
26

 3
:3

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC02520J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02520j


Fig. 8 Synthetic methods and structural analysis of OTL-38 (Probe 8; S0456 dye fluorophore), cRGD-ZW800-1 (Probe 16; ZW800-1 fluorophore), 
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cMBP-ICG (Probe 13; ICG fluorophore) and HAL (Probe 14; Protoporphyrin IX photosensitizer).

2.5.2.3 Clinical probes for ureter

The surgical sites of urinary system diseases are mainly in the lower abdomen of the human body. The surgeries 

of lower abdomen have a risk of iatrogenic injury for ureters, which may lead to some complications such as 

genitourinary fistula formation and serious kidney injury.167 To avoid these complications, the low dose of probe 22 

combined with NIR fluorescence imaging was first applied to the identification of the patient's ureters and showed 

satisfactory clinical results (Fig. 6D a, b).96 

The molecular design of fluorescent probe 22 follows three important strategies to optimize its intraoperative 

function, showing how structure determines properties and strategy determines advantages. 1) Its dilution-responsive 

NIR chromophore with a rigid molecular skeleton allows 700 nm fluorescence emission at low concentrations, 

maintaining high quantum yield. 2) Hydrophilic groups and controlled molecular weight enable glomerular filtration 

and ureter accumulation, providing real-time NIR imaging with high signal-to-noise ratio (4.59 ± 1.68). 3) 

Kinetically optimized structures ensure rapid onset within 10 minutes and prolonged retention for 60 minutes, 

providing sufficient imaging time. These features make probe 22 a safe, non-invasive alternative to radiation. 

However, limitations include renal clearance dependency, making it ineffective in kidney failure patients, and limited 

fluorescence penetration (3-5 mm), which hinders deep ureter imaging. Future improvements should focus on 

enhancing penetration and exploring hepatobiliary bypass.

Meanwhile, these limitations necessitate structural innovations to transcend existing constraints, a challenge 

addressed by advanced clinical probes in reproductive and urinary systems through tailored molecular architectures. 

Therefore, the structural advantages of clinical probes in the reproductive and urinary systems are worthy of 

reference and widespread adoption. We recommend that the following strategies are essential for improving the 

effectiveness and precision of clinical probes: 1) The heptamethine conjugated bridge forms a large conjugated plane, 

which endows the probes with significant near-infrared fluorescence in deep-seated tumors such as bladder and 

ovarian cancer. 2) Hydrophilic groups, such as sulfonate and carboxylate groups, prevent hydrophobic aggregation 

of the probes, resulting in stable fluorescence signals in tumor tissues. 3) For ICG, a probe that possesses both a 

hydrophobic structure and a negative charge from its sulfonic acid groups, it is able to bind to the hydrophobic 

pocket of albumin. This allows it to have a longer circulation time in the blood for angiography. 4) For methylene 

blue (MB), a small molecule with a small molecular weight and a rigid conjugated plane, like, phenothiazine 

structure, has an absolute advantage in ureteral imaging. The structural design will ensure the enhanced specificity, 

sensitivity, and clinical applicability, thereby paving the way for more effective and non-invasive cancer treatments.

3 Conclusion and Outlook

3.1 Mechanistic basis of clinical targeting across organ systems

Fluorescent probes are central to FGS, enabling real-time visualization, molecular selectivity, and intraoperative 

precision. Clinically, their mechanisms of action vary by organ system: 

1) In the nervous system, probes typically exploit transporters (e.g., PEPT1/2), membrane channels, or EGFR to 

achieve tumor-selective uptake and enzyme-activated fluorescence. 

2) In the circulatory system, probes bind endogenous albumin or lipoproteins, facilitating passive delivery into 

lipid-rich, macrophage-enriched, or hemorrhagic sites.

3) In the respiratory system, folate conjugation enables FR-α targeting, formulation engineering improves 

intratumoral retention, and cathepsin-activated designs provide enzyme-responsive “turn-on” signals. 

4) In the digestive system, PARP1-, c-Met-, and integrin-targeted probes selectively illuminate malignant tissues 

by engaging DNA-repair pathways or surface receptor overexpression. 
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5) In the reproductive system, albumin-binding probes are trafficked to sentinel lymph nodes, while VEGF-A–

targeted designs modulate tumor angiogenesis. 

6) In the urinary system, CD44v6-targeted probes achieve high-fidelity localization through selective receptor 

recognition.

3.2 Classification frameworks for clinical probes

Based on the fluorescence principle, unique characteristics, and administration methods of these fluorescent 

probes, we classify them as follows: 

1) Targeting vs. non-targeting: Targeting probes use biomarker recognition (e.g., EGFR, FR-α, c-Met) for 

selective tumor accumulation, while non-targeting probes rely on physicochemical properties but lack specificity.

2) Systemic vs. topical administration: Systemic delivery is common, while topical administration is preferred for 

surface-accessible tumors (e.g., oral, gastric, breast, bladder) to reduce off-target diffusion and speed up probe 

accumulation.

