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A B S T R A C T

IR-780 is a lipophilic heptamethine cyanine dye that exhibits strong absorption and fluorescence emission in the 
near-infrared (NIR) region (700–900 nm). Similar to other cyanine dyes, IR-780 is emerging as a promising 
fluorophore for fluorescence-guided surgery (FGS). In addition, due to its high molar extinction coefficient, IR- 
780 can generate reactive oxygen species (ROS), enable efficient conversion of light into heat, and impart 
additional phototherapeutic capabilities. Consequently, IR-780 represents a promising “all-in-one” single 
molecule for FGS and phototherapy applications. However, its use is limited by poor aqueous solubility, low 
photostability, and rapid clearance, which restrict its bioavailability and reproducibility in clinical contexts. 
Recent strategies to address these drawbacks include both structural modification of IR-780 and nanoparticle 
(NP)-based delivery approaches. NP encapsulation using lipid-based, polymeric, inorganic, or biomimetic car
riers has proven effective in enhancing aqueous solubility and photostability, reducing off-target cytotoxicity, 
and thereby improving imaging and therapeutic precision. This review systematically compares free and NP- 
encapsulated IR-780 and its derivatives, highlighting key differences in photophysical and physicochemical 
properties, in vitro and in vivo outcomes, and NP design considerations. Overall, while the free dye allows 
straightforward administration, NP formulations provide superior photophysical performance, improved bio
distribution control and greater tumor retention. However, they remain limited by challenges in large-scale 
translation and regulatory approval.

1. Introduction

The integration of diagnostic and therapeutic functionalities within a 
single platform, commonly referred to as theranostics, has emerged as a 
promising strategy in cancer management. True theranostic approaches 
involve diagnostic components that directly inform or enhance thera
peutic intervention [1]. Among available theranostic agents, cyanine 
dyes represent a particularly promising class, offering exceptional po
tential for in vivo fluorescence imaging and phototherapeutic applica
tions [1]. A major advantage of cyanine dyes lies in their emission 

spectrum, which falls within the near-infrared (NIR) range of 700–900 
nm. This spectral window minimizes light absorption and tissue auto
fluorescence, thereby reducing background interference, enhancing 
tissue penetration, and improving imaging sensitivity [1− 3].

To date, indocyanine green (ICG) is the most commonly used clini
cally approved NIR dye, which is widely used for various biomedical 
imaging applications (Fig. 1). Its favorable safety profile and NIR fluo
rescence have made it a standard tool in fluorescence-guided surgery 
(FGS), an intraoperative imaging technique that uses fluorescent 
contrast agents to visualize and differentiate malignant from healthy 
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tissue through the enhanced permeability retention (EPR) effect [1,2]. 
However, ICG has several limitations, including poor photostability, 
rapid clearance, and non-specific biodistribution, which restrict its 
effectiveness in oncological theranostics. This has led to the introduction 
of new cyanine dyes, with particular interest in IRDye800CW, which is 
used as a NIR fluorescent platform to conjugate to clinically approved 
monoclonal antibodies for targeted approaches [4]. Owing to its supe
rior photostability, slightly higher quantum yield and compatibility with 
antibody conjugation, IRDye800CW has become the leading fluo
rophore in several ongoing clinical trials for targeted FGS [5]. These 
antibody–fluorophore conjugates enable real-time visualization of 
tumor margins with high specificity, bridging the gap between diag
nostic imaging and intraoperative margin delineation [4,6]. However, 
the use of antibody-dye probes comes with challenges in terms of 
manufacturing and translation [4].

The use of a single small-molecule dye to accurately image tumors is 
therefore simpler and more attractive in terms of synthesis and regula
tory approval. IR− 780 serves as the core chemical scaffold for the ma
jority of cyanine dyes found in the literature, including IRDye800CW 
(Fig. 1). Compared to the polymethine dye ICG, IR− 780 exhibits greater 
photostability and a higher fluorescence quantum yield, thereby 
endowing a greater potential for cancer therapeutic applications [7]. 
Intriguingly, IR− 780 displays intrinsic tumor selectivity with preferen
tial accumulation in tumor tissues [8,10− 12] (Fig. 1). Besides its use in 
FGS applications, several studies have also demonstrated that IR− 780 
can act as a photosensitizer, inducing photo-dependent cytotoxicity 
through photodynamic therapy (PDT) and photothermal therapy (PTT) 
[9,10]. In PDT, upon NIR light irradiation, IR− 780 transfers energy to 
molecular oxygen, generating reactive oxygen species (ROS) such as 
singlet oxygen and superoxide radicals to promote oxidative damage 
and apoptosis in tumor cells [11,12]. IR− 780 can also exert therapeutic 
effects through photothermal therapy (PTT). The foundational principle 
of PTT lies in the conversion of light energy into heat via photothermal 
agents. These agents effectively absorb light and subsequently release 
energy as heat. The local thermal increase, ranging from 42 to 50 ◦C, 
compromises cellular integrity by causing protein denaturation, 
disruption of membranes, and initiating cellular death through 
apoptosis or necrosis [9]. One of the main advantages of PDT and 
PTT-based treatments is that the use of light offers spatial and temporal 
control of therapy, thereby minimizing off-target toxicity. External light 
sources, such as optical fibers, can be used to enable the more targeted 
and potentially safer alternative to systemic treatments, such as 
chemotherapy or radiotherapy [10].

Despite these promising imaging and therapeutic properties, the 
clinical development of IR− 780 is limited by poor aqueous solubility, 
suboptimal pharmacokinetics, and formulation-dependent variability in 
vivo [13,14].

Recent studies from 2021 onward indicate that nanoencapsulation 

substantially improves the photostability, tumor accumulation, and 
theranostic performance of IR− 780 compared with the free dye, while 
preserving its intrinsic tumor-seeking properties [14− 16].

Nanoparticle (NP)-encapsulation has emerged as an effective strat
egy to overcome these limitations and mitigate the need for further 
synthetic modification of IR− 780. NPs have been extensively demon
strated to prevent chemical degradation and aggregation, improve 
photostability, and exploit the EPR effect to achieve selective tumor 
localization [17]. Additional functionalization of NPs can be achieved 
with targeting ligands, such as antibodies, peptides, or receptor-binding 
molecules, to further refine specificity toward malignant tissues [18].

This review aims to provide an overview of the current advances of 
dye technology derived from IR− 780 in cancer theranostics. We discuss 
mechanisms of tumor targeting, the physicochemical and optical prop
erties influencing imaging and phototherapy performance, and the 
rationale for NP encapsulation as a means to overcome the inherent 
limitations of the free dye. By critically evaluating the advantages and 
drawbacks of both approaches, the review seeks to delineate the sce
narios in which IR− 780 or derivatives can serve effectively as a stand- 
alone small molecule and those in which NP encapsulation becomes 
essential to unlock its full translational potential (Fig. 2). The relative 
simplicity of using a single dye makes this approach attractive for short- 
term or localized applications. However, the current instability, poor 
pharmacokinetic profile, and potential systemic toxicity of the single 
molecule approach hinder clinical adoption. By contrast, NP encapsu
lated IR− 780 requires more complex formulation strategy, but can 
provide markedly improved solubility, photostability, biodistribution 
control, and therapeutic performance. By stabilizing the dye and 
extending its bioavailability, NPs substantially broaden the therapeutic 
window of IR− 780, facilitating deeper tumor penetration and more 
controlled energy deposition under NIR irradiation, all without having 
to synthetically modify the chemical's structure (Fig. 2). This review 
examines recent advances in IR− 780-based theranostics, with particular 
emphasis on the differences between free and nanoencapsulated for
mulations and on the respective roles of chemical modification and 
nanoparticle-based delivery.

2. IR¡780-based dyes used as single molecules

IR− 780 is a cyanine dye with the core chemical structure composed 
of a polymethine bridge linking 2 nitrogen-containing benz[e]indole 
rings through a central meso-chloro cyclohexene-based unit. The meso- 
chloro serves as an electrophilic site to enable further functionalization 
or additional bioconjugation strategies [19]. Several studies have 
demonstrated that the modification of the benz[e]indole rings enables 
tuning of emission profiles to longer wavelengths to enhance tumor to 
background ratio (TBR) or enhance PDT and PTT-based properties [20].

The positive charge on the benzoindolinium ring facilitates cellular 

Fig. 1. Comparison of NIR fluorescent dyes (ICG, IRDye800CW, and IR− 780) highlighting optical performance, stability, and bioconjugation potential.
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uptake and targets mitochondrial accumulation via the elevated mito
chondrial membrane potential (ΔΨm) in cancer cells [20].

The intrinsic cancer targeting nature of IR− 780 without any required 
bioconjugation (e.g., antibodies and peptides) has made IR− 780 a 
paradigmatic model for the study of free cyanine dyes as self-targeting 
theranostic agents.

Extensive mechanistic and cellular studies have further deepened 
understanding of IR− 780’s selective tumor uptake. Foundational work 
by Zhang et al. demonstrated that IR− 780 exhibits preferential accu
mulation in tumor tissue through a combination of OATP-mediated 
transport and mitochondrial localization, establishing one of the 
earliest proofs of its tumor-seeking behavior [21]. Follow-up in
vestigations by Wang et al. confirmed that this mitochondrial targeting is 
particularly pronounced in drug-resistant cancer cells with elevated 
membrane potential, suggesting a natural tropism of IR− 780 for 
energy-active tumor subpopulations [22].

Burgess and co-workers have also extensively investigated the 
mechanisms of tumor accumulation of cyanine dyes, as well as their 
optical and biological properties [23].

In their investigations, the meso-chloro site was found crucial for 
conjugation to the cysteine-residues on serum albumin to facilitate 
tumor selectivity. They showed that the covalent interaction between 
the meso-chloro bridge and cysteine residues on serum albumin facili
tates accumulation and persistence within malignancies. This interac
tion stabilizes the dye in blood, reduces nonspecific aggregation, and 
provides a natural targeting mechanism for tumor tissue [23].

Collectively, these studies clarified that mitochondrial membrane 
potential, OATP activity, and albumin binding represent the three key 
biological determinants of tumor specificity for IR− 780 and its 
analogues.

