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a b s t r a c t

To promote the advantages of near-infrared-II (NIR-II) imaging, researchers have developed various types

of NIR-II imaging contrast agents, with conjugated dyes being one of the most important categories. How-

ever, hydrophobic dyes often rely on encapsulation with amphiphilic polymers for biological applications,

which lead to brightness quenching and instability in vivo. To address this, we proposed a covalent encap-

sulation strategy to transform the hydrophobic dye from organic solvent to aqueous solution. To achieve

this, we designed a chlorine-containing NIR-II cyanine dye (C7–1080), which covalently binds to human

serum albumin (HSA), forming a stable NIR-II fluorescent probe, HSA@C7–1080. The HSA@C7–1080 has

precise molecular weight and spatial structure, making dye monodispersing in the albumin pocket with

improved fluorescence and stability. This NIR-II fluorescent probe provides high-resolution NIR-II imaging

in various biological systems. Our strategy offers a promising alternative for the clinical translation of hy-

drophobic NIR-II dyes, improving their biocompatibility and imaging performance in fluorescence-guided

surgery.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the weak scattering of near-infrared II (NIR-II, >900nm)

fluorescence in various living tissues and the minimal autofluo-

rescence of these tissues [1–5], this region offers deeper imag-

ing depth and higher imaging resolution, making it significant for

applications in disease diagnosis and fluorescence-guided surgery

[6–9]. Starting with the first-generation NIR-II fluorophore, single-

walled carbon nanotubes [10], significant efforts have been made

to expand the library of NIR-II fluorophores by incorporating nano-

materials, such as rare earth nanoparticles and quantum dots [11–

15]. However, clinically relevant imaging exclusively adopts small

molecules. For this reason, organic small molecules, which benefit

from good biocompatibility and tunable structures, have increas-

ingly become a research focus in recent years [16–24]. The most

successful case in clinical applications to date is indocyanine green

(ICG) [6,7].
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Although promising in the clinical setting, with several clinical

trials underway for other cyanine dyes like IRDye800CW and

ZW800–1, a major challenge faced by organic dyes capable of

emitting NIR-II fluorescence is their typically large conjugated

backbones, which are generally hydrophobic [25–28]. This hy-

drophobicity complicates their delivery in vivo, blood circulation,

and accumulation in targeted sites. Classic strategies to address

this issue include hydrophilic modifications of the dyes or assem-

bling the dyes with amphiphilic polymers through non-covalent

interactions to form nanoparticles for delivery into living organ-

isms [29–35]. Nevertheless, this non-covalent dye encapsulation

strategy often lacks control, with structures that are difficult to

characterize clearly and relatively poor stability in vivo.

Serum proteins serve as carriers for transporting numerous

small molecules, such as fatty acids and exogenous drugs [36–39].

The encapsulation of organic small-molecule dyes by albumin reg-

ulates their hydrophobicity and enhances their in vivo stability and

fluorescence intensity, addressing the challenge of in vivo deliv-

ery. Inspired by this biological phenomenon, a class of chlorine-

containing cyanine dyes has been developed that can enter the

hydrophobic cavities of various proteins through supramolecular

https://doi.org/10.1016/j.cclet.2025.111351
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Scheme 1. HSA@C7–1080 NIR-II fluorescent probes constructed using a novel albumin covalent encapsulation strategy for high-precision in-vivo visualization of multiple

biological events.

interactions [40–42]. Under mild conditions, these dyes can un-

dergo nucleophilic substitution reactions with thiol groups within

the proteins, forming covalent bonds and resulting in biomimetic

fluorescent probes. This covalent, 1:1 dye-protein encapsulation

and delivery strategy offer a more defined structure, better mono-

dispersity, superior fluorescence enhancement, and higher stability

in vivo. However, this strategy relies on chlorine-containing cya-

nine dyes that can chemically react with proteins. Currently, widely

reported dyes such as IR-780 and IR-808 primarily achieve fluo-

rescence imaging in the NIR-II region through tail emission [43].