3) NIR vs. non-NIR: NIR probes, especially NIR-II (1000-1700 nm), provide deeper tissue penetration, lower 

autofluorescence, and better contrast compared to visible or NIR-I probes.

4) Photosensitizer vs. non-photosensitizer: photosensitizing probes combine imaging and phototherapy by 

generating reactive oxygen species upon light exposure, enabling both tumor navigation and image-guided treatment.

3.3 System-specific clinical benefits of fluorescent probes

Clinically, the above mechanistic features offer distinct advantages for tumor visualization and resection across 

different organ systems:

1) Nervous system – Improved resection: Fluorescence in glioma surgery enhances tumor margin delineation, 

increasing total resection and reducing reoperation rates (e.g., FDA-approved probe 1).

2) Circulatory system – Imaging-guided PDT: Photosensitizer probes provide dual imaging and photodynamic 

therapy, benefiting vascular tumors like angiosarcoma (e.g., probe 5).

3) Respiratory system – Deep lesion detection: NIR probes penetrate deep tissue (≈10 mm) for detecting sub-

centimeter lung nodules (e.g., probes 6, 8, 9).

4) Digestive system – Minimized surgical injury: Accurate margin identification reduces biopsies and preserves 

organ function in oral and colorectal cancers (e.g., probes 4 and 16).

5) Reproductive system – SLN mapping: Fluorescent probes identify sentinel lymph nodes in breast cancer, aiding 

staging and metastasis assessment (e.g., FDA-approved probe 6).

6) Urinary system – Enhanced visualization: Fluorescence improves tumor detection in bladder cancer and enables 

ureter identification to prevent injury (e.g., probes 19 and 22).

3.4 Clinical trade-offs of fluorescent probes

Clinically applicable fluorescent probes require excellent fluorescent and clinical performance, with the following 

key trade-offs:

1) Sensitivity vs. Specificity: High-sensitivity probes may have poor target specificity, causing nonspecific uptake 

and false positives. Clinically, prioritize sensitivity for early screening, small or deep lesions to avoid missed 

diagnosis, and specificity for diagnosis, intraoperative navigation and boundary delineation to prevent normal tissue 

injury.

2) Penetration Depth vs. Spatial Resolution: Long-wavelength probes have deep tissue penetration but lower 

quantum yield (vs. short-wavelength probes), leading to weak signals and poor SNR, due to smaller energy level 

differences facilitating non-radiative transitions. Future studies should optimize fluorophore structures (e.g., rigid 

conjugated planes) to enhance quantum yield and spatial resolution.
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3) Stability vs. Responsiveness: Probes with high in vivo circulation stability (e.g., hydrophobic modification, core-

shell structure) may reduce tumor microenvironment (pH, GSH, enzymes) response rate. Excessive responsiveness 

causes premature circulation triggering and reduced specificity. Probes with appropriate response thresholds should 

be designed to balance stability and responsiveness.

4) Metabolic Clearance vs. Imaging Time: Rapid clearance (hepatobiliary/renal pathways) reduces probe 

accumulation, phototoxicity and long-term side effects, but overly rapid metabolism shortens effective imaging time. 

Balance based on surgical duration: prioritize rapid clearance for short surgeries; optimize pharmacokinetics 

(PEGylation, hydrophilic-hydrophobic balance) to extend imaging time for complex deep tumor surgeries.

5) Signal Intensity vs. Biocompatibility: Enhancing in vivo signal often requires nanocarriers, radioactive groups or 

high fluorescent loading, but excessive modification increases biotoxicity, immunogenicity and accumulation risk. 

Signal intensity should be improved on the basis of high biocompatibility.

6) Synthesis/Usage Cost vs. Performance: High-performance probes involve complex synthesis and usage, 

increasing large-scale application costs. Clinical probes should simplify synthesis, reduce costs, and maintain high 

performance while ensuring process feasibility and batch stability.

3.5 Remaining obstacles and opportunities for translation

Though these advantages are accelerating the clinical translation of fluorescent probes, several key challenges remain:

1) Tumor targeting: Many current probes (e.g., ICG, 5-ALA, MB) lack strong molecular specificity. Future 

progress depends on finding new tumor receptors or engineering high-affinity ligands and antibodies (e.g., EGFR, 

FR-α, c-Met).

2) NIR-II imaging (1000-1700 nm): NIR-II probes show excellent penetration and contrast but are still in early 

stages. Expanding clinical trials with emerging NIR-II candidates (e.g., BTC980, BTC1070) is key.

3) Tumor-targeted photosensitizers: Current photosensitizers often lack selectivity and cause off-target effects. 

Third-generation, receptor-targeted photosensitizers and AIE-based platforms offer strong potential for precise 

imaging and phototherapy.

4) Other translational considerations: Safety, cost, and ease of use are crucial for real-world adoption, as probes 

must be both surgeon-friendly and acceptable to patients.
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