A notable study by Margolis et al. examined the biodistribution and 
pharmacokinetic behavior of intravenously injected IR− 780 in a mouse 
model of breast cancer using NIR optical imaging and diffuse fluores
cence tomography. The authors observed rapid tumor accumulation 
within 1–3 h after administration. Quantitative analysis revealed sub
stantial tumor retention but a marked decline in signal after 24 h, 
consistent with hepatic clearance and a short systemic half-life. When 
microbubble-assisted focused ultrasound was applied, intratumoral dye 
accumulation increased by more than 160 % compared with controls, 
demonstrating that mechanical enhancement of vascular permeability 
can significantly improve the delivery efficiency of free IR− 780 [24].

This study provided a detailed description of the in vivo kinetics, 
highlighting its continued value as a small-molecule tracer for moni
toring tumor perfusion and distribution. However, the study also 
revealed that IR− 780 alone requires further structural refinement 

before being pursued in clinical settings.
The photophysical properties of free IR− 780 were further charac

terized by He et al., who reported an absorption maximum at approxi
mately 780 nm and an emission tail extending up to 1000 nm in the NIR- 
II region. This extended emission allows deeper tissue penetration and 
reduced background autofluorescence, facilitating the visualization of 
tumors in vivo. However, the study also showed that in aqueous envi
ronments IR− 780 tends to aggregate and undergo self-quenching, 
leading to unstable fluorescence intensity and reduced reproducibility 
of imaging [25]. Therefore, emerging IR− 780 derivatives with extended 
emission into the NIR-II region are currently under investigation, of
fering promising advances in deep-tissue imaging and multiplexed 
theranostic applications [26].

However, the poor aqueous solubility of these longer wavelength 
derivatives limits their use as free small molecules and often necessitates 
formulation within nanoparticle-based delivery systems [15].

The current limitations of cyanine dye motivated the Burgess group 
to develop improved dyes known as QuatCy (Fig. 3) [27− 29].

The Burgess group introduced quaternary carbon substitutions into 
the polymethine chain of cyanine dyes (QuatCy), disrupting planarity 
and increasing conformational rigidity [27,29]. This structural modifi
cation suppresses trans–cis photoisomerization and reduces 
non-radiative relaxation, leading to enhanced quantum yield, improved 
photostability, and reduced aggregation-induced quenching compared 
to traditional heptamethine cyanines, such as IR− 780. This highlights 
how rational structural modification can overcome intrinsic limitations 
of IR− 780 without requiring NP encapsulation [27,29].

Moreover, structurally related heptamethine cyanine dyes, IR− 783 
and MHI− 148, have been developed displaying greater aqueous solu
bility while exhibiting comparable tumor-targeting and photophysical 
properties (Fig. 3) [28,30].

Mc Larney and co-workers recently reported an optimized IR− 780 
analogue, CJ215, showing effective tumor localization and enabled real- 
time tumor delineation through improved optical contrast in the NIR 
range (Fig. 3) [31].

3. IR¡780-based nanoparticles

The intrinsic hydrophobicity of IR− 780 impacts its solubility in 
aqueous environments, necessitating the use of surfactants or NP- 
encapsulation to achieve effective dispersion. NPs can enhance the sol
ubility, stability, and systemic circulation of hydrophobic compounds by 
encapsulating them within hydrophilic matrices, thereby preventing 
aggregation and ensuring colloidal stability. In addition, overcoming 
these challenges prevents the need for synthetic optimization. 

Fig. 2. Comparison of chemical and physical strategies for IR− 780 optimization. (Left) Chemical modification highlights structural sites for rigidification, emission 
tuning, and functionalization. (Right) Encapsulation illustrates the loading of IR− 780 into a nanoparticle to improve solubility and stability for biomedical use.
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Encapsulation of NIR dyes such as IR− 780 within NPs can improve 
colloidal stability, tumor accumulation, and imaging performance [9, 
32]. These nanocarriers promote tumor localization through both the 
passive EPR effect and active targeting enabled by surface modification 
with tumor-specific ligands. Ligand-functionalized NPs have been 
extensively investigated in vivo to enhance tumor selectivity and mini
mize off-target toxicity [32]. IR− 780-based NPs have been successfully 
applied in FGS, PTT, and PDT, demonstrating improved solubility, 
enhanced tumor inhibition, and increased therapeutic efficacy in pre
clinical models [6]. Targeted NP formulations have further enabled 
precise tumor ablation with reduced systemic toxicity compared to un
formulated IR− 780 dye [9].

Several comprehensive review articles on NP-based strategies are available in the liter

ature, providing an in-depth overview of NP design, physicochemical properties, and their 

applications in tumor imaging [33− 36] and therapy [33− 36]. Various nanocarrier 
systems have thus been developed to optimize IR− 780 delivery for both 
diagnostic and therapeutic purposes, as summarized in Table I and seen 
in a recent review by Fialho et al. [9]. Furthermore, Table II provides an 
overview of IR− 780-loaded NPs investigated in recent studies, including 
their formulations, administration routes, laser parameters, imaging 
characteristics, therapeutic outcomes, and optimal injection timing 
before treatment. For this review, we have provided select examples 
covering lipid-, polymeric-, inorganic, biomimetic- and protein-based 
systems published in recent years.

4. Lipid-based nanoparticles

Lipid-based systems, including liposomes, solid lipid NPs (SLNs), and 
nanostructured lipid carriers (NLCs), are among the most commonly 
used platforms for the delivery of IR− 780 [9]. Liposomes consist of 
phospholipid bilayers capable of incorporating IR− 780 into their lipid 
phase due to its hydrophobic nature. Barcelos et al. described liposomes 

mainly composed of soy phosphatidylcholine (PC) and cholesterol 
(CHOL), which together formed stable lipid bilayers. In some formula
tions, they also incorporated 1,2-distearoyl-sn-glycero− 3-phos 
phoethanolamine-polyethylene glycol (DSPE-PEG), a PEGylated lipid, to 
enhance the liposomes’ stability and prolong their circulation time [37]. 
SLNs and NLCs, composed of solid or semi-solid lipids, offer enhanced 
loading efficiency and physical stability.

Lipid-based NPs encapsulating IR− 780 present significant advan
tages over the free dye, particularly in enhancing its solubility and sta
bility. By encapsulating IR− 780 in lipids, the dye is shielded from 
degradation, its circulation time is extended, and its photostability is 
improved, essential factors for effective NIR fluorescence imaging, PDT 
and PTT [37].

Yuan and co-authors [38] developed a self-assembled amphiphilic 
system, PEG-IR− 780-C13 micelles, a synthetically modified IR− 780 
designed to improve the solubility, photostability, and tumor specificity 
of IR− 780 (Fig. 4A). Following intravenous injection at 1 mg/kg in 
colon tumor-bearing mice, NIR fluorescence imaging revealed initial 
tumor localization as early as 1 h post-injection, with progressive 
accumulation peaking between 24 and 48 h (Fig. 4B). This accumulation 
correlated with strong fluorescence signals within tumor tissues, sup
porting efficient passive targeting via the EPR effect. Notably, the mi
celles exhibited excellent PTT properties, raising tumor temperatures 
above 52 ◦C under 808 nm laser irradiation and inducing complete 
tumor ablation within 3 days. Importantly, no significant systemic 
toxicity or organ damage was observed, even at high doses, indicating a 
favorable safety profile for future theranostic applications.

While Yuan et al. demonstrated that PEGylated micelles could 
significantly enhance the solubility, photostability, and tumor accu
mulation of IR− 780 through passive targeting mechanisms, their 
application remained limited to subcutaneous tumor models and sys
temic administration routes [38]. Lu and co-authors [15] developed a 

Fig. 3. Chemical evolution of IR− 780-based fluorophores. Central IR− 780 scaffold and its derivatives, including IR− 783, MHI− 148, IRDye800CW, CJ215, QuatCy, 
and QuatCy-I₂. Modifications to the side chains and terminal groups are used to optimize water solubility, targeting, and optical properties.
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Table I 
Summary of the main types of IR− 780-based nanoparticles (NPs) investigated for cancer theranostics. The table outlines representative examples with specific 
physicochemical data (particle type, size, IR− 780 loading concentration), quantitative advantages and evidence-based limitations are provided. Abbreviations. EE, 
encapsulation efficiency; i.v., intravenous; PDI, polydispersity index; ID, injected dose; t½, half-life; PTT, photothermal therapy; PDT, photodynamic therapy; FGS, 
fluorescence-guided surgery; EPR, enhanced permeability and retention; GMP, Good Manufacturing Practice; SPR, surface plasmon resonance; SERRS, surface- 
enhanced resonance Raman scattering; RBC, red blood cell; VLP, virus-like particle; ROS, reactive oxygen species.

NP Type Representative Example (Particle, Size, IR¡780 
Loading)

Key Advantages (with quantitative data) Key Limitations

Lipid-based 
NP

1. PEG-IR¡780-C13 micelles [38,66]Type: Amphiphilic 
self-assembled PEGylated micelleSize: ~10–20 nmIR− 780 
loading: 1 mg/kg (FGS); 30 mg/kg (PTT) i.v.2. 
Lip-IR¡780-Sunitinib [39]Type: Dual-drug phospholipid 
liposomeSize: ~150 nmIR− 780 loading: 0.3–1 mg/kg i.v.3. 
IR¡780-AMD-NLCs [72]Type: Nanostructured lipid 
carrier (NLC)Size: ~200 nmIR− 780 loading: 1.4 mg/kg i. 
v.4. cRGD-SLNs-IR¡780 [73]Type: Solid lipid NP with 
cRGD targeting ligandSize: ~100 nmIR− 780 loading: 1 
mg/kg i.v.5. IR¡780-NBs-DTX [74]Type: Nanobubbles 
co-loaded with docetaxelSize: ~200–300 nmIR− 780 
loading: 0.15 mg/kg i.v.6. MI-PEOz-liposomes-IR¡780 
[75]Type: pH-responsive liposomeSize: ~130 nmIR− 780 
loading: 2 mg/kg i.v.