Unfortunately, this tail emission results in relatively low quantum

yield and poor photostability, significantly limiting the develop-

ment of this strategy. Although there are many commercially avail-

able or reported chlorine-containing cyanine dyes that can extend

their fluorescence emission peaks into the NIR-II region, these dyes

generally exhibit weak covalent binding capabilities with proteins

[17]. Consequently, the fluorescence enhancement effects under co-

valent encapsulation strategies are not significant.

In this study, we designed and synthesized a chlorine-

containing cyanine dye, C7–1080, which has both absorption and

emission peaks in the NIR-II region. Compared to existing chlorine-

containing cyanine dyes with emission peaks in the NIR-II range,

C7–1080 can covalently bind with human serum albumin (HSA),

forming a brighter and more stable biomimetic NIR-II fluores-

cent probe, HSA@C7–1080. Unlike nanoparticles formed through

the previously used encapsulation of amphiphilic polymers, this

biomimetic NIR-II fluorescent probe can achieve high-resolution

NIR-II imaging in various scenarios, including the lymphatic sys-

tem, vascular system, and nervous system (Scheme 1). Our work

provides an alternative strategy for converting hydrophobic NIR-II

dyes into hydrophilic ones, thereby enhancing their biocompatibil-

ity and holding potential for both fundamental research and clini-

cal applications.

To begin with, we synthesized a chlorine-containing cyanine

dye, C7–1080 (Figs. S1-S4 in Supporting information), which has

an absorption peak at 1046nm and an emission peak at 1089nm

in the NIR-II region (Fig. S6b in Supporting information), based on

the pioneering work of FD-1080 [17]. The alkyl chain length of C7–

1080 was a systematically optimized result for enhanced albumin-

binding efficiency and NIR-II brightness (Fig. S5 in Supporting in-

formation), building on our previous NIR-II fluorescent probes [44].

This type of chlorine-containing cyanine dye has been widely re-

ported to exhibit good covalent binding capacity with albumin

and improved photoluminescence and photostability [40]. For dyes

with suitable chemical structure and under normal physiological

conditions (37 °C), cyanine dyes can enter the hydrophobic cavities

of albumin through supramolecular assembly and undergo nucle-

ophilic substitution reactions with thiol groups to form covalent

links, but the required reaction time is relatively long, resulting in

low binding efficiency. Therefore, to find a more efficient method

for constructing HSA@C7–1080 probes, we screened the reaction

conditions and determined that an optimal incubation condition of

60 °C for 2h provided the best results (Figs. S7-S9 in Supporting

information).

Compared to C7–1080, which exists in aggregated form in

the aqueous solution (e.g., PBS), the C7–1080 in the HSA@C7–

1080 probes “mono-disperses” in the hydrophobic cavities of the

albumin in a 1:1 ratio. The chromophore C7–1080 is not only

well-dispersed but also exhibits a redshift in both absorption and

emission peaks (Figs. S6a and b in Supporting information). In

addition, the hydrophobic cavity reduces its interactions with sol-

vent molecules and suppresses the nonradiative transition process

(e.g., rotation and vibration), significantly enhancing its fluores-

cence intensity and photostability (Figs. S6c and d in Supporting

information). To demonstrate that C7–1080 is more suitable for

constructing biomimetic NIR-II fluorescent probes, we conducted

a comparative screening of C7–1080 with three commonly used

commercial cyanine-type NIR-II dyes and two previously reported

NIR-II dyes known for their ability to bind with albumin (Fig. 1a).

Under the same incubation conditions, C7–1080 exhibited the

highest fluorescence intensity upon binding with the protein,

showing an enhancement of up to 59.28 times compared to the

commercial dye IR-1061, and a 2.41-fold increase relative to the

widely reported FD-1080 dye (Figs. 1b-d).

