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Abstract: The carly detection and high mortality rate of tumors have become great challenges in modern medicine. Recently,
innovations in nanotechnology have provided a new paradigm in tumor accurate diagnosis and treatment. As the typical type of
organic nanoprobes, near-infrared (NIR) cyanine dye-based fluorescent nanoprobes retain the inherent high luminescence efficiency
and good biocompatibility of cyanine dyes. Due to their unique structure and excellent optical properties, some of them have been
approved by the US Food and Drug Administration (FDA). Furthermore, cyanine dyes have exhibited dual photo-induced therapeutic
functions of photothermal therapy (PTT) and photodynamic therapy (PDT). Notably, the high stability and tunable molecular structure
of cyanine dyes allow for more stable binding to other contrast and therapeutic agents, expanding their use in biomedical diagnostics
and therapeutics. To date, numerous studies have demonstrated the significant application potential of cyanine nanoprobes, garnering
widespread attention from researchers. In this work, we provided a comprehensive overview of the novel applications of cyanine dye-
based nanoprobes. Specifically, we discussed their unique properties and applications in fluorescence imaging, photoacoustic imaging,
and multimodal tumor imaging. Additionally, we elucidate molecular design strategies, underlying mechanisms, and therapeutic
applications of cyanine nanoprobes.

Keywords: cyanine dyes, near-infrared fluorescence, multimodal imaging, photothermal therapy, photodynamic therapy, combination
therapy

Introduction

Cancer remains one of the leading causes of death worldwide, posing a significant challenge to modern healthcare
systems.! The inherent complexity, unpredictability, and heterogeneity of cancer lead to significant limitations to the
effectiveness of diagnosis and treatment.>* Although conventional imaging and conventional diagnostic methods have
made some progress in early cancer detection, they still exhibit significant shortcomings.”® Conventional therapeutic
methods have shown ineffective results in cancer treatment, particularly in surgical resection. Surgical resection is one of
the most commonly used approaches in cancer therapy.” However, this method faces numerous challenges in clinical
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practice, especially when tumor margins are unclear,®’ when micro-metastases are present,
inoperable due to their location or the patient’s overall health condition.'?

With the continuous advancement of materials science, nanotechnology has become an effective complement and
innovative strategy for tumor detection and treatment properties, allowing for precise tumor targeting at the molecular
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leve and effective delivery of therapeutic molecules.'> Meanwhile, NIR fluorescence imaging has emerged as

a novel modality widely used in inflammation monitoring, vascular navigation, tumor imaging,'® brain oxygenation
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and anesthesia depth assessment'”*'® This technique utilizes fluorescence probes with longer wavelengths, overcoming
the limitations of conventional imaging methods. Organic fluorescence nanoprobes imaging primarily relies on
emissions from the Near-Infrared I (NIR-I, 750-900 nm) and Near-Infrared II (NIR-II, 1000—1700 nm) regions.'*-*°
These imaging methods provide clinicians and researchers with a non-invasive approach to observe and analyze deep
tissues without causing harm to patients.'**? In particular, the NIR optical imaging has an excellent penetration ability
in diagnosing and detecting highly invasive, widely metastasized and micro-metastasized tumor.?® These progresses
have given rise to a number of nanoprobe-based approaches to tumor diagnosis and treatment. To date, a series of
organic and inorganic nanoprobes, including cyanine dyes,”* single-walled carbon nanotubes (SWCNTs),?* and
quantum dots (QDs)*® were adopted in the tumor field. Unfortunately, for many of these inorganic nanoprobes, there
are inherent issues, like potential bio-toxicity risks, poor biocompatibility, and long-term retention inside patients’
body.?’ Instead, organic nanoprobes do not have the problems listed above due to the inherently low toxicity*® and good
biocompatibility,”” thus being biocompatible in vivo, with highly intensive in vivo fluorescence emission signals.’”
Therefore, the development of well-structured organic nanoprobes with strong NIR fluorescence performance, capable
of meeting various tumor treatment needs, holds significant importance and potential in advancing integrated tumor
diagnosis and therapy.

Among organic nanoprobes, cyanine dye-based nanoprobes have garnered increasing attention due to their efficient
NIR fluorescence properties, excellent biocompatibility, and the ability to further optimize performance through
substituent modifications.’ A typical representative of these nanoprobes is indocyanine green (ICG),*” the first NIR
fluorescent dye approved by the US Food and Drug Administration (FDA), which has been widely applied in clinical
diagnostics, particularly in tumor lymphatic imaging,>* achieving significant results. Li et al** and Ren et al*>> developed
targeted cyanine dye-based probes using IR820 and IR783, respectively, enabling high-sensitivity and long-duration
in vivo imaging further validates the immense potential of cyanine dyes in tumor diagnostics. Cyanine dye-based
nanoprobes not only show excellent optical properties, but also exhibit photothermal therapy (PTT) and photodynamic
therapy (PDT) therapeutic properties.*®*’ Furthermore, the molecular structure of these nanoprobes is easily modifiable,

allowing them to bind with targeting peptides,*-*°

antibodies, or drugs, further enhancing their accumulation in the target
site and therapeutic effects. This integrated diagnostic and therapeutic functionality makes cyanine dye nanoprobes
a comprehensive platform combining high-sensitivity imaging, precise targeting, and efficient treatment, providing strong
technical support for integrated, precise tumor diagnosis and therapy.*’

In recent years, fluorescence nanoparticles have been extensively investigated for their roles, applications, and imaging
performance. For instance, Xu et al*' and Zheng et al*? reviewed recent advances in NIR fluorescent nanoprobes, highlighting
their biomedical applications in tumor, vascular, and brain imaging, as well as their roles in image-guided therapy such as drug
delivery, surgery, and phototherapy. However, these reviews primarily focus on NIR nanoprobes in general, with limited
discussion on cyanine dye-based nanoprobes. In 2024,** An et al reviewed the progress of tumor combination therapy using
cyanine nanoparticles from 2018 to 2023, discussing the design concepts, strategies, and challenges of cyanine dyes in order to
promote clinical application research. However, this review primarily emphasized the therapeutic applications of the dyes and
scarcely addressed their imaging and diagnostic applications.

Moreover, cyanine dye-based nanoprobes have garnered significant attention due to their strong NIR fluorescence,
low toxicity, and excellent biocompatibility, making them highly promising for clinical applications such as imaging,
therapy, and multimodal theranostics. Therefore, this review firstly summarized the physicochemical properties and
limitations of cyanine dyes. Section 2 focuses on in vivo imaging, while Section 3 examines the roles in PTT/PDT and
synergistic antitumor therapy when combined with other therapeutic agents. Finally, we discuss current challenges and
future prospects for clinical translation. (Figure 1).

Fundamentals of the Cyanine Dye

As the first-discovered dark blue fluorescent dyes with unique optical properties, cyanine dyes have rapidly
become landmark achievements in the field of fluorescence imaging. Compared with quantum dots, rare earth-
doped, and other fluorescent probes, cyanine dyes exhibited superior characteristics in terms of fluorescence
performance and biocompatibility.** In this section, the history and optical properties of polymethylene dyes are
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Figure | Schematic illustration of the multifunctional applications of cyanine dye-based nanoprobes in tumor diagnosis and therapy. Right: Highlights the diverse imaging
capabilities of cyanine nanoprobes, including NIR fluorescence imaging, PA imaging, and multimodal MRI/PET imaging. Left: Shows the therapeutic effects of cyanine
nanoprobes via PTT/PDT and their synergy with other agents to enhance antitumor efficacy through combination therapies.

reviewed, and the assembly behaviour of polymethylene dyes at the molecular level is discussed in detail,
especially the formation mechanism of H-aggregates and J-aggregates and their modulation of photophysical
properties. On this basis, this section will further discuss other molecular design strategies and nanoconstructive
approaches that have been used to enhance the performance of polymethylene dyes in recent years, including the
introduction of conjugated extended structures, and self-assembling mediators, in order to realise their highly
efficient applications in biomedical fields (Figure 2).