Solubility: PEG-IR− 780-C13 micelles fully 
dispersed IR− 780 in aqueous phase at 30 mg/kg 
(vs. precipitation of free dye at >0.1 mg/mL)
Stability: SLN/NLC formulations maintained 
colloidal integrity for ≥ 30 days at 4◦C; 
photostability under 808 nm irradiation improved 
vs. free dye
Photothermal efficiency: Lip-IR− 780 raised tumor 
temperature to > 52◦C under 808 nm (1 W/cm², 
4 min), achieving complete tumor ablation in 4T1 
breast cancer mice
Extended circulation: PEGylated liposomes 
prolonged IR− 780 blood half-life (t½ >6 h vs. 
<1 h for free dye) via steric shielding
NIR imaging / PTT / PDT: all formulations enabled 
effective NIR fluorescence imaging and 
phototherapy in vivo
High loading efficiency: SLNs/NLCs achieved 
> 80% encapsulation efficiency
Co-delivery: Lip-IR− 780-Sunitinib enabled 
synergistic PTT + anti-angiogenic therapy, 
superior to monotherapy

Dye leakage: physical entrapment in lipid 
matrix susceptible to premature release; Lip- 
IR− 780 showed measurable IR− 780 leakage 
in serum within 24 h, reducing local dye 
concentration
Passive targeting only (without ligands): 
formulations without active targeting ligands 
rely solely on EPR, insufficient for tumors 
with poor vascularisation
Photobleaching: certain formulations (e.g., 
MI-PEOz liposomes) retain residual photo
bleaching under prolonged laser exposure
Manufacturing complexity: precise control of 
lipid composition, particle size (<200 nm), 
and drug-to-lipid ratio required for repro
ducibility; batch-to-batch variability reported 
Limited aqueous stability of some 
formulations: NLCs showed slight size 
increase after 30 days storage at room 
temperature

Polymeric- 
based NP

1. HA-IR¡780 (DSPE-PEG2000 micelles, IPMs) [76]
Type: Self-assembling polymeric micelle (DSPE-PEG2000) 
Size: ~25.6 nmIR− 780 loading: EE > 95%; 0.7 mg/kg i. 
v.2. HF-IR¡780 NPs [77]Type: 
Hydrophobin-functionalized polymeric NPSize: ~120 
nmIR− 780 loading: 1.4 mg/kg i.v.3. 
F127-folate@PLGA/IO/CHL/IR¡780 [78]Type: PLGA 
NP with iron oxide and folate targetingSize: ~150 
nmIR− 780 loading: ~10–25 wt%4. IR¡780@PLGA-GOx 
[79]Type: Core-shell PLGA nanosphere + glucose 
oxidaseSize: ~180 nmIR− 780 EE: ~80%; 1 mg/kg i.v.

Solubility: DSPE-PEG2000 micelles (IPMs) fully 
solubilised IR− 780 at EE > 95%; stable in PBS and 
serum for ≥ 48 h with no aggregation
Stability: PLGA-based NPs maintained structural 
integrity for > 1 month at 4◦C; covalent IR− 780 
conjugation to PLA eliminated dye leakage 
entirely (vs. 40% leakage in 48 h for physically 
encapsulated systems)
Photostability: photobleaching of IR− 780 reduced 
by ~60% in PLGA NPs vs. free dye under repeated 
808 nm irradiation
Controlled/sustained release: PLGA NPs provided 
sustained IR− 780 release over 72 h vs. burst 
release within 2 h for free dye; GOx co-loading 
added starvation therapy component
Tumor accumulation & metastasis control: IPMs 
reduced lymph node metastases by 88.2% vs. 
23.4% for free IR− 780 in metastatic 4T1 breast 
cancer model
Functionalisability: surface can bear antibodies, 
peptides, folate, or HA for active targeting; PLGA- 
folate significantly enhanced cancer cell uptake vs. 
non-targeted
Multimodal theranostics: PLGA/IO NPs enabled 
simultaneous NIR fluorescence, MRI and PTT
Biocompatibility: PLGA and PEG are FDA- 
approved materials for injectable formulations

Encapsulation efficiency variability: 
hydrophobicity of IR− 780 can limit EE; 
physical entrapment without covalent 
linkage results in burst release and 
nonspecific fluorescence signal
Residual photobleaching: some degree of 
photodegradation persists under prolonged 
laser exposure (>10 min at 1 W/cm²) [43]
Complex fabrication: some formulations 
require organic solvents (e.g., DMSO, DCM) 
or surfactants, complicating GMP-scale pro
duction (
Large-scale manufacturing challenges: batch 
reproducibility of PLGA NPs (size, PDI, EE) 
remains difficult to maintain at industrial 
scale
Immune clearance: PEG-coated NPs may 
induce anti-PEG antibodies upon repeated 
dosing, accelerating clearance

Inorganic- 
based NP

1. GNP-Plu-IR¡780 [46]Type: Gold NP stabilized with 
Pluronic F127Size: ~48 nm (DLS/TEM)IR− 780 loading: 
0.2 µM IR− 780 / 40 µg/mL AuNPs2. Perfluorooctyl 
bromide-IR¡780 [80]Type: Perfluorocarbon NP Size: 
~200 nmIR− 780 loading: 25 mg/kg i.v.3. 
MI-PEOz-IR¡780 [75]Type: Zwitterionic 
liposome + IR− 780 (see also lipid row)4. 
MnFe₂₂O₄₄-IR¡780 [48]Type: Magnetic ferrite NPs with 
biomimetic coatingSize: ~100 nmIR− 780: co-loaded at ~2 
mg/kg i.v.

Photostability: GNP-Plu-IR− 780 exhibited 
significantly reduced photobleaching vs. free 
IR− 780; IR− 780 absorbance maintained after 10 
cycles of 808 nm irradiation
Enhanced photothermal conversion: gold SPR 
synergises with IR− 780 absorption, raising local 
tumor temperature to > 55◦C under 785 nm, 
170 mW (6 min)
Multimodal imaging: GNP-Plu-IR− 780 enabled 
simultaneous SERRS (785 nm, 17 mW) + NIR 
fluorescence imaging; perfluorocarbon NPs added 
CT/photoacoustic imaging
High surface area for co-delivery: MSN/AuNP 
platforms facilitate co-loading with chemothera
peutics (e.g., doxorubicin, paclitaxel)
Active and passive targeting via PEGylation and 
ligand attachment
Dual role as carrier and active agent (AuNPs, Fe₃O₄ 
for PTT and MRI)

Non-biodegradability: AuNPs and Fe₃O₄ NPs 
are not metabolised; organ accumulation 
(liver, spleen) reported months after i.v. 
injection; long-term toxicity data lacking
Complex multi-step synthesis: GNP-Plu- 
IR− 780 required precise size-controlled gold 
synthesis + Pluronic stabilisation + IR− 780 
loading; scale-up reproducibility remains a 
challenge
Limited clinical translation: despite 
promising preclinical results, no inorganic 
IR− 780 NP has entered clinical trials due to 
regulatory and safety barriers
Physiological instability: some formulations 
aggregate under physiological ionic strength, 
requiring additional PEG or protein coatings
Lack of long-term safety data in large animals 
or humans

(continued on next page)
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cationic liposomal formulation of IR− 780 (ILs) and employed 
convection-enhanced delivery (CED) to bypass the blood–brain barrier 
and achieve direct intratumoral delivery in an orthotopic glioblastoma 
model. This approach ensured high intratumoral retention, excellent 
photostability under repeated NIR laser exposure, and significant tumor 
regression with minimal toxicity, highlighting its promise for 
brain-targeted PTT.

Moreover, expanding upon the use of IR− 780 in multifunctional 
liposomal platforms, Yang et al. developed a dual-function liposome 
system (Lip-IR− 780-Sunitinib) combining PTT and anti-angiogenesis for 
enhanced tumor suppression (Fig. 5A). IR− 780 was loaded into phos
pholipid bilayer vesicles to mediate NIR-triggered PTT disruption, while 
the hydrophilic anti-angiogenic drug Sunitinib was encapsulated in the 
aqueous core (Fig. 5B) [39]. Upon NIR laser irradiation (808 nm, 1 
W/cm²), the heat generated by IR− 780 disrupted the liposome mem
brane, triggering on-demand release of Sunitinib and enhancing cellular 
uptake. In vivo, Lip-IR− 780-Sunitinib preferentially accumulated in 

tumors via the EPR effect and exhibited superior tumor growth inhibi
tion, angiogenesis suppression, and PTT cytotoxicity compared to 
monotherapies or non-irradiated controls (Fig. 5C). The formulation 
also showed excellent photostability and safety, with no detectable liver, 
kidney, or hematological toxicity. These findings further emphasize the 
versatility of IR− 780-loaded lipid systems and demonstrate how 
stimuli-responsive release, when coupled with NIR-PTT and 
anti-angiogenic agents, can synergistically enhance antitumor efficacy.

However, there are several challenges to consider. The IR− 780 dye 
may leak from the lipid matrix, potentially diminishing treatment effi
cacy and increasing the risk of off-target effects. Additionally, certain 
formulations may still experience photobleaching, and the preparation 
process can be intricate, necessitating careful control over size, 
composition, and loading. Furthermore, unless these systems are func
tionalized with targeting ligands, they primarily depend on passive 
targeting, which may limit their specificity for cancer cells [9,40].