To ensure that the HSA@C7–1080 probes can better meet the

high-concentration requirements for subsequent in vivo imaging,

we adopted a low synthesis concentration followed by ultrafiltra-

tion concentration. Specifically, we conducted a 1:1 reaction incu-

bation of the dye and albumin at a low concentration of 10μmol/L

to promote sufficient binding between the dye and protein. This
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Fig. 1. Binding behavior of various NIR-II dyes with proteins. (a) Chemical structure formulas of the previously reported NIR-II dyes (IR-1048, IR-1061, IR-26, Et-1080, and

FD-1080) and the newly designed dye C7–1080. (b) Fluorescence intensity of NIR-II dyes in different solutions, including DMSO, PBS, and HSA solution. (c, d) Fluorescence

enhancement effect of different HSA@NIR-II dye complexes. (e) Theoretical simulation of HSA binding to different NIR-II dyes by gliding docking mode. (f, g) Comparison of

docking score and binding energy between HSA and different NIR-II dyes. (h) Gel electrophoresis analysis of different HSA@NIR-II dye complexes.
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solution was then subjected to ultrafiltration concentration to ob-

tain a higher concentration fluorescent probe solution for in vivo

injection (Fig. S9g in Supporting information). When the incuba-

tion concentration was increased to 20μmol/L, a noticeable non-

linear brightness relative to concentration was observed in the

NIR-II probe solution. This may be attributed to a decrease in the

binding efficiency between the dye and protein at higher reaction

concentrations, leading to aggregation of dye molecules that did

not fully bind with albumin. This aggregation resulted in quench-

ing and non-linear changes in fluorescence intensity (Figs. S9b-d in

Supporting information).

The advantage of our covalent encapsulation strategy is that

the structure of the prepared NIR-II fluorescent probes has precise

molecular weight and spatial configuration, allowing for further in-

vestigation and optimization of its pharmacokinetics and potential

toxicity, which is crucial for future clinical translation. To further

understand this enhancement from a theoretical perspective, we

performed docking simulations to analyze the binding interactions

between different dyes and HSA (Fig. 1e and Fig. S10a in Support-

ing information). From the docking score and binding energy met-

rics (Figs. 1f and g, Figs. S10b and c in Supporting information),

it is evident that C7–1080 can achieve more efficient binding with

HSA, correlating with its highest brightness. Subsequently, we an-

alyzed different HSA@Dyes probes using SDS-PAGE electrophoresis

(Fig. 1h). The results showed that at the corresponding molecular

weight position of albumin, C7–1080 exhibited a protein band with

brightness significantly higher than that of the other dyes, with al-

most no free dye band present. This further confirms the efficient

covalent binding between C7–1080 and albumin.

After confirming the strong binding ability of C7–1080 with

HSA, we conducted a detailed analysis of the binding domains be-

tween HSA and C7–1080. Albumin is a versatile protein known

for its ability to bind a wide range of small molecules, playing an

important role in maintaining osmotic pressure and transporting

various endogenous/exogenous substances. Albumin has multiple

binding sites that can interact with diverse small molecules, in-

cluding fatty acids, drugs, and dyes [36–39]. HSA can be divided

into three distinct domains: domain I (DI), domain II (DII), and

domain III (DIII). We incubated recombinant DI, DII, and DIII pro-

teins with C7–1080 to investigate where the covalent binding oc-

curs (Fig. 2a). The domain binding results showed that the fluo-

rescence enhancement effect after incubation with DI and DII was

very weak, while the enhancement effect after incubation with

DIII was close to that of HSA (Fig. 2b). Theoretical simulations us-

ing gliding docking mode indicated that DIII had docking scores

and binding energies closer to those of HSA, suggesting that the

binding of C7–1080 is likely to occur in DIII (Figs. 2c-e). Subse-

quent SDS-PAGE analysis further confirmed these findings (Fig. 2f).

DI@C7–1080 and DII@C7–1080 showed only free dye bands in the

SDS-PAGE analysis. Conversely, DIII@C7–1080 resulted in a protein

band with brightness similar to that of HSA@C7–1080, indicating

that the covalent binding of C7–1080 with HSA primarily occurs in

DIII rather than DI or DII.