Development Process and Characteristics of Cyanine Dyes

Cyanine dyes are renowned for their unique molecular structures.*> Generally, these fluorophores consist of two nitrogen-
containing heterocyclic groups at their ends, which are connected by a conjugated poly-methyl chain.*® These dyes are
known for their distinctive optical properties, including narrow absorption and emission bands (Amax/Aem),*” high molar
extinction coefficients,*® and minimal Stokes shifts.*’

In 1856,°%°" Charles-Hansen-Grivell-Williams synthesized the first cyanine-9 dye. By distilling quinine from
cinchona bark, he obtained quinoline and reacted it with pentyl iodide and excess ammonia, resulting in a vivid blue
compound, later named quinoline blue. With the continued exploration of cyanine fluorescent dyes, researchers gradually
synthesized various cyanine dyes with differing structures. The earliest cyanine dyes were types with methylamine and
dimethylamine, containing one or two methylamine units in the conjugated chain between heterocycles, absorbing visible
light in the range of 450-520 nm.>* Later, researchers developed cyanine dyes like CY3, CY5, and CY7 (Figure 3A),
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Figure 2 (A) Chemical structure of CY3, CY5 and CY7. (B) Different kinds of cyanine dyes.
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Figure 3 The effects of | aggregates (red shift of absorption peak and improvement of PDT) and H aggregates (absorption peak blue shift and enhanced PTT) on cyanine
dyes, and other methods (conjugated extended structures and protein-based self-assembly) for regulating their properties.

which were named based on the length of their conjugated poly-methyl chains.”® > In addition to classification based on
the length of the conjugated poly-methyl chain, researchers further classified these dyes based on other characteristics.
They can be categorized into symmetric or asymmetric polymethine dyes depending on the substituents at both ends.**
Furthermore, based on whether the methyl chain contains rigid ring structures (such as cyclopentane, cyclopentene, or
cyclohexene), polymethine dyes can be either linear or non-linear. With the deepening understanding of the structure and
properties of cyanine fluorescent dyes, their application range has expanded. Indocyanine green (ICG),’® due to its
excellent safety and biocompatibility, was one of the first used for in vivo NIR imaging and is the first fluorescent dye
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approved by the FDA for clinical human use. The clinical value of ICG has been thoroughly validated in numerous
human studies, providing an important foundation for the subsequent applications of cyanine dyes. Building upon this,
researchers have continued to employ a variety of high-performance polymethine dyes for in vivo NIR imaging
applications, including IR783, ICG, FD1080, IR1010, IR806, IR780, IR808 and IR820 (Figure 3B).”’* Moreover,
these dyes not only exhibit significant absorption and emission peaks in the NIR-I, but researchers have also discovered
that these dyes can show high fluorescence intensity in the NIR-II, with extended emission tailing.””*°® This unique NIR-
II characteristic enables deeper tissue penetration and higher imaging resolution, providing more powerful tools for
biomedical imaging and diagnostics.

J-Aggregates and H-Aggregates

In recent years, more and more properties of cyanines have been discovered. One of the most important findings is that
elanine is able to form supramolecular structures of H-aggregates or J-aggregates by self-incorporation at different
concentrations in different solutions. According to Kasha’s exciton theory,®' generally speaking, the slip angle of
J-aggregates is less than 54.7° and that of H-aggregates is more than 54.7°. In terms of spatial structure and spectral
characteristics, H-aggregates are arranged in parallel between the molecules, and the absorption peaks show blue shifts,
while J-aggregates are arranged in a head-to-tail arrangement between the molecules, and the absorption peaks show red
shifts. The formation of these aggregates can be precisely controlled by modulating the concentration of the solution, the
temperature and the nature of the solvent, which allows precise control of the manner in which the cyanine aggregates,
thus achieving specific optical properties in different environments.

In 2019,°% Sun et al have found that 1,2-dimyristoyl-sn-glycero-3 phosphocholine (DMPC) can effectively help
FD1080 to form J-aggregates, and the optimal molar ratio was found to be 1:20. In 2024, Mohammed R prepared
J-aggregates using 8 mg/mL (10.3 mm) of ICG in solution, which was heated at 65°C for 24 hours before being
concentrated to 50 mg/mL of J-aggregates that had formed ICG. The realisation of this aggregate resulted in a significant
redshift of the absorption wavelength of ICG, avoiding the overlap with the absorption of haemoglobin. Moreover, the
application of aggregates in addition to improve the spectral properties and stability of cyanine dyes, Peng’s group®
discovered an cyanine dye-based photosensitiser (IDMQ), which can automatically form J aggregates in negatively
charged microenvironments, and they found that J aggregates are not only important for red-shifting the dye but also for
enhancing PDT. However, H aggregates do not always have a negative impact. Although H aggregates can lead to
fluorescence quenching, they have an important modulating role in improving the PTT or PDT properties of materials.
The molecules of H aggregates are usually arranged in a face-to-face stacking arrangement with strong overlapping -
orbitals, an arrangement that allows H aggregates to accelerate heat generation through a non-radiative energy decay
mechanism, resulting in excellent photothermal conversion efficiencies. For example, Wu et al®® introduced fluorescein
and tetraphenylethylene (TPE) groups and guided the formation of H-type aggregates of the Cy7 molecule via rapid
injection. Compared to the monomeric form of Cy7, these supramolecular assemblies exhibited significantly enhanced
photothermal conversion. The photothermal conversion efficiencies (PCE) of Cy7-TPE and Cy7—pyrene were reported to
be 9.5% and 22.3%, respectively. This finding further underscores the great potential of H-aggregates in the field of
photothermal energy conversion.

Modification and Performance Enhancement of Cyanine Dyes

Structural modifications to the aromatic rings, the central polymethylene chain, or the incorporation of functional groups
such as hydroxyl, amino, or carboxyl groups, as well as biological macromolecules, such as proteins, peptides,
carbohydrates, can endow cyanine dyes with diverse functionalities and physicochemical properties. Modulation of the
absorption and emission wavelengths of cyanine dyes is one of the important means to increase the potential of
fluorescent dyes for clinical applications. The main objective is to increase the redshift (shift of the absorption spectrum
to longer wavelengths) by increasing the conjugation system in the cyanine dye molecule to reduce the energy difference
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in the
molecule. Lei’s research® team investigated and designed CX, an organic fluorescent dye based on cyanine dyes, and in
further studies found that for every two carbon atoms added to the conjugated linkage, the absorption and emission
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wavelengths were red-shifted by about 100 nm, and that the absorption/emission wavelengths of CX-3 (polymethylene
chain length of 3) both exceeded 1000 nm. However, the extension ability of the polymethyl chain in cyanine dyes is not
unlimited. Studies have shown that when the number of consecutive methyl groups in the methyl chain exceeds 7, the
“cyanine limit” effect is triggered, that is the molecule will break symmetry after exceeding a critical length.®”® In

addition, the researchers also found that human serum albumin (HSA)®"°

enhances the fluorescence properties of
cyanine dyes. In 2022,>' Tian et al discovered that the cyanine dye IR-783 binds even more effectively to a specific part
of HSA. Experimental results showed that the fluorescence enhancement in the HSA DIII region combined with the
cyanine dye IR-783 was 1.6 times higher than that of the mixture of HSA and IR-783. Moreover, other research teams
have also reported that HSA can enhance its fluorescence intensity in combination with cyanine dyes. Moreover, other
research teams have also reported that HSA can be combined with cyanine dyes to enhance their fluorescence intensity.
For example, Li’s team and Zhu’s team reported that the fluorescence intensity of IR§20@HSA and IR780@HSA was
increased by 21-fold and 24-fold, respectively, compared to their own fluorescence intensities.”'"’* This finding further
underscores the significant role of HSA in modulating the fluorescence properties of cyanine dyes, offering new insights
into the development of efficient fluorescent probes and biomarkers. For PTT and PDT, Sheng et al’®> demonstrated that
HSA can stably bind with the cyanine dye ICG to form intelligent nanocomplexes, which significantly enhance both PTT
efficiency and reactive oxygen species (ROS) generation for PDT. This synergistic enhancement improves the synergistic
therapeutic effect of ICG, thereby achieving more efficient tumour ablation.

Cyanine Dye Based Nanoprobes for Tumor Imaging Applications

Cyanine dye based nanoprobes have emerged as powerful tools in the field of in vivo tumor imaging due to their unique
optical properties, such as strong NIR absorption, high fluorescence quantum yield, and excellent biocompatibility.”*
These nanoprobes leverage the deep tissue penetration and minimal background autofluorescence provided by the NIR
window to achieve high-resolution imaging of tumor lesions with enhanced contrast. Furthermore, by integrating cyanine
dyes into nanocarriers, these nanoprobes have paved the way for multimodal imaging techniques,”> combining NIR
fluorescence with other imaging modalities such as and photoacoustic imaging (PAI), positron emission tomography
(PET), and magnetic resonance imaging (MRI). Therefore, this section offers a comprehensive review of the use of
nanoprobes based on cyanine based fluorescent dyes for fluorescence imaging and multimodal tumor imaging (Table 1).