Overall, lipid-based systems offer strong advantages in 

Table I (continued )

NP Type Representative Example (Particle, Size, IR¡780 
Loading) 

Key Advantages (with quantitative data) Key Limitations

Biomimetic- 
based NP

1. D/INPs@CM-IR¡780 (MMFns) [47]Type: Erythrocyte 
membrane-coated magnetofluorescent NPSize: ~130 
nmIR− 780 loading: ~2 mg/kg i.v.; t½ ~92h; 10% ID in 
tumor at 48 h2. IR-RM-Mn (RBC membrane-coated 
magnetoliposomes) [48]Type: Mn-ferrite 
magnetoliposome + RBC membrane hybridSize: ~150 
nmIR− 780 loading: i.v.; photothermal conversion 25–30%

Extended circulation: RBC membrane camouflage 
prolonged IR− 780 NP half-life to ~92h (vs. <1 h 
for free dye and ~6h for PEGylated liposomes)
Enhanced tumor accumulation: MMFns achieved 
10% injected dose (ID) at 48 h in Ehrlich tumors; 
stromal modulation with losartan further 
increased delivery to 17.5% ID
Immune evasion: surface CD47 and other 
membrane proteins ('don't eat me' signals) reduced 
macrophage uptake vs. synthetic NPs
Photothermal performance: IR-RM-Mn achieved 
25–30% photothermal conversion efficiency, su
perior to free IR− 780 (~8%) and most lipid 
systems
Homologous targeting: cancer-cell-membrane- 
coated NPs exploit homotypic adhesion molecules 
for selective tumor homing
Co-delivery potential: biomimetic platforms 
support simultaneous 
IR− 780 + chemotherapeutic or magnetic agent 
loading

Batch-to-batch variability: biological 
membrane isolation (RBC, cancer cell) 
introduces protein composition variability; 
EE of IR− 780 into MMFns was incomplete 
(<100%)
Scalability: large-scale production of cell- 
membrane-coated NPs requires consistent 
donor cell sources and controlled membrane 
extraction protocols
Photobleaching: MMFns showed residual 
IR− 780 photobleaching under repeated 
808 nm irradiation
Immune reactions: membrane-bound pro
teins, if not well characterised, may trigger 
complement activation or immune responses
Poor long-term storage stability: biological 
vesicles are susceptible to membrane degra
dation, protein aggregation, and IR− 780 
leakage during storage
Magnetic heating efficiency of MMFns was 
low under alternating magnetic field, limiting 
hyperthermia applications

Protein- 
based NP

1. AlbIR (Albumin-IR¡780 NPs) [50]Type: BSA/HSA 
NPs with non-covalent IR− 780 bindingSize: ~100 
nmIR− 780 loading: 5 mg/kg i.v.; stable for > 48 h in 
plasma2. Tf-IR¡780 NPs [51]Type: Transferrin-based 
NPs (receptor-mediated targeting)Size: ~80 nmIR− 780 t½: 
~20h; peak tumor signal at 48 h post-injection3. 
HBc-IR¡780 VLPs [55]Type: Hepatitis B core virus-like 
particle (VLP)Size: 20–200 nm; surface-engineered RGD 
motifIR− 780 loading: thermal-triggered at 60◦C4. 
FA-IR¡780-loaded-NP [57]Type: Folic acid-conjugated 
protein NP5. HISP nanocomplexes [61]Type: PEGylated 
albumin / IR− 780 / iron oxideSize: ~100–150 nm6. 
HSA-ICG-IR¡780 NPs [81]Type: Co-loaded human serum 
albumin NPsSize: ~120 nm

Solubility: albumin binding fully solubilised 
hydrophobic IR− 780 at physiological 
concentrations; AlbIR stable in PBS and serum 
without aggregation for > 48 h
Stability: protein matrix protected IR− 780 from 
photodegradation; AlbIR maintained fluorescence 
intensity at > 90% after 30 min of 808 nm 
irradiation vs. ~50% for free dye
Intrinsic tumor targeting: albumin exploits gp60/ 
SPARC-mediated transcytosis for passive tumor 
accumulation; transferrin NPs utilise TfR1 
receptor-mediated endocytosis (overexpressed in 
cancer)
Extended circulation: Tf-IR− 780 NPs achieved t½ 
~20h and peak tumor accumulation at 48 h; slow 
dye release (~12% in 48 h) sustained imaging 
window
Dual PTT/PDT: VLP-IR− 780 and Tf-IR− 780 NPs 
generated ROS + local hyperthermia under single 
808 nm laser; HBc VLPs enhanced ROS generation 
vs. free IR− 780
Biocompatibility: albumin and transferrin are 
endogenous proteins with established safety 
profiles; no significant organ toxicity in treated 
animals
Intrinsic anti-tumor effect: AlbIR induced signifi
cant tumor regression even without laser irradia
tion, suggesting chemotherapeutic activity of 
albumin-bound IR− 780
Active targeting via surface ligands: FA, RGD (HBc 
VLP), transferrin receptor binding

Structural instability: protein NPs susceptible 
to denaturation above 37◦C or at non- 
physiological pH; AlbIR showed partial ag
gregation upon lyophilisation
Limited control over physicochemical 
properties: particle size distribution of 
albumin NPs is broader (PDI ~0.2–0.3) vs. 
synthetic polymer NPs; surface functionality 
harder to standardise
Immunogenicity risk: repeated dosing of 
protein-based carriers may trigger antibody 
responses, particularly for non-human- 
derived proteins (e.g., BSA, VLP capsid)
Source-dependent contamination risk: 
endotoxin or pathogen contamination 
possible if protein source is not rigorously 
controlled; GMP compliance complex
Moderate liver accumulation: Tf-IR− 780 NPs 
showed hepatic signal at 24 h post-injection, 
indicating partial off-target distribution
Slow/incomplete dye release: ~12% IR− 780 
released from Tf-NPs in 48 h may be insuffi
cient for maximal PDT ROS generation
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Table II 
Overview of IR− 780-Based Nanoparticles: Experimental Set-up and Key Outcomes vs. Control Groups: summary of NP types loaded with IR− 780 reported in recent 
studies, including their applications, recommended dosages, routes of administration, laser parameters, therapeutic effectiveness, imaging and treatment modalities, 
peak fluorescence, and the optimal timing of injection prior to surgery.

Author 
(Ref.)

Nanoparticle Type Applications Target Tumor Recommended 
Dose & Route

Laser Parameters Optimal 
Injection-to- 
Treatment 
Interval

Key Outcomes / Results vs. 
Control Groups

Lipid-based Nanoparticles
Yuan 

et al. 
[38]

PEG-IR− 780-C13 
micelles

FGS, PTT Colorectal 
carcinoma

FGS: 1 mg/kg i.v. 
PTT: 30 mg/kg i.v.

FGS: 745 nmPTT: 
808 nm, 1 W/cm², 
10 min

FGS: 24–48 h 
PTT: 24 h

Tumor temperature rose to > 52◦C 
vs. ~37◦C (baseline), enabling 
complete tumor ablation within 3 
days in colon-tumor-bearing mice
No significant systemic toxicity or 
organ damage observed even at 30 
mg/kg; free IR− 780 caused evident 
liver toxicity at equivalent doses
NIR fluorescence signal at tumor 
peak 2–3 × higher than adjacent 
healthy tissue at 24–48 h post- 
injection, enabling clear tumor 
demarcation

Yang 
et al. 
[39]

Lip-IR− 780-Sunitinib FGS, PTT Breast cancer 
(4T1)

FGS: 0.3 mg 
IR− 780/kg i.v.PTT: 
1 mg IR− 780/kg i.v.

FGS: 720–790 
nmPTT: 808 nm, 1 
W/cm², 4 min

FGS: 10 h 
PTT: not 
specified

Tumor growth inhibition rate: Lip- 
IR− 780-Sunitinib + laser = 92.3% 
vs. free IR− 780 + laser = 61.4% vs. 
untreated control = 0%
Anti-angiogenesis: HUVEC tubule 
formation reduced by ~80% vs. 
control; sunitinib release triggered 
on-demand by NIR-induced mem
brane disruption
No hepatic, renal or haematological 
toxicity at therapeutic doses; free 
IR− 780 showed elevated ALT/AST

Lie et al. 
[72]

IR− 780-AMD-NLCs FGS, PTT Breast cancer FGS: 0.3 mg 
IR− 780/kg i.v.PTT: 
1.4 mg IR− 780/kg i. 
v.

FGS: 790 nmPTT: 
808 nm, 1 W/cm², 
4 min

FGS: 12 h 
PTT: 12 h

Tumor volume reduction: NLC group 
78% vs. free IR− 780 group 34% at 
day 14 post-treatment
Tumor-to-background fluorescence 
ratio (TBR): NLC = 4.2 vs. free 
IR− 780 = 1.8 at 12 h, enabling 
clearer intraoperative delineation
Photostability: NLC maintained 
> 85% fluorescence intensity after 
10 irradiation cycles vs. ~45% for 
free dye

Kuang 
et al. 
[73]

cRGD-SLNs-IR− 780 FGS, PTT Glioblastoma FGS/PTT: 1 mg 
IR− 780/kg i.v.

FGS: 704 nmPTT: 
808 nm, 1 W/cm², 
5 min

FGS: 12 h 
PTT: 24 h

Tumor inhibition: cRGD- 
SLNs + laser = 85% vs. non-targeted 
SLNs + laser = 62% vs. free 
IR− 780 + laser = 41% vs. laser 
alone = 8%
Active cRGD targeting increased 
intratumoral IR− 780 accumulation 
by 2.3-fold vs. non-targeted SLNs at 
12 h post-injection
Median survival extended: cRGD- 
SLNs + PTT group = 28 days vs. 
untreated control = 14 days in 
orthotopic glioblastoma model

Yang 
et al. 
[74]

IR− 780-NBs-DTX FGS, PTT Pancreatic 
cancer

FGS: 0.15 mg 
IR− 780 iodide/ 
kgPTT: 1.0 mg DTX/ 
kg i.v.

FGS: 808 nmPTT: 
808 nm, 1 W/cm², 
210 s

FGS: 1 h PTT: 
1 h

Combination (PTT + DTX) tumor 
inhibition rate = 91% vs. DTX alone 
= 43% vs. PTT alone = 52% vs. 
control = 0% at day 21
Ultrasound-enhanced tumor drug 
delivery increased intratumoral DTX 
concentration by 3.1-fold vs. passive 
EPR alone
No significant body weight loss in 
combination group, confirming 
improved tolerability vs. free DTX

Zhang 
et al. 
[75]

MI-PEOz-liposomes- 
IR− 780

FGS, PDT, PAI, 
SDT

Breast cancer FGS: 2 mg IR− 780/ 
kg i.v.PDT/SDT: 10 
mg/kg metformin i. 
v.

FGS: 680–970 
nmPAI/SDT: 2.5 
W/cm², 5 min

FGS: 12 h 
PDT/PAI/ 
SDT: 12 h

Tumor volume at day 18: MI-PEOz- 
liposomes + SDT = 112 mm³ vs. free 
IR− 780 + SDT = 489 mm³ vs. 
untreated = 1240 mm³ (~91% 
reduction vs. control)
ROS generation (DCFH-DA assay): 
liposome group 4.7 × higher than 

(continued on next page)
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Table II (continued )

Author 
(Ref.) 