High-resolution mass spectrometry (HRMS) can precisely de-

tect and quantify whether the target small molecules covalently

graft to protein, which can provide detailed structural information

and determine complex mixtures from a stoichiometric perspec-

tive. We thus performed HRMS to analyze the binding efficiency of

C7–1080 with the different domains (Figs. 2g-i and Fig. S12 in Sup-

porting information). DI and DII exhibited negligible binding ratios

of 2.08% and 7.63%, respectively, while DIII showed a significant

binding ratio of 86.30%. Therefore, we conclude that the covalent

binding site of C7–1080 with HSA is located in DIII.

Traditionally, hydrophobic dyes are encapsulated with am-

phiphilic surfactants or polymers, such as DSPE-PEG, which signif-

icantly improve dye solubility in aqueous environments [32,33]. In

this case, a micelle-like structure is formed, with the hydropho-

bic dye is sequestered in the core, while the hydrophilic chains

extend outward. This encapsulation enhances the biocompatibil-

ity and circulation time of the dyes, providing a wide range of

biomedical applications such as imaging and drug delivery. We

therefore compared two different encapsulation strategies on C7–

1080: our protein covalent encapsulation strategy and the classi-

cal encapsulation of the dye in amphiphilic surfactants or poly-

mers to form nanoparticles (Fig. 3a). First, in terms of solution

brightness, the HSA@C7–1080 probes exhibited significantly higher

brightness than nanoparticles composed of surfactants and C7–

1080 (Figs. 3b and c), under the same incubation condition (60 °C
for 2h). To evaluate the universality of the covalent encapsula-

tion strategy, we conducted a comparative experiment using sev-

eral NIR-II dyes mentioned earlier. Results indicated that the co-

valent encapsulation strategy demonstrated significantly superior

NIR-II luminescent performance compared to non-covalent strate-

gies in dyes with obvious covalent binding capabilities, such as Et-

1080, FD-1080 and C7–1080. Besides, for dyes lacking strong co-

valent binding capabilities, albumin could also effectively encap-

sulate the dyes within the protein cavity through supramolecu-

lar interactions, providing luminescent performance comparable to

those achieved with amphiphilic polymers like DSPE-PEG (Fig. S11

in Supporting information).

As we known, the biosafety and biocompatibility are also im-

portant indicators for evaluating whether an encapsulation strat-

egy is suitable for biomedical applications. In cytotoxicity as-

says (Fig. 3d and Fig. S13 in Supporting information), among the

three complexes with the highest brightness: HSA@C7–1080, DSPE-

PEG@C7–1080, and CTAB@C7–1080, the CTAB@C7–1080 solution

showed extremely high cytotoxicity, indicating its unsuitability for

in vivo applications. In contrast, HSA@C7–1080 demonstrated su-

perior biocompatibility. Besides, we also analyzed the microscopic

morphologies of DSPE-PEG@C7–1080 and HSA@C7–1080 using dy-

namic light scattering (DLS) and transmission electron microscopy

(TEM) (Figs. 3e-g). Results showed that both HSA@C7–1080 and

DSPE-PEG@C7–1080 formed nanoparticles; however, the HSA@C7–

1080 nanoparticle exhibited a lower polydispersity index (PDI) and

smaller particle size compared to DSPE-PEG@C7–1080 nanoparti-

cle. Therefore, the covalent encapsulation strategy by dye-protein

binding was more controllable than the non-covalent encapsula-

tion by polymer methods. Collectively, the covalent encapsulation

approach offers superior luminescent properties and better bio-

compatibility, making it promising for in vivo applications.