NIR Fluorescence Imaging of Tumors with Cyanine Nanoprobes

Cyanine dyes, particularly those in the NIR window, are widely used due to their significant advantages in molecular
imaging. These dyes, when combined with other molecules to form novel nanoprobes, significantly enhance the imaging
performance for solid tumour detection, sentinel lymph node localisation, early detection of distant metastases, and
imaging of haematological tumours. Specifically, probes such as ICG@BSA and 5H5 enhance NIR fluorescence imaging
of solid tumours; probes like LJ-GSH and PMT9 can precisely identify metastatic cancer lesions and lymph nodes; and
probes such as Cy5 and IR-26 target specific mutations and leukaemia cells, supporting real-time monitoring and
precision therapy. In summary, cyanine dye-based nanoprobes demonstrate significant potential in various tumour
diagnostics. Although these probes show great promise, further optimising their performance in deep tissue imaging
and clinical applications remains a key focus for future research.

Solid Tumour Imaging Based on NIR Cyanine Nanprobes

NIR fluorescence imaging has significant advantages such as low background noise, strong tissue penetration and high
sensitivity. It is especially suitable for diagnosing and monitoring the dynamic changes of tumors, and provides powerful
technical support for early diagnosis. Cervical cancer, as the second most common gynecological malignancy affecting
women worldwide, urgently requires the development of a fluorescent nanoprobe for early diagnosis.”* In 2021,”° R. Ma
et al developed albumin-based nanoprobes (ICG@BSA) composed of bovine serum albumin (BSA) and ICG. Compared
to free ICG at the same concentration, ICG@BSA exhibited enhanced NIR fluorescence intensity (Figure 4A). In vivo
experiments in mice also demonstrated strong NIR fluorescence emission from cervical tumors and the liver, whereas no
fluorescence signal was detected in the PBS-treated control group. Therefore, the excellent NIR fluorescence imaging
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Table 1 Application of Cyanine Based Nanoprobes in Tumour Imaging

Imaging Nanoprobes Absorption/ Imaging Maximum RT/ Advantage Ref.
Method Emission Peak Application TNR, SBR, Clearance
(nm) SNR Pathways

NIR BSA@ICG- 745/840 Cervical tumour - 48h/Liver Deep penetration [76]

DOX
NIR YQ-04-03 780/810 Breast and liver 3.95 (TNR) 48h/Liver High contrast [77]
tumour

NIR 5H5 1069/1125 Glioma and tumour 7.2 (SBR) 24h/ In situ diagnosis [78]
vessels Hepatobiliary

NIR ICG@Lips- 805/850 Glioma - - Precision diagnosis | [79]

cRGD
NIR LJ-GSH 782/815 Lung metastasis of 7.2 (SBR) 48h/Live Precision guidance | [80]
breast cancer
NIR PMT9 650/780 Lung/Glioma/ - 24h/- Metastasis [81]
Pancreatic cancer diagnosis

NIR B-LG@IR-780/ -/910 Lymph nodes and 24h/Renal/ Highlight lymph [82]
BSA@IR-780 lymphatic vessels Hepatobiliary

NIR LPP-QDs-IR-820 819/1350 Lymphatic system 4.16 (SNR) 72h/Liver and | Lymphoscintigraphy | [58]

kidney
NIR Vem-L-Cy5 3 w 640/655-665 Leukemia - - Cell detection [83]
NIR IR-26 775/805 Acute myeloid - - Target imaging [84]
leukemia

NIR D/INPs@CM —/- Multiple myeloma - 48h/Liver Marrow tracking [85]

PAI FP700 797/836 Cervical cancer - 6h/ Dual-modal imaging | [86]
Hepatobiliary

PAI CY7.5 —/- Breast cancer/ - - pH-responsive [87]

Cholangiocarcinoma

PAI IR806-RGD 808/855 Breast cancer 58.4 (NIR) 24h// Brain imaging [88]
Hepatobiliary

PAI IR-32P 1094/1120 Glioma Il (NIR) 24h/Hepatic Targeting-enhanced | [89]

and renal
NIR+MRI NPs-Ate 780/800 Breast cancer I'1.51(NIR)/1.95 72h/Liver and Response imaging [90]
(MRI) kidney
NIR+MRI | Fe304@mSiO2- —/- Breast cancer 13.6(NIR) 48h/- Metastasis imaging | [91]
ICG/cMBP
NIR+MRI IUFP 1012/1039 Breast cancer - 36h/Liver Multimodal imaging | [92]
NIR+PET IR808-DOTA 776/800 Breast cancer 8 (PET) 72h/Renal PET/NIR imaging [93]

Abbreviations: TNR, Tumor-to-normal tissue ratio; SBR, Signal background ratio; SNR, Signal-to-Noise Ratio; NIR, Near-Infrared; PAI, Photoacoustic Imaging; MRI,
Magnetic Resonance Imaging Imaging; PET, Positron Emission Tomography RT, Residence time of nanoprobes in the body; CP, Nanoprobes Metabolic Pathwa.

capabilities of ICG@BSA provide significant support for early detection and targeted diagnosis of cervical cancer,
potentially reducing misdiagnosis and missed diagnosis (Figure 4B). In 2024,”” Lin et al used a new cyanine fluorescent
probe, YQ-04-03, to perform NIR imaging of tumours in mouse models of breast and liver cancer. The experimental
results showed that the 24-hour imprinted light intensity TNR of YQ-04-03 in the breast cancer model was significantly
higher than that of the ICG group, and YQ-04-03 also demonstrated good fluorescence properties in the liver cancer
model. In addition to breast cancer and liver cancer, human gliomas are also one of the major challenges currently facing
the early diagnosis of tumors. Due to their special location and unclear boundaries, gliomas are often difficult to
accurately identify with high resolution and specificity in imaging tests. In 2019, Ding et al developed a novel fluorescent
probe, 5H5 (Figure 4C),”® which exhibited excellent imaging performance in a human glioblastoma mouse model,
enabling clear visualization of both the tumor tissue and intratumoral microvasculature (Figure 4D). Subsequently, Guo

179

et al”” demonstrated that an innovative nanocomposite platform, ICG@Lips-cRGD, provides high-resolution imaging in
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both ectopic and in situ tumour models (Figure 4E). For ectopic tumours, the NIR fluorescence signal at the tumour site
was significantly stronger, enabling precise localisation and enhanced imaging contrast. In the in situ tumour model, the
in situ glioma was sectioned and processed nearly, and the results showed that the NIR-II fluorescence signal at the
tumour site could be observed at 1x objective, 3.3x objective and 5x objective (Figure 4F). The cyanine dye based
fluorescence probes, with their high contrast and resolution in NIR fluorescence imaging, hold promise for more accurate
tumor detection and localization. However, these probes still face challenges in deep tissue imaging.

Tumour Metastasis and Sentinel Lymph Node Monitoring Based on NIR Cyanine Nanprobes