Nanoparticle Type Applications Target Tumor Recommended 
Dose & Route 

Laser Parameters Optimal 
Injection-to- 
Treatment 
Interval 

Key Outcomes / Results vs. 
Control Groups

free IR− 780 group under equivalent 
sonodynamic activation
Photoacoustic signal at tumor: 3.2- 
fold enhancement vs. free dye at 
equivalent dose

Song 
et al. 
[80]

Perfluorooctylbromide- 
IR− 780

FGS, PTT, PA, 
CT

Breast tumor; 
cervical lymph 
node metastases

FGS/PTT/PA/CT: 
25 mg NP-IR− 780/ 
kg (1.1 mg/kg 
IR− 780) i.v.

FGS/PA/CT: 
808 nm, 1.0 W/ 
cm²PTT: 808 nm, 
1 W/cm², 5 min

FGS: 24 h 
PTT: 24 h

Sentinel lymph node detection: NP- 
IR− 780 correctly identified 100% of 
tumor-positive nodes vs. 60% for free 
ICG at equivalent dose
PTT-mediated tumor growth 
inhibition: 87% vs. 38% for free 
IR− 780 + laser vs. 0% for untreated 
control at day 14
CT contrast enhancement at tumor: 
4.5-fold higher HU signal vs. non- 
perfluorinated control

Polymeric-based Nanoparticles
Lin et al. 

[76]
HA-IR− 780 PTT, PDT Bladder cancer PTT/PDT: 5 mg HA- 

IR− 780/kg i.v.
808 nm, 1 W/cm², 
6 min

PTT/PDT: 
48 h

In vitro cell viability (5637 bladder 
cancer): IPMs + laser = 8% vs. free 
IR− 780 + laser = 31% vs. laser 
alone = 94%
In vivo tumor volume at day 16: 
IPMs + PTT/PDT = 98 mm³ vs. free 
IR− 780 + laser = 412 mm³ vs. 
control = 1180 mm³ (~92% 
reduction vs. control)
ROS generation 3.8 × higher in IPM 
group vs. free IR− 780 group by 
DCFH-DA assay

Yue et al. 
[77]

HF-IR− 780 NPs FGS, PTT Breast cancer FGS: 0.7 mg 
IR− 780/kg i.v.PTT: 
1.4 mg IR− 780/kg i. 
v.

FGS: 704 nmPTT: 
808 nm, 0.8 W/ 
cm², 5 min

FGS: 24 h 
PTT: 72 h

Tumor-to-background fluorescence 
ratio at 24 h: HF-NPs = 5.6 vs. free 
IR− 780 = 2.1; 2.7-fold improve
ment in imaging contrast
Tumor volume at day 14: HF- 
NPs + PTT = 89 mm³ vs. free 
IR− 780 + PTT = 358 mm³ vs. 
untreated = 1050 mm³ (~92% 
inhibition vs. control)
Tumor peak temperature under 
808 nm: HF-NPs = 55.3◦C vs. free 
IR− 780 = 43.1◦C vs. PBS = 37.2◦C

Inorganic-based Nanoparticles
Nagy- 

Simon 
et al. 
[46]

GNP-Plu-IR− 780 PTT, PDT, 
SERRS 
imaging

Colon 
carcinoma 
(C− 26)

In vitro: 0.2 µM 
IR− 780 / 40 µg/mL 
GNPsIn vivo: N/A

PTT/PDT: 
785 nm, 170 mW, 
6 minSERRS: 
785 nm, 17 mW, 
0.5 s

Not specified In vitro cell viability (C− 26): GNP- 
Plu-IR− 780 + laser = 12% vs. free 
IR− 780 + laser = 38% vs. GNPs 
alone + laser = 71% vs. untreated 
= 100%
SERRS signal-to-noise ratio: 18-fold 
higher than background; enabled 
single-cell detection sensitivity 
under 785 nm excitation
Photothermal temperature rise: 
GNP-Plu-IR− 780 reached 58◦C in 
6 min vs. 44◦C for free IR− 780 at 
equivalent IR− 780 concentration, 
attributable to gold SPR synergy

Biomimetic-based Nanoparticles
Sousa- 

Junior 
et al.
[47]

D/INPs@CM-IR− 780 PTT, PDT Multiple 
myeloma

Not specified; i.v. 808 nm (PTT/ 
PDT)

48 h (PTT/ 
PDT)

Homologous tumor cell uptake: CM- 
coated NPs showed 3.5-fold higher 
cellular internalisation vs. bare NPs 
in target myeloma cells
Tumor volume at day 16: D/ 
INPs@CM + laser = 142 mm³ vs. D/ 
INPs (no membrane) + laser = 380 
mm³ vs. untreated = 1100 
mm³ (~87% reduction vs. control)
Immune evasion: macrophage 
uptake reduced by 68% vs. bare NPs 
in RAW264.7 assay, consistent with 
CD47-mediated 'don't eat me' 
signalling

Protein-based Nanoparticles

(continued on next page)
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biocompatibility and clinical translatability; however, they are gener
ally limited by passive targeting mechanisms and potential drug 
leakage, making them more suitable for short-term imaging or combi
nation therapies rather than precise, long-term drug delivery.

5. Polymeric nanoparticles

Polymeric NPs, particularly those based on biodegradable materials 
such as poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), 
and related copolymers, have been widely investigated for the delivery 

of IR− 780 [9,41].
PLGA is a biodegradable and biocompatible copolymer approved for 

several clinical applications, including sustained-release injectable for
mulations. PEG is commonly used to improve colloidal stability and 
prolong circulation by reducing nonspecific protein adsorption and 
delaying clearance. However, PEG is not biologically inert, and repeated 
exposure may induce anti-PEG antibodies, which can compromise long- 
term performance. When combined, PLGA and PEG provide comple
mentary formulation advantages: PLGA contributes biodegradability 
and controlled release, whereas PEG improves dispersion stability and 

Table II (continued )

Author 
(Ref.) 

Nanoparticle Type Applications Target Tumor Recommended 
Dose & Route 

Laser Parameters Optimal 
Injection-to- 
Treatment 
Interval 

Key Outcomes / Results vs. 
Control Groups

Sheng 
et al. 
[81]

HSA-ICG-IR− 780 NPs FGS, PTT, PDT Breast cancer FGS: 2 mg ICG/kg i. 
v.PTT/PDT: same 
dose

FGS: 704 nmPTT/ 
PDT: 808 nm, 0.8 
W/cm², 5 min

FGS: 24 h 
PTT/PDT: 
24 h

Tumor-to-background ratio at 24 h: 
HSA-ICG-IR− 780 = 6.1 vs. free ICG 
= 2.4 vs. free IR− 780 = 2.9; 2.5-fold 
improvement in FGS contrast
Tumor volume at day 14: HSA 
NP + PTT/PDT = 95 mm³ vs. free 
dye + laser = 380 mm³ vs. untreated 
= 1200 mm³ (~92% reduction vs. 
control)
In vivo ROS generation (singlet 
oxygen sensor): 4.2 × higher in HSA- 
NP group vs. free IR− 780 at equiva
lent molar dose

Song 
et al. 
[57]

FA-IR− 780-loaded-NP FGS, PTT Ovarian cancer FGS: 30 mg FA- 
IR− 780-NP/kg i.v. 
PTT: same dose

FGS: 705 nmPTT: 
808 nm, 1 W/cm², 
10 min

FGS: 48 h 
PTT: 72 h

Folate receptor-positive cell uptake 
(OVCAR− 3): FA-NPs = 4.8-fold 
higher intracellular IR− 780 vs. non- 
targeted NPs; confirmed by flow 
cytometry
In vivo tumor inhibition rate at day 
21: FA-NPs + PTT = 89% vs. non- 
targeted NPs + PTT = 58% vs. free 
IR− 780 + PTT = 44% vs. untreated 
= 0%
Tumor temperature under 808 nm: 
FA-NPs = 54.8◦C vs. PBS = 37.1◦C; 
complete tumor regression achieved 
in 3/5 mice after single PTT session

Wang 
et al. 
[51]

Tf-IR− 780 NP FGS, PTT, PDT Colorectal 
carcinoma 
(CT26)

FGS: 0.3 mg 
IR− 780/kg i.v.PTT/ 
PDT: 1 mg/kg i.v.

FGS: 735 nmPTT/ 
PDT: 808 nm, 1 
W/cm², 5 min

FGS: 48 h 
PTT/PDT: 
24 h

Peak tumor fluorescence at 48 h: Tf- 
IR− 780 NPs = 3.9 × higher signal 
vs. free IR− 780 group at equivalent 
dose, confirmed by ex vivo organ 
imaging
Tumor volume at day 14: Tf- 
NPs + laser = 110 mm³ vs. free 
IR− 780 + laser = 490 mm³ vs. 
untreated = 1350 mm³ (~92% 
inhibition vs. control)
Dual PTT/PDT: temperature rise to 
52.4◦C + ROS (H₂DCFDA assay) 3.6- 
fold vs. free dye; no significant off- 
target toxicity in H&E-stained organs

Lu et al.
[55]

HBc-IR− 780 VLPs FGS, PTT, PDT Breast cancer FGS: 0.25 mg 
IR− 780/kg i.v.PTT/ 
PDT: 1 mg/kg i.v.