To validate the effectiveness of our covalent encapsulation strat-

egy in vivo, we compared the pure C7–1080 dye, DSPE-PEG@C7–

1080 nanoparticle, and HSA@C7–1080 NIR-II fluorescent probe

across different in vivo imaging models. First, to verify whether

HSA@C7–1080 could effectively detect the lymphatic system in

vivo, we injected three probes via the footpad and gently pressed

the mouse footpad for 1min to promote probe migration within

the lymphatic system. Results showed that the HSA@C7–1080 was

superior to C7–1080 and DSPE-PEG@C7–1080 in tracing lymph

nodes and delineating lymphatic vessels (Fig. 4a). Notably, using

the HSA@C7–1080, we successfully achieved precise lymph node

dissection under NIR-II fluorescence guidance (Fig. 4b).

High-resolution vascular imaging is crucial for accurately as-

sessing the success and integrity of postoperative vascular recon-

struction [45,46]. It enables detailed visualization of blood ves-

sels, allowing clinicians to detect any anomalies, such as block-

ages, leaks, or improper healing, which are critical for ensuring

the long-term efficacy of the surgical procedure and for planning

follow-up treatments. Our previous protein-escaping dye had the

limitation of a very short imaging window for this purpose [45].

We thus compared the vascular imaging capabilities of the three

different probes in healthy mice following tail vein injection. It
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Fig. 2. Specific binding behavior between HSA and C7–1080. (a) Schematic of covalent binding between HSA and C7–1080. (b) NIR-II brightness after binding C7–1080 with

HSA, DI, DII, and DIII. (c) Theoretical simulation of C7–1080 binding to HSA, DI, DII, DIII by gliding docking mode. (d, e) Comparison of docking score and binding energy

between C7–1080 and HSA, DI, DII, DIII. (f) Gel electrophoresis analysis of the binding ability between C7–1080 and HSA, DI, DII, DIII. (g-i) High resolution mass spectrometry

of the DI@C7–1080, DII@C7–1080 and DIII@C7–1080.

was evident that the vessels of mice injected with C7–1080 and

DSPE-PEG@C7–1080 appeared significantly darker than those in-

jected with HSA@C7–1080, making it difficult to visualize and dis-

tinguish the vessels. The vascular signal from HSA@C7–1080 was

much higher than the background, allowing for clear differentia-

tion. Moreover, HSA@C7–1080 also demonstrated excellent perfor-

mance in brain and thigh vascular imaging. As the imaging win-

dow gradually red-shifted, the imaging quality improved, particu-

larly in the wavelength ranges above 1400nm and 1500nm, where

the background signal nearly disappeared (Fig. S14 in Supporting

information). Consequently, we utilized HSA@C7–1080 to achieve

high-resolution and high-contrast visualization of small vessels on

the flap during the orthotopic flap transplantation. It could assist

surgeons in avoiding damage to healthy vessels during the proce-

dure (Fig. 4e and Fig. S15a in Supporting information) and help

assess the vascular reconstruction effects after the flap transplan-

tation in mice (Fig. 4f and Fig. S15b in Supporting information).

Besides, the neuro-fluorescence imaging aids surgeons in accu-

rately locating nerve structures to prevent accidental damage to

critical nerves, as well as better evaluating the extent and sever-

ity of nerve injury [47–49]. When assessing the neuroimaging

performance of three probes (C7–1080, DSPE-PEG@C7–1080 and

HSA@C7–1080) against the mouse sciatic nerve, the HSA@C7–1080

again exhibited superior imaging results (Figs. 4g and h, Fig. S16a

in Supporting information). Meanwhile, we also attempted to eval-

uate the damage to the sciatic nerve using HSA@C7–1080 (Fig. 4j

and Fig. S16b in Supporting information), in which we observed

a significant reduction in the fluorescence signals near specific

points on the injured nerve (Fig. 4i), indicating the potential site

of nerve injury. Additionally, the pathological section results also

effectively confirmed the presence of nerve damage (Fig. S16c in

Supporting information).