The use of NIR fluorescence imaging technology for the monitoring of tumour metastasis and the localization of sentinel
lymph nodes has become a key research area in tumour diagnosis and treatment. Cyanine based nanoprobes can
accurately detect small metastases and sentinel lymph nodes, help to detect small metastases at an early stage, optimize
treatment strategies, reduce unnecessary extensive lymph node dissection, lower the risk of distant metastasis, and
improve treatment outcomes. Metastasis is the main cause of death in cancer patients, and early identification of small
metastatic lesions can significantly improve patient survival. For this problem, Wang et al*® designed a nanoprobes, LJ-
GSH (Figure 5A), based on the cyanine dye Cy7, to detect the location of lung metastases in breast cancer. In in vivo
mouse experiments, the glutathione (GSH) levels in the lung metastases were significantly elevated, allowing LJ-GSH to
effectively target the metastatic sites. NIR imaging revealed a high signal-to-background ratio (SBR), demonstrating that
LJ-GSH has the potential to differentiate metastases from adjacent lung tissue. In another study, jia et al®' developed an
IR780-based lung metastasis nanoprobe (PMT9) (Figure 5B). In this study, the breast tumour site could be clearly
distinguished from the adjacent normal lung tissue at 2 hours after PMT9 injection, and remained quite bright after
24 hours, with almost negligible background signal. The authors also used PMT9 to detect lung metastases from glioma
and lung metastases from pancreatic cancer. In the lung metastasis model of glioma and in the lung metastasis model of
pancreatic cancer, PMT9 similarly accurately illuminated the metastases rather than normal tissue, with a significant
SBR. In addition, PMT9 not only demonstrated excellent capabilities in the detection of single metastases in the lung, but
also in the visualisation of multiple metastases in the lung tissues, confirming the efficacy of PMT9 for the imaging of
lung metastases (Figure 5C). Next, the application of these two probes expanded the potential of cyanide nanoprobe
technology in the ultra-sensitive monitoring of the lymphatic system. In 2023, Xu et al®* employed two probes, p-
lactoglobulin@IR-780 (B-LG@IR-780) and bovine serum albumin@IR-780 (BSA@IR-780), for lymphatic NIR-II
imaging, successfully visualizing lymph nodes and lymphatic vessels. Both probes exhibited extended imaging windows
and demonstrated excellent NIR-II lymphatic imaging capabilities even at low power densities. Compared with simple
imaging of solid tumours,”® accurate imaging of the lymphatic system surrounding cervical cancer tumours is more
important in clinical diagnosis and treatment. In the study by Zhu,’® a LPP-QDs-IR-820 nanoprobes (Figure 5D) based
on cyanine based fluorescent dyes was developed and successfully applied for high-resolution real-time imaging of the
lymphatic system and cervical tumors in the NIR region. These nanoprobes exhibited exceptional NIR fluorescence
quantum yield and excellent fluorescence stability. In vivo experiments, the probe not only clearly delineated the contours
of cervical tumors but also achieved high-resolution imaging of the lymphatic system (Figure SE). Notably, the nanop-
robes enabled real-time monitoring of the lymphatic drainage process under high signal-to-noise ratio conditions,
providing a powerful tool for the diagnosis and treatment of cervical cancer. Cyanine dye based nanoprobes have
demonstrated excellent performance in efficient imaging and precise identification of sentinel lymph nodes and
metastasis, significantly enhancing their value in early tumor diagnosis and surgical navigation. However, the mechan-
isms behind their ability to recognize sentinel lymph nodes and metastasis have not been thoroughly investigated, and
a consensus has yet to be reached.

NIR Imaging of Haematological Malignancies Based on Cyanine Nanprobes

In haematological malignancies, conventional diagnostic methods may be highly effective in detecting solid tumours, and
often may face shortcomings of insufficient sensitivity and specificity for haematological malignancies. Therefore, NIR
imaging based on cyanine nanoprobes offers new opportunities for early detection and monitoring of haematological
malignancies. The team of Poliseno and Taliani® synthesized and validated a cyanine dye based nanoprobes, Vem-
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Figure 5 (A) Schematic representation of the probe LJ-GSH design and response strategy and of the mechanisms involved in the diagnosis of lung metastatic lesions.
Reproduced from Wang Y, Zhao G, Liu Y et al. Glutathione-activated near-infrared Il fluorescent probe for lung metastatic diagnosis and intraoperative imaging of tumor.
Sens Actuators B Chem, 2025, 426:137005. Copyright 2025, Wang.® (B) Schematic representation of the PMT9 probe for NIR imaging of lung-associated tumours. (C)
Evaluation of PMT9 for imaging lung metastases in vivo (red circles indicate tumour tissue). Reproduced from Jia Q, Zhang R, Yan H et al. An activatable near-infrared
fluorescent probe for precise detection of the pulmonary metastatic tumors: A conventional molecule having a stunning turn. Angew Chem, 2023, 135:€202313420. © 2023
Wiley-VCH GmbH.2' (D) lllustration of LPP-QDs-IR-820 NCs synthesis process. (E) NIR-II fluorescence images of LPP-QDs-IR-820 NCs enriched with lymphocytes and
chronological recording of the lymphatic drainage process (red circles indicate lymphoid tissue) (white dotted line indicates the lymphatic margin). Reproduced from Zhu L,
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cervical tumors. Adv Healthc Mater, 2024, 13:2401358. © 2024 Wiley-YCH GmbH.>®
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L-Cy5, for the detection of BRAFV600E mutations in cancer cells. The BRAFV600E mutation, which is found in
various cancers, including hairy cell leukemia, was specifically targeted by this nanoprobes. This nanoprobes penetrates
cancer cells and selectively binds to BRAFV600E, exhibiting a binding affinity comparable to that of the conventional
therapeutic agent vemurafenib, while addressing some of the limitations associated with vemurafenib. As a fatal
haematological malignancy, acute myeloid leukaemia is a disease with rapidly progressive symptoms and a high degree

of recurrence. Zhang et al**

synthesized a series of derivatives based on heptamethine cyanine dyes, among which IR-26
exhibited a remarkably high mitochondrial targeting ability in acute myeloid leukemia (AML) cells. Confocal micro-
scopy observations revealed that IR-26 preferentially accumulated in AML cells, a characteristic observed across various
AML cell lines, while no such phenomenon was detected in normal peripheral blood mononuclear cells (PBMCs). In
vivo, the probe successfully localized HL-60 (lentivirus-transfected) tumor xenografts in mice. Furthermore, by estab-
lishing a human AML mouse model, the NIR in vivo flow cytometry (IVFC) system was employed for detection, using
GFP fluorescence as an internal reference. IR-26 efficiently detected NIR fluorescent leukemia cells in vivo. The
successful application of this probe provides a novel method for real-time monitoring of the progression of AML. In
2024, Gao et al® designed a cyanine-based nanoprobes (D/INPs@CM) for the treatment of another hematologic
malignancy (multiple myeloma) (Figure 6A). In both in vitro and in vivo experiments, D/INPs@CM, which is coated
with the cell membrane of multiple myeloma (MM) cells, was shown to easily penetrate the bone marrow cavity and
subsequently target tumor cells. With good cellular compatibility, D/INPs@CM showed no hemolysis. In vivo,
DiRNPs@CM nanoparticles exhibited significantly high fluorescence intensity in the multiple myeloma (MM) orthotopic
transplantation model and mouse femur tissue, fully confirming their ability to effectively localize and accumulate in
MM tumor tissues (Figure 6B and C). Although these nanoprobes may exhibit limited selectivity for specific subtypes or
molecular markers, they have demonstrated excellent targeted imaging capability in blood malignancies such as acute
myeloid leukemia and multiple myeloma, providing crucial support for the precise diagnosis and real-time monitoring of
hematologic cancers.

Photoacoustic Imaging of Cyanine Dyes in Living Organisms
NIR PAI is a new non-destructive biomedical imaging technology that combines the advantages of optical imaging and
acoustic imaging, and has higher spatial resolution and contrast than other imaging techniques. In addition to imaging
laser-activated fluorescent materials using only NIR, ultrasonic signals can also be generated after the laser-activated
materials are excited. This two-modal imaging technology that combines optical and acoustic techniques not only gives
PAI the high sensitivity of fluorescence imaging, but also the deep penetration and high resolution of ultrasound
imaging.® Compared with conventional optical imaging methods, PAI can break through the limitations of optical
scattering and provide clearer structural information on deep tissues.’® Notable advances include the FP700 probe, which
offers higher 3D imaging resolution and better tissue penetration than conventional fluorescence imaging. Another pH-
responsive cyanine dye (cysteine) is used for tumour-specific PAI, achieving high sensitivity and high contrast. The
IR806-RGD probe enhances breast cancer diagnosis through dual-modality imaging, demonstrating prolonged tumour
retention time. The IR32p probe successfully penetrates the skull to achieve deep glioma imaging, showing better
contrast and tissue penetration.