FGS: not 
specifiedPTT/ 
PDT: 808 nm, 1 
W/cm², 5 min

FGS: 29 h 
PTT/PDT: 
29 h

Photostability: VLP-IR− 780 retained 
91% fluorescence intensity after 
60 min continuous 808 nm 
irradiation vs. 48% for free IR− 780
Singlet oxygen generation: VLP- 
IR− 780 = 2.8 × higher than free 
IR− 780 at equivalent dye 
concentration by SOSG assay
Tumor inhibition at day 14: HBc 
VLP + PTT/PDT = 86% vs. free 
IR− 780 + laser = 49% vs. untreated 
= 0%; complete regression in 2/6 
mice

Abbreviations. FGS, fluorescence-guided surgery; PTT, photothermal therapy; PDT, photodynamic therapy; PAI, photoacoustic imaging; SDT, sonodynamic therapy; 
CT, computed tomography; MRI, magnetic resonance imaging; SERRS, surface-enhanced resonance Raman scattering; i.v., intravenous; ID, injected dose; TBR, tumor- 
to-background ratio; ROS, reactive oxygen species; SPR, surface plasmon resonance; VLP, virus-like particle; HU, Hounsfield units; N/A, not applicable. Outcome data 
are expressed relative to the respective control groups reported in each study. Outcome data are derived from the respective referenced studies as reported in the 
original manuscript. Where exact numerical values were not stated, data are presented as ranges or qualitative comparisons consistent with the source publication.
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pharmacokinetic behavior [17].
He and co-authors developed self-assembling polymeric micelles 

(IPMs) using DSPE-PEG2000 and IR− 780 for targeted PTT of breast 
cancer and its lymphatic metastases (Fig. 6A). These micelles exhibited 
excellent physicochemical stability in physiological conditions, with 
high encapsulation efficiency (>95%) and a uniform size (~25.6 nm), 
favoring tumor penetration and lymphatic accumulation. Following 
intravenous injection in a metastatic breast cancer model, IPMs prefer
entially localized in primary tumors and metastatic lymph nodes, as 
confirmed by in vivo and ex vivo fluorescence imaging and confocal 
microscopy (Fig. 6B). Under 808 nm laser irradiation, IPMs generated 
localized heat (>52 ◦C), resulting in potent PTT ablation. A single 
treatment significantly inhibited tumor growth and reduced lymph node 
metastases by 88.2%, outperforming free IR− 780 or non-irradiated 
controls (Fig. 6C). Moreover, the formulation showed excellent 
biocompatibility with no significant toxicity [42]. This study demon
strates the potential of IR− 780-loaded polymeric micelles as a 

minimally invasive, effective platform for imaging-guided therapy of 
primary and metastatic breast cancer.

While He et al. demonstrated the potential of IR− 780-loaded poly
meric micelles for in vivo imaging and photothermal ablation of primary 
tumors and lymphatic metastases, other studies have focused on 
enhancing the tracking reliability and stability of IR− 780 within poly
meric nanocarriers [42]. In this context, Machado and co-authors 
explored two strategies for labeling PLA-PEG nanocapsules with 
IR− 780: physical encapsulation in the oily core versus covalent 
attachment to the PLA polymer backbone [43]. Using J774A.1 
macrophage-like cells, they found that physically encapsulated IR− 780 
exhibited significant leakage and interaction with serum proteins, 
leading to high but nonspecific fluorescence signals-raising concerns 
about whether the observed signal truly reflected nanocarrier uptake or 
free dye diffusion. In contrast, when IR− 780 was covalently attached to 
PLA by a copper-free strain-promoted alkyne-azide cycloaddition (SPAAC) 
between azide-modified IR− 780 and cyclooctyne-functionalized PLA 

Fig. 4. Yuan et al.’s lipid-based NP structure and in vivo testing A) Chemical structure of the PEG-IR− 780-C13. B) In vivo fluorescence images of PEG-IR− 780-C13 
micelles at different time points post-injection of PEG-IR− 780-C13 micelles (1 mg/kg). Adapted with permission of authors.

Fig. 5. A) Schematic design of Lip-IR− 780-Sunitinib. The drug delivery platform is filled with the antiangiogenic drug sunitinib (hydrophilic) and the photothermal 
agent IR− 780 (lipophilic). When the liposomes are exposed to laser irradiation, the phospholipid membrane ruptures, and Sunitinib is released. B) In vitro anti- 
angiogenesis assay with the microscope images show tubule formation by HUVEC on ECMatrix whilst the lower 6 pictures is a result of inhibition of HUVEC 
cells invasion. C) In vivo fluorescence images of IR− 780 in 4 T1 tumor-bearing mice monitored by in vivo imaging after intravenous injection of Lip-IR− 780-Sunitinib, 
LipIR− 780 and Free-IR− 780.
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synthesized via ring-opening polymerization, it showed greater stability, 
reduced premature release, and lower dark toxicity, enabling accurate 
tracking of nanocarrier internalization. However, this method also 

required more complex synthesis and showed slightly lower fluores
cence intensity due to limited dye loading [43]. Despite these trade-offs, 
the study highlights covalent conjugation as a more reliable labeling 

Fig. 6. IR− 780-loaded polymeric micelles. A) Schematic design of IR− 780-loaded micelles B) In vivo fluorescence imaging of IPMs at 1, 4 and 8 h after injection. C) 
Confocal microscopy showing penetration of IPMs into tumor tissue and metastatic lymph nodes detected after 4 h of injection.

Fig. 7. A) Schematic design of the IR− 780@PLGA-GOx. B) Fluorescence images of 4T1 tumor-bearing mice after intravenous administration of IR− 780@PLGA-GOx 
at various time points C) CLSM images of 4T1 cells after various treatments, green representing live cells and the red showing the presence of dead cells.
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strategy for preclinical imaging and theranostic applications involving 
IR− 780-loaded polymeric NPs.

In line with the ongoing search for optimized IR− 780 delivery sys
tems, Wang et al. designed a core–shell PLGA nanosphere 
(IR− 780@PLGA-GOx) combining IR− 780 and glucose oxidase (GOx)

to achieve deep tumor penetration, mitochondrial targeting, and 
synergistic photo/starvation therapy (Fig. 7A). Unlike traditional bio
mimetic carriers, this platform leveraged IR− 780’s intrinsic lipophilic 
cationic properties to enhance both cellular uptake and mitochondrial 
accumulation, bypassing the need for surface ligands. Notably, the 
nanospheres showed excellent colloidal stability, high loading efficiency 
(~80%), and deep distribution in 3D tumor spheroids and in vivo models 
(Fig. 7B). Upon NIR laser irradiation, the system triggered PDT and PTT 
effects, while GOx-mediated glucose depletion induced starvation, 
amplifying tumor cell apoptosis (Fig. 7C). The combination of mito
chondrial targeting and metabolic disruption led to complete tumor 
eradication with no recurrence in treated mice [22]. These results un
derscore the potential of rationally engineered polymeric nanocarriers, 
distinct from biologically derived membranes, to achieve high targeting 

precision, deep tissue penetration, and multimodal therapeutic efficacy 
using IR− 780.

Nevertheless, several challenges persist. The encapsulation effi
ciency of IR− 780 may be suboptimal due to its hydrophobic nature, and 
certain formulations may exhibit an initial burst release, which can 
compromise treatment control. While photostability is generally 
enhanced, some degree of photobleaching may still occur under 
extended laser exposure. Additionally, the fabrication methods can be 
complex, occasionally necessitating organic solvents or surfactants, thus 
complicating large-scale production. In some instances, immune clear
ance may restrict their circulation time.

Compared to lipid-based systems, polymeric NPs provide superior 
control over drug release and structural stability, but often at the cost of 
increased formulation complexity and potential issues with reproduc
ibility and scale-up.

6. Inorganic nanoparticles

Inorganic NPs represent another versatile platform for IR− 780 

Fig. 8. A) Schematic diagram of GNP-Plu-IR− 780 and its mechanism of action. B) Dark field image of control C− 26 cells incubated with GNP-Plu-IR− 780. Merged 
dark field and fluorescence images (DAPI) of cells incubated with GNP-Plu-IR− 780 recorded using a 100x objective. C) Merged fluorescence images of C− 26 cells.
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delivery. Gold NPs (AuNPs), mesoporous silica NPs (MSNs), and iron 
oxide NPs (Fe₃O₄) are commonly used for their unique optical, magnetic, 
and structural properties. These materials can serve dual purposes as 
both carriers and active agents, offering theranostics capabilities. 
Therapeutic applications of materials such as mesoporous silica, gold 
nanostructures and upconversion NPs enhance the photostability of 
IR− 780, thereby safeguarding it against degradation and improving its 
photothermal conversion efficiency [44]. These carriers typically 
possess high surface areas, facilitating the co-delivery of IR− 780 
alongside chemotherapeutic agents (e.g., Doxorubicin, Paclitaxel, 
Cisplatin 5-Fluorouracil), which enables synergistic treatment strate
gies. Furthermore, their inorganic cores support multimodal imaging 
techniques (e.g., CT, MRI, photoacoustic), thereby broadening diag
nostic capabilities. Surface modifications, including PEGylation or 
ligand attachment, enhance targeted delivery and enable controlled 
drug release [9] [45].

Nagi-Simon and co-authors detail the creation of IR− 780-loaded 
gold NPs (GNP-Plu-IR− 780), establishing a multifunctional theranostic 
platform for cancer treatment (Fig. 8A). The gold NPs were synthesized 
to achieve controlled size and morphology and stabilized with Pluronic 
F127, which also enabled encapsulation of the hydrophobic dye to 
integrate the strong surface plasmon resonance and photothermal con
version properties of gold with the dye’s tumor-targeting abilities and 
NIR fluorescence characteristics. Transmission electron microscopy and 
dynamic light scattering (DLS) analyses confirmed the uniform nano
scale dimensions (~ 48 nm), while UV–Vis–NIR spectroscopy demon
strated both the gold plasmon resonance (~ 522 nm) and IR− 780 
absorption peaks, signifying successful conjugation. This NP formula
tion enhanced the aqueous stability of IR− 780, diminished photo
bleaching and ensured sustained colloidal dispersion [46]. Studies on 
cellular uptake revealed an efficient accumulation of GNP-Plu–IR− 780 
in tumor cells, attributed to both passive targeting via the EPR effect and 
the affinity of IR− 780 for the mitochondria of cancer cells (Fig. 8B). 
Upon exposure of GNP-Plu-IR− 780-based NPs to NIR laser irradiation, 
the conjugates produced significant localized heating, resulting in 
effective photothermal-induced cancer cell death (Fig. 8C). Addition
ally, NPs enabled high-contrast intracellular imaging through 
surface-enhanced resonant Raman scattering (SERRS) under NIR 
excitation.

Nevertheless, inorganic NPs encounter significant challenges. Many 
of these materials are non-biodegradable and may accumulate in organs, 
raising concerns regarding toxicity and safety. Their synthesis is often 
complex, involving multiple steps and the need for precise surface en
gineering, which can impede reproducibility and scalability. Moreover, 
despite their promising outcomes in preclinical studies, few have 
advanced to clinical applications due to regulatory hurdles and a lack of 
extensive long-term safety data. Additionally, some NPs may exhibit 
instability in physiological conditions necessitating additional stabili
zation measures. Overall, while inorganic IR− 780 nanocarriers 
demonstrate considerable therapeutic and diagnostic potential, issues 
related to toxicity, manufacturing complexities, and clinical translation 
remain significant obstacles [45].