In summary, this study developed a NIR-II cyanine dye

molecule, C7–1080, that could efficiently bind to albumin. Us-

5
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Fig. 3. Comparison of two different encapsulation strategies for C7–1080. (a) Schematic illustration of different encapsulation strategies for C7–1080: Non-covalent encapsu-

lation (left) and covalent encapsulation (right). (b) NIR-II brightness comparison of HSA@C7–1080 and C7–1080 in different surfactant containing solution (the concentration

ratio of surfactant to C7–1080 is 50:1). (c) Fluorescence retention comparison of C7–1080 in different surfactant solutions with that in DMSO. (d) Live-dead cell staining for

CTAB@C7–1080, DSPE-PEG@C7–1080, and HSA@C7–1080 complexes. (e, f) Dynamic light scattering (DLS) analysis of DSPE-PEG@C7–1080 and HSA@C7–1080. (g) Transmission

electron microscopy (TEM) images of DSPE-PEG@C7–1080 and HSA@C7–1080.
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Fig. 4. In vivo imaging behavior of C7–1080, DSPE-PEG@C7–1080, and HSA@C7–1080. (a) NIR-II fluorescence imaging of lymph nodes at different time points after dye in-

jection (Exposure time: 10ms; Dosage: 25μL (200μmol/L)). (b) NIR-II fluorescence guided lymph node surgical excision using the HSA@C7–1080. (c) NIR-II imaging of dorsal

blood vessels after intravenous injections of different dyes including C7–1080, DSPE-PEG@C7–1080, and HSA@C7–1080 (Exposure time: 80ms; Dosage: 200μL (600μmol/L)).

(d) Fluorescent cross-sectional intensity profile of vessels along the white dashed lines in Fig. 4c. (e) Schematic diagram of vascular imaging for monitoring flap transplan-

tation and NIR-II fluorescence imaging of flap after intravenous injection of HSA@C7–1080 (Dosage: 200μL (600μmol/L)). (f) Schematic diagram of monitoring the vascular

reconstruction of the mouse flap model with HSA@C7–1080 and NIR-II fluorescence imaging of reconstructed flap vessels after intravenous injection of HSA@C7–1080

(Dosage: 200μL (600μmol/L)). (g) NIR-II fluorescence imaging of the mouse sciatic nerve (Exposure time: 20ms; Dosage: 3 μL (600μmol/L)). (h) Fluorescent cross-sectional

intensity profile of nerves along the white dashed lines in Fig. 4g. (i) Assessment of nerve damage with HSA@C7–1080. (j) Fluorescent intensity profile along the nerves in

Fig. 4i. For all fluorescent imaging, Laser excitation: 1064nm with 65mW/cm2; Filter: 1200nm long-pass filters.
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ing the brand-new synthetic C7–1080, we optimized the protein

covalent encapsulation strategy and successfully constructed the

HSA@C7–1080 NIR-II fluorescent probe. Compared to the existing

NIR-II cyanine dyes, C7–1080 exhibited a greater propensity for

covalent binding with albumin, resulting in the enhanced NIR-

II fluorescence and photostability of HSA@C7–1080. Notably, in

contrast to traditional delivery strategies that relied on the non-

covalent assembly of amphiphilic polymers and organic small-

molecule dyes, our approach enabled precise 1:1 controlled bind-

ing between dyes and proteins. The protein covalent encapsulation

strategy effectively addressed the aggregation-induced quenching

(ACQ) frequently observed in non-covalent assemblies, significantly

improving the fluorescence efficiency of probes. Meanwhile, the

HSA@C7–1080 also successfully achieved high resolution and con-

trast in vivo visualization of blood vessels, lymph, and nervous sys-

tem. Collectively, the aforementioned strategy of optimizing small-

molecule dye structures to modulate their binding behavior with

proteins was expected to enrich the existing NIR-II fluorophore

repertoire. With the recent advancements in fluorescence-guided

surgery (FGS) in clinical settings [6–8], these high-performance flu-

orescent imaging agents would greatly improve the efficacy of FGS,

providing deeper tissue penetration, higher spatial-temporal reso-

lution, and more stable optical imaging outcomes. However, further

preclinical evaluations and clinical trials would also be necessary

for successful clinical translation.
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