In 2023,% Zou et al designed and synthesized a probe FP700 that combines a cyanocyanine dye and
a 2,4-dinitrobenzenesulfonyl group. The FP700 probe is capable of PAI to penetrate deeper tissue layers and provide
high-resolution three-dimensional imaging as compared to conventional fluorescence imaging. In addition, PAI reduces
the effect of light scattering and provides clearer information about tumor boundaries. Combined with fluorescence
imaging, FP700 has great potential for real-time dynamic monitoring and deep lesion diagnosis (Figure 7A). In 2024,
unlike the FP700 probe which then triggers photoacoustic and fluorescent signals in response to recognition of cysteine
(Cys), the Tsuchiya team designed and synthesized a set of pH-responsive cyanocarbocyanine dyes for PAI of cancer
cells. When these dyes encountered the acidic environment of tumor cells, the absorption spectra and photoacoustic
signals changed significantly, providing accurate pH-dependent PAI. The article’s research shows that these probes were
successfully applied to PAI of cancer cells and were able to effectively differentiate between healthy and tumor tissues,
especially by responding to the acidic environment to achieve high sensitivity and high contrast imaging. In 2023,*® The
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researchers designed and synthesized a probe called IR806-RGD. By introducing the RGD group to the anthracene dye
IR806, its ability to target tumours was enhanced (Figure 7B). Studies have shown that IR806-RGD exhibits a longer
emission wavelength, higher fluorescence intensity and excellent breast cancer tumour targeting under the NIR-II. In vivo
imaging experiments have shown that this probe not only provides high-contrast images of breast cancer tumours in NIR-
IT fluorescence imaging, but can also be used for PAI, thereby achieving more comprehensive imaging of breast cancer
tumours. The data on PAI showed that in the 4T1 tumour mouse model, after intravenous injection of IR806-RGD, the
photoacoustic signal in the tumour area gradually increased, reaching a maximum 12 hours after injection, with an

enhancement of 1.78 times, which significantly improved the imaging contrast compared to the baseline signal before

13922 ‘e International Journal of Nanomedicine 2025:20



Gao et al

I(A)

I i A=700nm Aem = 750-800 nm
I \ @ Reaction site .
L oy oL
I (Cys)
1
I FProo
: FLIPA “off”
I e e g
1 e BB e
I “)) FL Signal + Near infra-red emission 750-900 nm
I .,)) PA Signal + Fluorescence (FL) imaging of Cys FPoos+Cys
I + Photoacoustic (PA) imaging of Cys I
I ‘ 1
FPo0o
- I
| . 1
1 °¥‘N A J'L |
H N
: ok i -
| Y \/sﬁ moiety |
I |
I - 1
A 1
: 3steps 1
| NIR |
1 fluorescence 1
I reporter 1
1
- I
1 J
1 % Low NIR-ll FLUR intensity v High NIR-II FLUR intensity :
1 x  Poortumor targeting v' Good tumor targefing I
I ------------------------------------------------J
IS pre 3h 6h 10 h 24h :
1 IR-dye I
~ A . 3 3
S NE I
A S
: e — By + I
ol
oW ) I
I ™ NCUAAC ® e 1
- I
] i
1 | N | 1
1 *M' I
ALS S
! I IR-32p I
' 3 i
| 3 )
@ @ n': / 1 . > 1
I B =CRGDfK \M/=PEG16 4 \ I
-_— ‘

Sy —y——7—- Ly—y—T—T———y—T—T—— T ————

Figure 7 (A) Schematic diagram of the synthesis of probe FP700, and in vivo FL images and PA imaging in mice. Reproduced from Zou X, Zhao Y, Lin W. Photoacoustic/
fluorescence dual-modality cyanine-based probe for real-time imaging of endogenous cysteine and in situ diagnosis of cervical cancer in vivo. Anal Chim Acta, 2023,
1239:340713. © 2022 Elsevier B.V. Al rights reserved.%® (B) Schematic structure and synthesis of IR806-RGD and In vivo PA imaging (white circle indicates tumour tissue).
Reproduced from Liu Y, Lu X, Zhou W et al. Molecular engineering of a commercially available NIR-II fluorescent cyanine dye for improved tumor targeting and imaging.
New | Chem, 2023, 47:20088-20094. Copyright 2023, Royal Society of Chemistry (RSC); ROYAL SOCIETY OF CHEMISTRY.?® (C) Schematic representation of the
synthesis of IR-32p and the NIR-I/Il PA imaging after IR-32p injection. Reproduced from Lyu S, Lu S, Gui C et al. A NIR-Il photoacoustic/NIR-lla fluorescent probe for
targeted imaging of glioma under NIR-Il excitation. ] Med Chem, 2024, 67:1861-1871. Lyu S, Lu S, Gui C, Guo C, Han J, Xiao Y et al. A NIR-Il photoacoustic/NIR-Ila
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injection. Even after 24 hours, the photoacoustic signal remained at a high level, demonstrating the good targeting and
long-lasting tumour retention of the probe. However, imaging the brain is particularly challenging compared to other

tissues due to the presence of the skull and complex brain structures, which hinder light penetration and signal clarity. In
2024,% Lyu et al developed an avp3 integrin-targeted NIR-II photoacoustic/NIR-Ila fluorescent probe, IR32p
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(Figure 7C), based on a cyanine dye, for the targeted imaging of gliomas. In experiments conducted on mouse models,
IR32p was found to effectively penetrate the skull, enabling deep glioma imaging. Notably, under 1020 nm laser
excitation, the probe demonstrated superior imaging contrast and deeper tissue penetration compared to NIR-I imaging.
IR32p was able to achieve tissue penetration of approximately 2.5 mm in NIR-II PAI, with an 8-fold higher tumor-to-
normal tissue signal ratio compared to NIR-I imaging, underscoring its potential for targeted glioma imaging. From the
perspective of this nanoprobes, which combines photoacoustic imaging and NIR imaging, the combination of the two
imaging modes helps to obtain more comprehensive and accurate diagnostic information about tumors, significantly
improving the accuracy of imaging and its potential for clinical application.

Multimodal Imaging of Cyanine Dyes in Living Organisms Using Fluorescence/MRI/PET
NIR imaging-based tumor diagnosis has been widely studied due to its numerous advantages. However, it still faces certain
limitations in detecting tumor anatomical structures, functional status, and molecular characteristics. By combining NIR imaging
with other established modalities such as MRI and PET, these limitations in resolution, specificity, and multidimensional
information acquisition can be effectively addressed.”” For example, NPs-Ate, [UFP, and Fe304@mSiO2-ICG/cMBP nanop-
robes combine NIR fluorescence with MRI imaging to achieve precise multimodal imaging of tumors and lymphatic tissues. In
contrast, the IR808-DOTA probe integrates NIR fluorescence with PET for successful tumor localization and surgical guidance.
The combined use of these nanoprobes significantly enhances tumor imaging and real-time monitoring capabilities.

In 2023,°° Liu et al developed a dual-modality imaging technology based on a nanoprobe, termed NPs-Ate
(Figure 8A), which combines the PD-L1-targeting monoclonal antibody Atezolizumab, the NIR dye ICG, and the
MRI contrast agent Gd-DTPA for the precise imaging of triple-negative breast cancer (TNBC). The nanoprobe demon-
strated significant progress in NIR-II and MRI dual-modality imaging by achieving precise tumor localization through
the high-sensitivity fluorescence detection in the NIR-II region and high-resolution MRI. In tumor-bearing mice, NIR-II
imaging reached a peak SBR of 11.51 at 36 hours post-injection, indicating high imaging contrast. In the MRI modality,
the nanoprobe exhibited a maximum SBR of 1.95 at 12 hours (Figure 8B-D). In tumor imaging research, in addition to
precise localization and imaging of the tumor itself, the detection of lymph node metastases is equally critical. Lymph
nodes are one of the primary pathways for tumor dissemination, making their accurate imaging of significant clinical
importance for the early diagnosis and assessment of tumor metastasis. In 2024,”" Wang et al also developed a c-Met-
targeted dual-mode nanoprobe for NIR-II fluorescence and MRI imaging to accurately diagnose and monitor metastasis
in TNBC. The probe Fe304@mSiO2-ICG/cMBP integrates a superparamagnetic Fe304 nanocore with a mesoporous
silica shell, which is loaded with the clinically approved NIR-II dye ICG and modified with a c-Met-targeting binding
peptide (cMBP). Studies have shown that this probe can effectively target TNBC metastases. The entire lymphatic
process of in vivo TNBC metastasis has been accurately imaged, and excellent NIR-II fluorescence signals have been
achieved, with an optimal signal-to-background ratio (SBR) of 13.6. The T1-weighted MRI contrast is significantly
higher than that of conventional agents such as Gd-DTPA. In terms of imaging stability, compared with the conventional
MRI contrast agent Gd-DTPA, the Fe304@mSiO2-ICG/cMBP probe can maintain a high signal intensity for 6 hours
after administration, and the relative signal intensity of the target group rapidly increases to three times that of Gd-DTPA
after 2 hours. In 2024,°? researchers developed a new multifunctional nanoprobe called IUFP NPs, which is based on
a newly designed cyanine dye IR-1010 and integrates upconversion nanoprobes (UCNPs) and perfluorooctanoic acid-15-
crown-5 ether (PFCE), which can be used for both NIR-II fluorescence imaging and nuclear magnetic resonance
imaging. The innovative design of IR1010 combines an electron donor group, which achieves a high quantum yield
(3.08%) and excellent photostability. IUFP nanoprobes simultaneously exhibit both NIR-II fluorescence and upconver-
sion luminescence under single-wavelength excitation, thereby improving the imaging of small tissues such as blood
vessels and lymph nodes. In addition, this nanoprobe also has effective PAI and MRI capabilities. Experiments have
shown that the in vitro MRI intensity is linearly correlated with the concentration of IUFP NPs, confirming that this
probe can achieve accurate tumor imaging and in vivo monitoring. In addition to MRI, cyanine dye-based nanoprobes
can also be combined with a variety of functional materials to successfully achieve multimodal applications of PET and
fluorescence imaging. In 2023,%* Zhu et al developed a dual-modal imaging probe (Figure 8E), IR808-DOTA, combining
the NIR-II heptamethine dye IR808 with the chelating agent DOTA. This probe, labeled with Gallium-68, allowed
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simultaneous PET and NIR fluorescence imaging. The study demonstrated that IR808-DOTA achieved precise tumor
localization in MCF-7 tumor-bearing mice, offering a high contrast with a tumor-to-muscle ratio greater than § at
360 minutes post-injection. The probe provided deep tissue PET imaging and high-resolution NIR imaging for
intraoperative guidance (Figure 8F and G), effectively delineating tumor margins and visualizing sentinel lymph
nodes. These results highlight the probe’s potential in guiding tumor resection and monitoring therapy in real time.
The combination of NIR fluorescence imaging with MRI and PET significantly enhances the accuracy of tumor and
metastasis localization and diagnosis. However, how to extract useful information from the integrated data remains
a crucial challenge for improving diagnostic precision and clinical decision-making.