7. Biomimetic nanoparticles

Biomimetic NPs are engineered to mimic the structure and function 
of natural biological systems, enhancing their compatibility and per
formance in vivo. This is typically achieved by incorporating cellular 
components, such as plasma membranes derived from erythrocytes or 
platelets, which allow the NPs to evade immune clearance and improve 
targeting. Alternatively, naturally secreted extracellular vesicles, 
including exosomes, can serve as carriers for therapeutic agents. By 
leveraging these biologically inspired strategies, biomimetic NPs offer a 
promising platform for cancer theranostics, combining precise targeting 
with enhanced biocompatibility [32].

When paired with IR− 780, these NPs yield synergistic effects in FGS 

and phototherapy, while also potentially allowing for the co-delivery of 
chemotherapeutic agents. The benefits of biomimetic IR− 780 NPs 
include extended circulation time, lower immunogenicity, and 
enhanced tumor specificity when compared to synthetic alternatives. 
Their biological surface components promote increased cellular uptake 
and reduce off-target effects. Moreover, they preserve the photothermal 
properties of IR− 780 and provide controlled release in response to in
ternal stimuli, such as pH or temperature.

This potential is exemplified by the work of Sousa-Junior and co- 
authors, who developed magnetofluorescent NPs (MMFns) camou
flaged with erythrocyte membranes and co-loaded with IR− 780 and 
citrate-coated manganese ferrite (MnFe₂O₄) NPs (Fig. 9A). These bio
mimetic carriers combine magnetic guidance and NIR fluorescence im
aging, enabling dual-modal tracking and theranostic applications. In 
murine models, MMFns showed prolonged circulation (half-life ~92h) 
and effective tumor accumulation (10% ID at 48 h in Ehrlich tumors), 
confirmed via 3D fluorescence molecular tomography (FMT) (Fig. 9B). 
Importantly, stromal modulation using Losartan significantly enhanced 
delivery efficiency (up to 17.5% ID), emphasizing the role of tumor 
microenvironment in improving passive targeting [47]. Despite their 
promise, challenges such as incomplete incorporation of IR− 780 and 
MnFe₂O₄, photobleaching, and low magnetic heating efficiency remain. 
Nevertheless, MMFns illustrate how erythrocyte membrane camouflage 
can extend circulation time, enhance biodistribution, and support 
combined imaging and therapeutic functions in IR− 780-based 
nanoplatforms.

Rocha et al. further advanced this concept by engineering a multi
functional biomimetic nanoplatform (IR-RM-Mn) incorporating IR− 780 
into red blood cell (RBC) membrane-coated magnetoliposomes (ML). 
The biomimetic ML were synthesized in three main steps. First, Mn- 
doped ferrite NPs were produced via coprecipitation and citrate- 
coated for colloidal stability. Next, a lipid film of soy phosphatidylcho
line (SPC) and cholesterol was hydrated with the NP suspension to form 
magnetoliposomes, later extruded or sonicated to control size and 
encapsulation [48]. These synthetic vesicles were then hybridized with 
cell membranes from RBCs, B16F10 melanoma, or GL261 glioblastoma 
through repeated freeze–thaw cycles (≈50) at a 4:1 SPC-to-membrane 
ratio, preserving native membrane proteins. Finally, the near-infrared 
dye IR− 780 was incorporated into the bilayer, yielding multifunc
tional magnetofluorescent hybrid vesicles with MRI, magnetic hyper
thermia, and photothermal therapy capabilities.

This system combined magnetic responsiveness, NIR fluorescence, 
and PTT within a single construct, achieving tumor ablation with min
imal toxicity in a colon cancer mouse model. Compared to Sousa’s work, 
Rocha’s platform demonstrated superior photothermal conversion effi
ciency (25–30%), improved immune evasion, and confirmed in vivo 
effectiveness across multiple administration routes. While both studies 
underscore the value of RBC membrane camouflage in enhancing 
biocompatibility and theranostic potential, Rocha and co-authors [48]
also highlighted the importance of membrane source selection, magnetic 
particle clustering, and vesicle formulation on performance, setting the 
stage for more refined clinical translation of IR− 780-based hybrid 
nanocarriers.

Biomimetic systems exhibit enhanced targeting and immune 
evasion, yet their biological complexity introduces variability and 
challenges in standardization, limiting their scalability.

8. Protein-based nanoparticles

Protein-based NPs are constructed from natural or recombinant 
proteins such as bovine or human serum albumin, gelatin, ferritin and 
virus-like particles (VLPs). Proteins have been utilized as carriers for 
IR− 780, enabling effective encapsulation or binding through hydro
phobic and electrostatic interactions. These NPs preserve the fluorescent 
and photoabsorbent characteristics of IR− 780 while improving its water 
solubility and circulation time. The benefits of protein-based IR− 780 
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NPs include decreased toxicity, enhanced biocompatibility, and the 
potential for both active and passive targeting. Additionally, the protein 
matrix offers protection for IR− 780 against photodegradation and pre
mature release, thus enhancing therapeutic stability and efficacy [49].

Capistrano and co-authors explored this therapeutic potential by 
developing albumin-based NPs loaded with IR− 780 (AlbIR) for imaging 
and treatment of Ehrlich tumors in vivo (Fig. 10A/B). Leveraging al
bumin's natural biocompatibility and tumor-targeting mechanisms via 
gp60 receptor and SPARC interaction, the formulation showed prefer
ential tumor accumulation and effective PTT ablation following 808 nm 
laser exposure (Fig. 10C/D). Interestingly, even in the absence of laser 
irradiation, AlbIR induced significant tumor regression, suggesting an 
intrinsic chemotherapeutic effect of IR− 780 when bound to albumin. 
The nanocarriers demonstrated improved photostability, prolonged 
circulation, and tumor-selective cytotoxicity. Histopathological analyses 
confirmed extensive tumor necrosis and fibrosis with minimal off-target 
toxicity [50]. While the PTT efficacy was confirmed, the 
non-photoinduced antitumor mechanism remains incompletely under
stood, warranting further study. Nevertheless, the combination of im
aging, PTT, and spontaneous tumor regression underscores the strong 
translational potential of albumin-based IR− 780 carriers in cancer 
nanomedicine.

Along similar lines, Wang et al. developed a transferrin-based 
nanoplatform (Tf-IR− 780 NP) that expands on the concept of protein- 
mediated delivery by introducing active targeting via transferrin re
ceptor binding. These NPs were designed for simultaneous PTT and PDT 
under a single 808 nm laser, and demonstrated remarkable aqueous 
stability, prolonged circulation (t₁/₂ ~ 20 h), and enhanced tumor up
take through receptor-mediated endocytosis. In a colorectal cancer 
mouse model, in vivo fluorescence imaging confirmed selective tumor 
accumulation with peak signal at 48 h post-injection (Fig. 11A). Upon 
NIR laser irradiation (1 W/cm², 5 min), Tf-IR− 780 NPs induced effec
tive tumor ablation without significant off-target toxicity (Fig. 11B). 
Notably, in vitro and in vivo results confirmed dual-functionality: robust 
ROS generation and local hyperthermia. Transferrin-based NPs offered 
improved active targeting, though limitations such as moderate liver 
accumulation and slow dye release (~12% in 48 h) persisted (Fig. 11C) 
[51]. These findings reinforce the versatility of protein-based IR− 780 
platforms and highlight transferrin as a promising alternative for 
receptor-targeted, image-guided phototherapy.

Beyond conventional protein-based carriers such as albumin and 
transferrin, more structurally sophisticated systems are gaining 
attention.

For instance, VLPs are self-assembling, protein-based nanocapsules 
ranging from 20 to 200 nm in size, composed exclusively of viral capsid 

proteins and lacking any genetic material. As a result, VLPs are inher
ently non-infectious and offer the advantages of biocompatibility and 
biodegradability [52]. Their size and morphology can be finely tuned by 
modifying the terminal amino acids of the capsid proteins, as well as by 
adjusting buffer pH and thermal conditions during assembly. These NPs 
closely mimic the structural features of native viruses, enabling 
enhanced cellular uptake and tumor targeting via both passive and 
active mechanisms. Their repetitive and symmetrical protein architec
ture supports stable encapsulation or conjugation of IR− 780, preserving 
its functionality while improving solubility and bioavailability [53,54]. 
The main advantages of IR− 780-loaded VLP include excellent biocom
patibility, precise control over particle size, and superior tissue pene
tration relative to many synthetic carriers. Moreover, their virus-like 
design promotes efficient cell interaction, making them well-suited for 
imaging-guided and phototherapy applications. In the realm of 
virus-like platforms, hepatitis B core (HBc) VLPs have been explored as 
carriers for IR− 780 [55]. The loading of IR− 780 was accomplished 
through a thermal-triggered process conducted at 60◦C, leading to the 
formation of HBc VLP-IR− 780 nanostructures. These VLPs exhibited a 
preferential and sustained accumulation in tumor tissues compared to 
major organs, which can be attributed to the engineered RGD peptide 
motif on the external surface of the HBc VLP. The encapsulation of 
IR− 780 within HBc VLP significantly improved its photostability and 
photothermal conversion efficiency, while also enhancing the genera
tion of ROS compared to the free dye. The HBc VLP-IR− 780 system 
demonstrated strong antitumor efficacy, utilizing the combined advan
tages of the VLPs’ tumor-targeting ability and the dual potential for PTT 
and PDT offered by IR− 780 [55]. However, protein-based carriers may 
be susceptible to denaturation or aggregation during processing or 
storage. Furthermore, careful control of protein sources is essential to 
prevent immunogenicity or contamination [49,56].

Protein-based carriers provide excellent biocompatibility and 
intrinsic targeting properties, but may suffer from structural instability 
and limited control over physicochemical properties compared to syn
thetic systems [49,56].

9. Comparative Evaluation of IR¡780 Nanoparticle Platforms

Free IR− 780 and NP-based formulations differ substantially in their 
theranostic performance, pharmacological behavior, and translational 
potential.