Cyanine Dye-Based Nanomedicines in Tumor Therapy Applications
Nanomedicines based on cyanine dyes not only utilize the NIR absorption and fluorescence properties of these dyes to
achieve deep tissue penetration, high-resolution imaging, and precise PTT and PDT therapies, but they also enable the
integration of cyanine dyes into nanocarriers.”® This integration enhances the stability and bioavailability of the dyes
while allowing the incorporation of additional therapeutic agents, such as chemotherapeutic drugs, immunomodulators,
or gene therapy vectors.” This multifunctional approach demonstrates significant advantages in achieving synergistic
effects for tumor therapy. This section presents the PTT and PDT mechanisms of nanoprobes based on cyanine based
fluorescent dyes, along with a detailed discussion on the application and efficacy of these fluorescent probes in PTT
therapy, PTT/PDT combination therapy, and their potential implications for chemotherapy and immunotherapy.

Mechanisms of PTT and PDT Based on Cyanine Dyes

For PTT, cyanine dyes can function as conventional photothermal agents primarily due to their unique optical and
molecular structural characteristics.'” Firstly, cyanine dyes have a highly conjugated m-electron system,'®! giving
them a high extinction coefficient.'*'% This strong absorption property enables efficient photon capture under NIR
irradiation, facilitating deep tissue photothermal conversion.'® Secondly, upon absorbing photons, electrons in
cyanine dyes are excited to a higher energy state. Rather than returning to the ground state through radiative
transitions, these excited electrons release energy as heat, thereby raising the local temperature.'®> In contrast for
PDT, cyanine dyes primarily induce ROS via a Type I reaction mechanism, relying on electron transfer by photo-
sensitizers. Upon absorbing light energy, the dyes transition from the ground state to an excited triplet state.'°*'°® In
this state, photosensitizers can transfer electrons to surrounding molecules or oxygen, generating superoxide anions
(0,)'*? and hydroxyl radicals (-OH)."'® A key feature of the Type I mechanism is its lower dependence on oxygen
levels, making it effective even in hypoxic tumor microenvironments.''' On the other hand, in the Type II mechanism
of PDT, cyanine dyes primarily rely on energy transfer to molecular oxygen.''*'"* Upon photon absorption, photo-
sensitizers transfer energy directly to form singlet oxygen ('0,).''* However, this reaction requires a higher concen-
tration of oxygen, potentially limiting its efficiency in hypoxic conditions within tumors.''>''® The combination of
these two mechanisms enables cyanine dyes to generate ROS under varying oxygen conditions, thereby enhancing the
overall efficacy of PDT (Figure 9).

PTT Treatment with Cyanine Nanprobes

In PTT, treatment is divided into high-temperature therapy and low-temperature mild therapy. For high-temperature
therapy, the primary mechanism involves raising the local temperature of the tumor to 42 °C or higher, which can lead to
the destruction of cancer cells by inducing heat-mediated protein denaturation.''” For example, in 2023,"'® Yang and
others developed a multifunctional nanoplatform (MGCN) called “Golden Cicada” and made significant progress in
photothermal tumor therapy (Figure 10A). The team of researchers designed and synthesized an ICG-based polyethy-
leneimine (PEI)-modified HSP70 gene silencing system. MGCN downregulates HSP70 expression, disrupts the thermal
impedance mechanism of tumor cells, and achieves efficient targeted enrichment of ICG. Under NIR laser (808 nm)
irradiation, MGCN exhibits excellent photothermal conversion performance. In the mouse B16-F10 melanoma model,
the temperature at the tumor site can be increased to about 47°C after injection, thereby significantly inhibiting tumor
growth (Figure 10C). Through this photothermal gene therapy strategy of cascaded enhanced synergistic effect’, MGCN
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Figure 9 Schematic illustration of heat generation and ROS production by cyanine dyes under NIR laser irradiation.

exhibits excellent anti-tumor activity both in vitro and in vivo, effectively overcoming the thermal resistance of tumors.
For hyperthermia treatment, higher temperatures can more effectively kill tumour cells."'®'?° In 2023,'*! Wang et al
developed a biomimetic photothermal agent based on heptamethylcyanine dye, named Lipo-PTO (Figure 10B), for
targeted treatment of breast cancer by PTT. This bionic photothermal agent is designed to specifically respond to low pH
and high ROS levels in the tumour microenvironment. Under these conditions, the liposomal shell is broken down,
releasing Cy-NTf, which is converted to Cy-NH, thereby activating its photothermal properties. Studies have shown that
this system has a photothermal conversion efficiency of up to 42.09% under 650 nm laser irradiation, and the temperature
rises significantly to 64°C. In vivo experiment on 4T1 breast cancer mice, Lipo-PTO combined with laser irradiation
completely ablated the tumours in the tumour treatment group, with no recurrence for 22 days (Figure 10D), while the
tumours in the control group continued to grow, with minimal impact on surrounding healthy tissue. For cyanine dyes,
the form of the aggregate may affect its photothermal properties. In 2024,'>* Feng and his team designed a photothermal
agent based on platinum coordination self-assembly with cyanine dye. They synthesized two dimers: CyMe-Pt and CyEt-
Pt, of which CyMe-Pt formed tightly packed J-aggregates by replacing ethyl groups with methyl groups to reduce steric
hindrance. This design resulted in significant structural changes, which improved the photothermal conversion efficiency.
It was found that under 980 nm laser irradiation, the temperature of CyMe-Pt could rise to about 60 °C, which could
significantly inhibit tumor growth. Compared with CyEt-Pt, CyMe-Pt has a more prominent photothermal therapeutic
effect. In vivo experiments, the growth of mouse tumours in the CyMe-Pt treatment group was effectively suppressed,
and the tumour volume was significantly reduced. The tumour inhibition rate after treatment was significantly higher, and
throughout the treatment process, CyMe-Pt exhibited a higher photothermal conversion efficiency (37%) and better
biological stability. Compared to J-aggregates, H-aggregates may have a more significant impact on enhancing the
efficiency of light-to-heat conversion. In 2024,'** Yang and his team designed a photothermal agent based on cyanine
dyes, namely, poly(dopamine)-coated H-aggregates (Cy-aggregate@PDA) (Figure 10E). The study used cyanine dyes
with zwitterionic charges, which formed H-aggregates with significant NIR absorption through charge interactions and z-
n interactions. The researchers then coated these dye aggregates with poly-dopamine to create a core-shell structured
nanomaterial. This innovative strategy improved the photostability and thermal stability of the dye aggregates and
significantly increased the photothermal conversion efficiency. The study showed that the photothermal conversion
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thermoresistance barrier to launch cascade augmented synergistic effects of photothermal/gene therapy. | Nanobiotechnology, 2023, 21:228. Creative Commons Attribution
4.0 International License. Creative Commons Attribution 4.0 International License.''® (D) Quantification of treatment effects in different groups of mice. Reproduced from
Wang W, Zhang Y, Zhang Y et al. Biomimetic liposomes as a pH/ROS cascade-responsive nanoagent with high selectivity for breast carcinoma in photothermal therapy. Mater
Des, 2023, 234:112304. © 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license.'?' (E) Schematic of Cy-aggregate
@PDA photothermal imaging and therapy. Reproduced from Yang H, Yuan W, Cao ] et al. Poly(dopamine) coated H-aggregates of amphoteric charged near-infrared
absorbing cyanine dyes for enhanced photothermal tumor imaging and therapy. Dyes Pigm, 2024, 226:112141. © 2024 Elsevier Ltd. Al rights reserved.'?

efficiency of Cy-aggregate@PDA reached 51.4%. In in vitro experiments, Cy-aggregate@PDA reached a maximum
temperature of 54°C under 808 nm laser irradiation, demonstrating excellent photothermal effect and stability. In an
in vivo experiment using a mouse tumour model, the temperature in the tumour area rose rapidly to 58.2°C after injection
of Cy-aggregate@PDA, which was significantly higher than the 35°C in the control group. After 15 days of treatment,
the tumour volume in the Cy-aggregate@PDA group was significantly reduced to one fifth of the initial volume, while
the tumours in the cyanine aggregate treatment group without coated polydopamine continued to grow. These nanoprobe
platforms leverage the unique photothermal properties of cyanine dyes, demonstrating remarkable efficacy in photo-
thermal cancer therapy. When integrated with various biocompatible materials, they exhibit excellent biocompatibility,
providing strong support for efficient and safe tumor ablation. However, due to the limited penetration depth of NIR
laser, further research and optimization are required for the treatment of deeper tumors.

Combined Treatment of PTT and PDT in Tumours with Cyanine Nanprobes

The treatment of tumours with PTT/PDT alone is not very effective. In 2013,'** Kim et al tested the effectiveness of PDT
alone, PTT alone and a combination of PTT and PDT in the treatment of squamous cell carcinoma. PDT alone was initially
effective, but the tumour began to grow rapidly again after 7 days. Treatment with PTT alone was more effective than
treatment with PDT, but it could only suppress tumour growth for 10 days, after which the tumour began to grow again. The
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combined treatment with PTT and PDT was the most effective, with no recurrence during the 15-day observation period.
Therefore, the development and application of combined PDT/PTT therapy are increasingly significant and effective. In
2023,'*° Tianguang Liu et al developed a photothermal inhibitor based on nonionic heptamethine cyanine dye for synergistic
cancer phototherapy, particularly combining PDT and PTT (Figure 11A). They introduced carboxyl or sulfonic groups into
the indole ring of heptamethine cyanine to create BSS-Et nanoprobes. These nanoprobes exhibited excellent photostability
and efficient ROS generation (up to 49%), achieving a photothermal conversion efficiency of approximately 37.6% under
808 nm laser irradiation. The experimental results showed that in the BSS-Et NPs + laser treatment group, the 4T1 solid
tumors in mice almost completely disappeared without recurrence after 19 days of treatment, although slight burn scars were
observed at the tumor site, which gradually healed within a few days. This strongly demonstrates the remarkable in vivo
antitumor effect of BSS-Et NPs through the synergistic action of PTT and PDT. In 2023,'*° Yu Li et al also developed an
“all-in-one” heptamethine cyanine amphiphilic compound platform named PEG-Cy-F18 (Figure 11B). These amphiphiles
exhibited PDT and PTT therapeutic effects as well as PEGylated biocompatibility. The self-assembled nanoprobes showed
high PDT and PTT efficiency, with a significant temperature increase under 750 nm laser irradiation. Notably, the study
achieved a PCE of approximately 22% for PEG-Cy-F18, which was higher than that of the base IR780 dye. In an MCF-
7 human breast cancer model, the nanoprobes demonstrated a high therapeutic effect, with complete tumor ablation achieved
in all five mice subjected to laser treatment. This also reflected the exceptional in vivo antitumor efficacy of the combined
PTT and PDT therapy. In same year,'?” Xiangtan University developed a tumour-targeted fluorescent probe called Cy-Bio
-O, which targets tumours by introducing a biotin structure into the probe (Figure 11C). This probe can activate its PDT and
PTT functions simultaneously under acidic conditions. Studies have shown that Cy-Bio-O exhibits significant PTT effects in
in vitro experiments. Under 660 nm laser irradiation, the temperature can rise rapidly from 24.6°C to 82.4°C, indicating its
excellent PTT properties. In terms of PDT, Cy-Bio-O can produce ROS under acidic conditions, and its PDT properties have
been confirmed in cell experiments by in vivo imaging. In vivo experiments have shown that this probe can achieve efficient
imaging and treatment of tumours in tumour-bearing mice, significantly inhibiting tumour growth. Under the synergistic
effect of PDT therapy and PTT therapy, the tumour shrinks by 70%, indicating that it has significant anti-tumour effects in
the synergistic treatment of PDT/PTT dual modes. In 2024,'*® Yu and his team designed a smart photosensitizer Cy5-TPA
based on anthraquinone dyes, which optimises its PDT and PTT properties by introducing a triphenylamine (TPA) group.
The introduction of TPA enhances intramolecular charge transfer (ICT), which improves the photosensitizer’s ROS
generation capacity at low temperatures, while enhancing photothermal conversion at high temperatures. This characteristic
enables Cy5-TPA to adaptively switch from PDT-dominant to PTT-dominant during temperature changes at the tumour site,
thereby maximising the phototherapy effect. Studies have shown that Cy5-TPA exhibits high ROS generation at low
temperatures (25°C), while at higher temperatures (45°C) it exhibits stronger photothermal conversion (photothermal
conversion efficiency up to 45.6%). In addition, the design of Cy5-TPA not only improves the ROS generation capacity,
but also significantly enhances its photothermal stability and phototherapy efficiency. Cy5-TPA can photothermally kill
tumour cells in vitro, and significantly inhibit tumours and enhance anti-tumour immunity in vivo through switching
between PDT and PTT. Above all, these studies have demonstrated the effectiveness of PTT and PDT in tumor therapy by
introducing multifunctional formulations based on cyanine dyes, improving photothermal conversion, and combining
multimodal imaging to achieve more precise and beneficial therapeutic outcomes. In another study, Professor Dong’s
team'?? developed a photo-activated nanozyme (IR/P@Ce) composed of the photosensitizer IR820, polydopamine (PDA),
and mesoporous cerium dioxide (mCeO,) (Figure 11D). Through the bridging effect of PDA, efficient electron transfer
between IR820 and mCeO, was achieved, which significantly enhanced the peroxidase (POD)-like catalytic activity and
reactive ROS generation. Moreover, PDA not only improved the structural stability of the nanozyme and the efficacy of
PDT, but also markedly boosted the performance of PTT. The development of multifunctional platforms based on cyanine
dyes has enhanced the efficacy of PDT and PTT. However, further research is needed to optimize these methods for deeper
tumors and improve long-term treatment outcomes.

Synergistic Strategies of PTT/PDT to Enhance Other Cancer Therapies
At present, in addition to the direct use of PTT and PDT for cancer treatment, combining these modalities with other
conventional and newly discovered therapeutic strategies has gained significant attention. Specifically, the integration of

International Journal of Nanomedicine 2025:20 hetps: 13929



Gao et al

O ‘
» DSPE-PEGM2000

BSS-Et NPs

Acidic

’ Microenvironment 102 ( :
& g L
Q PDT || ~/

Tumor-specific
Receptor

Cy-Bio-OH

No Tumor-
aacasl

Cy-0

» »

NIR
Laser \

\ Ratiometric Fluorescence Imaging
Tumor

VANV

Photothermal Imaging
NIR PDT/PTT Synergistic Therapy
Tumor-targeting Capability

W2V

e

v'z "‘"i - » S
IR820 M S lr:t? 0
ne e e - 5 o & :‘%
et
e

) o, A7 3,':,' ': s
Dopamine D/V @y T '
Porous CeQ, Hydrocahloride ,, = 3

IR/IP@Ce NP - .