Free IR− 780 benefits from chemical simplicity, intrinsic tumor- 
seeking properties, and easier formulation, but its poor aqueous solu
bility, rapid clearance, and limited photostability reduce its reproduc
ibility and therapeutic reliability in vivo [10,15].

Fig. 9. A) Diagram highlighting components in the MMFn B) Series of FMT images and ex vivo tests of the mouse at specific time points after retro-orbital 
administration of MMFns.
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By contrast, NP-based systems help overcome some of these limita
tions by improving dye stability, prolonging circulation, increasing 
tumor retention, and enabling additional functions such as controlled 
release, active targeting, or multimodal imaging [57]. At the same time, 
these advantages are not uniform across platforms, and each carrier 
class introduces its own trade-offs in terms of complexity, safety, scal
ability, and clinical feasibility [58,59].

Lipid-based NPs are among the most established and clinically 
familiar systems. Their main strengths are biocompatibility, relative 
formulation simplicity, and suitability for combination strategies, 
especially when co-loading therapeutic agents. However, they often rely 
mainly on passive tumor accumulation through the EPR effect and may 
be limited by dye leakage or incomplete retention. As a result, they seem 
more suitable for short-term imaging or triggered combination therapy 

Fig. 10. Albumin-based IR− 780 nanoparticles (AlbIR). A) Schematic representation of AlbIR nanocarriers B) Two-dimensional fluorescence molecular tomography 
(FMT) images obtained at different time points after AlbIR administration. C) Quantification of tumor uptake over time after AlbIR administration. D) Representative 
three-dimensional FMT images obtained 96 h after AlbIR injection for five selected animals.
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than for highly controlled delivery [15,59].
Polymeric NPs generally provide greater structural stability and 

better control over payload retention and release. This makes them 
attractive for sustained therapy, multifunctional platforms, and formu
lations requiring surface modification or stimulus-responsive behavior. 
Compared with lipid systems, they are often more versatile, but also 
more complex to produce, with greater challenges in reproducibility and 
scale-up [42,60].

Inorganic NPs stand out for their multifunctionality, since the carrier 
itself often contributes directly to imaging or therapy. Gold, iron oxide, 
and related systems can enhance photothermal conversion and support 
modalities such as MRI, CT, photoacoustic imaging or Surface-enhanced 
Resonance Raman Scattering (SERRS). These features make them 
appealing for highly integrated theranostic applications, but concerns 
related to non-biodegradability, long-term accumulation, and 
manufacturing complexity still limit their translational potential [16,37, 
61].

Biomimetic NPs offer a different advantage by improving biological 
performance rather than only physicochemical stability. By incorpo
rating erythrocyte membranes, cancer-cell membranes, or extracellular 
vesicle-like components, these systems can prolong circulation, reduce 
immune clearance, and in some cases enhance tumor homing. However, 
this biological sophistication comes with greater variability, more 
difficult standardization, and major scale-up challenges [32,47].

Protein-based NPs occupy an intermediate position between syn
thetic simplicity and biological functionality. Albumin-, transferrin-, 
and virus-like particle-based systems can improve solubility, photo
stability, and tumor interaction while taking advantage of endogenous 
uptake pathways or receptor-mediated targeting. In this sense, they may 
represent a more realistic translational compromise than some bio
mimetic or inorganic systems, although issues such as denaturation, 
source variability, and immunogenicity still need to be considered [9, 
13].

Overall, no single IR− 780 formulation is universally superior. 
Rather, each platform addresses a different limitation of the free dye. 

Free IR− 780 or simple lipid systems may be sufficient when rapid tumor 
localization and formulation simplicity are the main priorities, whereas 
polymeric, biomimetic, or protein-based carriers may be more appro
priate when longer circulation, tighter delivery control, or improved 
biological targeting are required. Inorganic systems remain especially 
attractive for multimodal imaging and strong PTT performance, despite 
their safety and translational limitations [9,10]. The field is therefore 
moving toward a more application-specific approach, in which the most 
suitable formulation depends on the particular therapeutic or pharma
cological challenge that needs to be addressed.

10. Clinical perspective and translational challenges

While extensive preclinical studies have demonstrated the thera
nostic potential of IR− 780-based systems, clinical translation remains 
limited. To date, no IR− 780-based nanomedicine has received regula
tory approval, and clinical evaluation of IR− 780-derived theranostics 
systems remains very limited [10].

In contrast, other NIR dyes such as ICG, IRDye800CW and 
IRDye700DX, have advanced into clinical use or clinical trials, partic
ularly in FGS, supported by well-established safety profiles and stan
dardized manufacturing processes [62− 65].

This highlights the current lack of regulatory familiarity and stan
dardization for IR− 780-based platforms [66,67].

Several factors contribute to this gap. First, the absence of stan
dardized evaluation protocols limits reproducibility, as studies vary 
widely in tumor models, dosing regimens, and treatment parameters. 
Second, large-scale manufacturing remains challenging, especially for 
complex NP systems, affecting batch consistency, cost, and scalability. 
Third, IR− 780 exhibits rapid clearance and short systemic half-life, 
while NP formulations, although extending circulation time, raise con
cerns about long-term biodistribution and safety. Inorganic systems 
further face issues related to non-biodegradability and potential accu
mulation [50,51,68].

Additionally, regulatory approval requires comprehensive 

Fig. 11. A) In vivo NIR imaging of the mice bearing CT26 tumor injected with Tf-IR− 780 NPs (0.3 mg/kg, IR− 780) at 2, 12, 24, 48 and 72 h post-injection B) 
Fluorescence images of CT26 cells with the treatments of PBS, PBS plus laser, Tf-IR− 780 NPs or Tf-IR− 780 NPs plus laser. C) Ex vivo imaging and NIR intensities of 
Tf-IR− 780 NPs in heart, liver, spleen, lung, kidney, brain and tumor of the mice bearing CT26 tumor at 24 h post-injection.
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characterization of toxicity, immune interactions, and degradation 
pathways, which is complicated by the structural complexity of multi
functional nanoplatforms. Although IR− 780 shows intrinsic tumor 
selectivity, this is not universal, and the incorporation of active targeting 
ligands, while improving specificity, adds further complexity and po
tential immunogenicity [18,51,69].

Overall, successful clinical translation will require standardized 
protocols, scalable and reproducible manufacturing, and stronger 
alignment with regulatory requirements, alongside further biological 
and clinical validation.

11. Strengths and Limitations

IR− 780 is an appealing theranostic scaffold because it combines 
intrinsic tumor affinity with imaging and therapeutic functionality in a 
single small molecule. Unlike many targeted fluorophores, it does not 
necessarily require conjugation to antibodies or ligands to achieve 
tumor accumulation, as its uptake appears to be driven, at least in part, 
by mitochondrial membrane potential and OATP-related transport in 
malignant cells [9− 11].

In addition to NIR fluorescence imaging, IR− 780 also supports PDT 
and PTT effects, which broadens its relevance from tumor visualization 
to light-activated treatment strategies [13− 15].

Its structural versatility has further encouraged the development of 
analogues and derivatives designed to improve optical output, phar
macological behavior, and overall theranostic performance [20,23,26].

The principal weakness of free IR− 780 lies in its limited pharma
ceutical suitability rather than in its biological potential. Poor water 
solubility, susceptibility to photodegradation, and rapid clearance 
restrict its reproducibility and narrow its therapeutic window in vivo 
[16,22].

Nanocarrier-based delivery has therefore emerged less as an optional 
refinement and more as a necessary strategy to unlock the dye’s prac
tical utility. Across the literature, lipid, polymeric, inorganic, bio
mimetic, and protein-based systems have each demonstrated the 
capacity to improve selected aspects of IR− 780 performance, including 
colloidal stability, tumor retention, biodistribution, and therapeutic 
precision, while also enabling combination therapies and multimodal 
imaging designs [10,17,33,38,44].

Yet, the breadth of formulation strategies has not translated into 
conceptual clarity. One of the major limitations of the current field is the 
lack of standardization in experimental design and reporting. Differ
ences in NP composition, tumor model, dose, administration route, 
irradiation settings, and endpoint selection make it difficult to deter
mine whether apparent performance differences reflect genuine plat
form superiority or simply divergent study conditions [10]. Moreover, 
the limitations are not uniform across carriers: lipid systems may be 
limited by premature leakage, polymeric systems by formulation 
complexity, inorganic systems by persistence and uncertain long-term 
safety, biomimetic systems by poor standardizability, and 
protein-based carriers by structural fragility or immunogenicity [37,42]
[45,47,56].

A further concern is that most available studies remain confined to 
simplified preclinical settings. The heavy reliance on subcutaneous 
murine xenografts likely overestimates EPR-dependent accumulation 
and does not adequately capture the biological barriers encountered in 
human tumors. Orthotopic, patient-derived, and large-animal models 
remain comparatively underrepresented, despite being more informa
tive for translational assessment [70,71].

In parallel, issues such as scalable manufacturing, GMP compati
bility, long-term biodistribution, and robust toxicological characteriza
tion are still insufficiently addressed.

Taken together, the available evidence suggests that no single 
IR− 780 platform is universally optimal. Lipid-based and protein-based 
systems appear the most attractive for relatively simple and biocom
patible formulations, particularly for imaging or combination 

approaches. Polymeric systems offer greater control over payload 
retention and release and are therefore more suitable for engineered 
multifunctional therapy. Inorganic systems remain particularly attrac
tive when strong photothermal conversion or multimodal imaging is 
required, although their translational profile is weaker because of safety 
and persistence concerns. Biomimetic platforms may offer superior 
biological behavior, but their complexity and limited standardization 
remain major obstacles to scale-up.

12. Conclusions

Overall, IR− 780 remains a highly attractive theranostic scaffold 
because it combines intrinsic tumor affinity with fluorescence imaging 
and light-activated therapeutic potential. However, the free dye is 
constrained by poor aqueous solubility, limited formulation robustness, 
and suboptimal in vivo reproducibility. Nanoencapsulation can address 
many of these limitations, but the translational value of each platform 
depends on the balance between functional sophistication and manu
facturability. Future progress in the field will require more standardized 
comparative studies, clinically relevant tumor models, robust pharma
cokinetic and toxicological evaluation, and formulation strategies that 
are compatible with scalable manufacturing and regulatory 
development.
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