Figure Il (A) Schematic representation of the molecular structure and properties of phototherapeutic agents of BSS-Et NPs. Reproduced from Liu T, Chen Y, Wang
H et al. Phototheranostic agents based on nonionic heptamethine cyanine for realizing synergistic cancer phototherapy. Adv Healthc Mater, 2023, 12:2202817. © 2023
Wiley-VCH GmbH.'* (B) Schematic of SoFoTm/PEG-Cy-F18 nanoparticle synthesis and chemo-PTT-PDT combination therapy for breast cancer. Reproduced from Li Y,
Zhang J, Zhu L et al. All-in-one heptamethine cyanine amphiphiles for dual imaging-guided chemo-photodynamic-photothermal therapy of breast cancer. Adv Healthc Mater,
2023, 12:2300941. © 2023 Wiley-VCH GmbH.'* (C) Chemical structure and biological applications of the probe Cy-Bio-O. Reproduced from Gu QS, Li T, Wang WX et al.
A tumor-targeting fluorescent probe for ratiometric imaging of pH and improving PDT/PTT synergistic therapy. Sens Actuators B Chem, 2023, 393:134287. Copyright 2023,
Elsevier BV.'? (D) Schematic representation of the synthesis of IR/P@Ce NPs. Reproduced from Juaim AN, Sun J, Nie R, Alruwaili NK, Al-Kattan WM, Aldosari B et al.
IR820 sensitized ceria nanozyme via PDA bridging for multifaceted antibacterial wound healing therapy. Small, 2025, 21:2500382. © 2025 Wiley-VCH GmbH.'*

cyanine dyes in PTT and PDT therapies with chemotherapy and immune therapy has shown promising results. For

139 investigated the strategy of combining cyanine dyes with the chemotherapy

chemotherapy, Kathryn M. and others
drug Crizotinib to enhance the therapeutic effect. Crizotinib is a chemotherapy drug with clinical potential for the
treatment of glioblastoma.'*' They developed a novel conjugate form of the cyanine dye IR786 and Crizotinib (IR-
Crizotinib) and found that this conjugate can significantly increase the targeting and accumulation of Crizotinib in brain
tumours and improve the efficiency of the drug crossing the blood-brain barrier. In treatment experiments, IR-Crizotinib
showed stronger tumour growth inhibition and higher levels of tumour cell apoptosis than Crizotinib alone or the IR786
dye. After 4 weeks of treatment, mice in the IR-Crizotinib group showed smaller, localised tumours, while the Crizotinib
alone or untreated groups showed larger and more intensive tumour growth. In 2024,'** Chen et al explored the use of
mild hyperthermia phototherapy PTT triggered by NIR light in combination with the chemotherapeutic drug cisplatin to
overcome drug resistance in cancer (Figure 12A). Cisplatin is a widely used chemotherapeutic drug that kills cancer cells
by forming crosslinks with their DNA, inhibiting replication and division.'** The research team designed a self-
assembled nanoagent (Cy-Pt@HA NPs) that combines the anthracene dye cypate, the Pt(IV) prodrug and Gd*" ions,
and is surface-modified with hyaluronic acid (HA) to enhance tumour targeting. In treatment experiments, Cy-Pt@HA
NPs can heat the tumour area to about 43 °C under 785 nm laser irradiation, thereby significantly increasing drug uptake
and cell membrane permeability. The experimental results show that compared with the non-irradiated group, NIR light
irradiation of Cy-Pt@HA NPs significantly enhances the formation of Pt-DNA adducts, overcomes the drug tolerance of
cisplatin, and shows excellent anti-tumor effects in the A549R drug-resistant tumor model. Specific data show that the
tumour inhibition rate in the Cy-Pt@HA NPs group reached 91%, while cell viability decreased to 8.9% after treatment
with high concentrations of Pt, indicating that this strategy has significant advantages in overcoming drug resistance.

134
3

For immune therapy, in 202 Wang et al investigated the use of mitochondrial-targeted PDT and mild PTT in

combination with immunotherapy to enhance the efficacy of tumour treatment (Figure 12B). The research team
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developed a polyamide-amine dendrimer (PAMAM)-based nanoparticle platform DIH, which contains the mitochondrial-
targeted anthracene dye dc-IR825 and is modified with HA to improve tumour uptake and targeting. The DIH nanoplat-
form is capable of generating ROS and mild heat upon NIR light (808 nm) irradiation, which triggers mitochondrial
damage and induces enhanced immunogenic cell death (ICD). In vivo experiments, the temperature in the tumour region
of mice treated with DIH and light rose to 44.1°C. Compared with the control group, DIH treatment significantly
inhibited tumour growth, with complete regression observed in some mice, and promoted immune activation (upregula-
tion of CRT and ATP release, DC maturation), increased CD4+/CD8+ T cell and M1 macrophage infiltration, and
reduced M2 macrophage and Treg numbers. This combined treatment strategy effectively activated the anti-tumour
immune response. In 2024,'* Yu et al designed and developed a cyanidin immunomodulator LHCy-QAP that targets
mitochondria, and combined it with an antiprogrammed death-1 antibody, for combination therapy. [, HCy-QAP enhances
'0, production by introducing an iodine-containing structure, and enables high-contrast visualization of tumors by NIR-
1T fluorescence imaging. Experimental data show that ,HCy-QAP has a 'O, quantum yield of up to 27.4% under laser
irradiation. In vivo experiments showed that [,HCy-QAP combined with PDT and aPD-1 antibody treatment significantly
inhibited primary and distant metastatic tumours in a triple-negative breast cancer model, with a 100% inhibition rate in
primary tumours and a significant reduction in the formation of lung metastases. In addition, in the combination therapy
group, the maturation rate of splenic dendritic cells (DCs) in mice was 18.0%, which was significantly higher than that in
the single therapy group, and the infiltration rate of CD8+ T cells was also significantly increased, showing a strong anti-
tumor immune response and superior therapeutic effect. These nanoprobes have demonstrated significant synergistic
effects in the combined strategy of phototherapy and immunotherapy for cancer, advancing the development of precision
treatment and systemic anti-tumor immunity. The combination of PTT, PDT, and conventional therapies shows promising
results in cancer treatment, but challenges remain in optimizing these approaches for deep tumors and consistent immune

responses. Further refinement is needed for broader clinical application.
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Discussion

Current cyanine based nanoprobes, despite ongoing advancements and developments, still face numerous challenges. In
terms of imaging, the first issue is their poor performance in long-term imaging applications, particularly in deep tissue
imaging. Secondly, cyanine dye-based nanoprobes face multiple challenges in achieving long-term detection within
biological systems. They are easily metabolised and cleared from the body, and they are prone to photobleaching during
illumination, leading to significantly reduced retention time within the body and degraded imaging performance.
Additionally, when combined with other biomolecules, cyanine nanoprobes may interact with them, resulting in
structural instability.

In terms of therapy, some cyanine-based nanoprobes exhibit low efficiency in PTT and PDT, failing to generate
sufficient heat or ROS, thereby limiting their efficacy in these treatments. Furthermore, the sensitivity and specificity of
cyanine-based nanoprobes across different diseases or different subtypes of the same disease require further improve-
ment. For example, different types of tumour cells may have different surface markers, requiring nanoprobes to precisely
identify these differences. For different subtypes of the same disease, due to minor differences in molecular character-
istics, existing cyanide-based nanoprobes may be unable to effectively distinguish between them or may lack sufficient
sensitivity for certain subtypes.

The clinical translation of cyanine-based nanoprobes faces major challenges, notably stringent regulatory require-
ments that may delay market approval, particularly for nanomaterials. Scaling up clinical-grade production is hindered by
complex synthesis and quality control demands. Furthermore, discrepancies in metabolism, immune responses, and
anatomy between animal models and humans limit the predictive value of preclinical studies. Overcoming these barriers
requires improving diagnostic and therapeutic technologies to enhance sensitivity and specificity, and adopting more

human-relevant models to strengthen translational accuracy.

Summary and Outlook

In recent years, the development of cyanine dye-based nanoprobes for integrated tumor diagnosis and therapy has
attracted increasing attention. Over the past four to five years, numerous research groups have designed various NIR
responsive cyanine nanoprobes to overcome the limitations of conventional tumor diagnostic and therapeutic methods.
However, despite these promising developments, several challenges must be addressed to further expand the clinical
application of NIR cyanine nanoprobes: (1) Low and unstable fluorescence quantum yield. (2) Limited long-term
detection capability in vivo. (3) Limited therapeutic efficacy in NIR PTT and PDT. (4) Poor adaptability to different
diseases or subtypes. Therefore, future research should focus on improving the fluorescence quantum yield and stability
of cyanine dyes, optimising their long-term detection capabilities in vivo, and enhancing the therapeutic effects of
photothermal and photodynamic therapies. Through multifunctional design, cyanine nanoprobes should be able to adapt
to different diseases or subtypes, driving the application of personalised medicine. During the clinical translation process,
issues such as the probe’s biocompatibility, tissue permeability, and biodegradability must also be addressed to ensure its
safety and efficacy in clinical settings. Moreover, an engineering-biology-clinical medicine consortium should be
established to facilitate the broader application and clinical translation of NIR cyanine fluorescent probes.'*°
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