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Abstract 

Synthetic near-infrared-II (NIR-II) dyes are promising for deep tissue imaging, yet they are generally 
difficult to target a given biomolecule with high specificity. Furthermore, the interaction mechanism 
between albumin and cyanine molecules, which is usually regarded as uncertain "complexes" such as 
crosslinked nanoparticles, remains poorly understood. 
Methods: Here, we propose a new class of NIR-II fluorogenic dyes capable of site-specific albumin 
tagging for in situ albumin seeking/targeting or constructing high-performance cyanine@albumin probes. 
We further investigate the interaction mechanism between NIR-II fluorogenic dyes and albumin. 
Results: We identify CO-1080 as an optimal dye structure that produces a stable/bright NIR-II 
cyanine@albumin probe. CO-1080 exhibits maximum supramolecular binding affinity to albumin while 
catalyzing their covalent attachment. The probe shows exact binding sites located on Cys476 and Cys101, 
as identified by proteomic analysis and docking modeling.  
Conclusion: Our cyanine@albumin probe substantially improves the pharmacokinetics of its free dye 
counterpart, enabling high-performance NIR-II angiography and lymphography. Importantly, the 
site-specific labeling tags between NIR-II fluorogenic dyes and albumin occur under mild conditions, 
offering a specific and straightforward synthesis strategy for NIR-II fluorophores in the fields of targeting 
bioimaging and imaging-guided surgery. 

Keywords: NIR-II cyanine dye, cyanine@albumin, covalent binding site, site-specific labeling, NIR-II lymphography 

Introduction 
Near-infrared-II (NIR-II, 900‒2000 nm) fluores-

cence imaging is a promising imaging modality for 
deep tissue visualization [1-16]. Small molecular dyes 
with either NIR-II peak emission or off-peak emission 
have been extensively developed for NIR-II imaging. 
Currently, to create targeted contrast agents, NIR-I/II 
probes rely on the covalent attachment of NIR-II dyes 
(bearing bioconjugatable moieties) to a protein of 
interest with a reactive group (e.g., primary amino). 
One successful case of a NIR-targeted contrast agent 

for clinical use is IRDye800CW-labeled antibodies, 
such as cetuximab/panitumumab@IRDye800CW, 
which were designed to target the epidermal growth 
factor receptor (EGFR) [17-19]. The NIR-dye-labeled 
antibodies have facilitated either therapeutic or 
detection applications in the clinic, including 
tumor-margin detection, identification of tumor- 
positive lymph nodes (LNs), and imaging-guided 
surgery [20-24]. However, the labeling process using 
IRDye800CW-NHS-ester results in random 
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conjugation with primary amino on the antibody. 
Given that the number and position of fluorescent 
labels dramatically affect the targeting ability of 
antibodies [5, 25-28], it is critical to develop 
site-specific labeling strategies to achieve an ideal 
NIR-targeted agent with maximizing the targeting 
efficiency and brightness. 

To achieve effective site-specific labeling of NIR 
dyes on proteins, it is necessary introducing highly 
reactive groups (such as maleimide) on the dye 
scaffolds [6, 29, 30]. Further adopting cysteine 
residues on the selected position of proteins would 
facilitate the accurately-scheduled nucleophilic 
substitution under the physiological conditions. 
However, this strategy is laborious and costly. In 
addition, the designed reaction sites are generally 
located on the surface of the applied protein, so the 
tethered dye is exposed in the aqueous solution, 
leading to considerable issues of photostability and 
vibration/rotation non-radiative transition process. 
Since 2010, Chung [31], Shi [32, 33], and other groups 
reported that cyanine dyes with a central 
4-chlorocyclohexly ring could accumulate and persist 
in solid tumors. Consequently, Prof. Burgess [34-38] 
and Prof. Goncalves [39] proposed that these dyes 
with meso-Cl could directly label cysteine residues of 
albumin under mild conditions (e.g., 37oC in PBS 
buffer) [34, 35, 39]. They attributed the tumor-seeking 
properties of these dyes to albumin-mediated 
processes.  

Our recent research has investigated the precise 
binding site between Cl-containing dyes and albumin 
(HSA) using liquid chromatography high-resolution 
mass spectrometry (LC-HRMS) and shotgun 
proteomics techniques [40]. Our findings suggest that 
Cl-containing dyes (e.g., IR-780, IR-808, IR-783) can 
bind to albumin through supramolecular interactions, 
followed by covalently binding through the 
nucleophilic substitution reaction at Cys476 residue 
on Domain III (DIII). The efficient confinement effect 
of Cl-containing dyes in the hydrophobic pocket of 
albumin would substantially improve the 
photostability and radiative transition process of 
embedded dyes. The binding efficiency between 
Cl-containing dyes and albumin varies with dye 
structures. Current researches on this topic 
exclusively focus on NIR-I dye structures with 
emission at around 800 nm. Since the pioneering work 
of Dai, Zhang, and Cheng in 2017/2018 [41, 42], the 
development of NIR-II dye@protein complex with 
enhanced brightness has been continuously exploited 
[40, 43-52]. Despite the promising results, the detailed 
binding mechanism was rarely confirmed.  

Chemogenetic/fluorogenic systems have been 
developed that use synthetic labels to target 

genetically encoded tags [53, 54]. While promising, 
these systems have not yet been expanded to NIR-II 
dyes with peak emissions over 1000 nm. Herein, we 
synthesized a set of fluorogenic NIR-II dyes (1080 
dyes: Et-1080, St-1080, FD-1080-Cl, and CO-1080) and 
investigated the binding mechanism (site) between 
NIR-II fluorogenic dyes and albumin [42, 55-57]. We 
confirmed that CO-1080 displayed the strongest 
binding ability with albumin, coupled with the 
highest brightness enhancement compared to other 
FD-1080 analogues. We successfully identify the two 
exact binding sites (Cys476 and Cys101) for cyanine 
dyes. One site was located on domain IIIa (DIIIa) with 
efficient spatial restriction, thus significantly 
enhancing the brightness of 1080 dyes. While the 
other was located on domain Ia (DIa) with insufficient 
supramolecular restriction. Rational engineering the 
dye structure and tagging with a conformation- 
favorable protein pocket can combine to maximize the 
stability and brightness of CO-1080@albumin. The 
site-specific albumin tagged with fluorogenic dye is 
promising for in vitro constructing high-performance 
and super-stable dye@albumin probes as well as 
in-situ albumin targeting. 

Results and Discussion 
Synthesis and characterization of fluorogenic 
1080 dyes 

NIR-II dye with exceptional photostability and 
long absorption/emission wavelength is essential for 
long-term visualization of biological events [42]. 
Building on previous publications in terms of FD-1080 
and chemical structure features of NIR-I cyanine dyes 
(IR-780, IR-808, and IR-783) with the optimal 
albumin-binding ability [36, 37, 39, 40, 43, 44, 55, 56], 
we designed fluorogenic FD-1080 analogues to 
achieve site-specific albumin tagging and investigate 
the binding mechanism of NIR-II dyes and albumin. 
Compared to the pioneering work of FD-1080, we 
developed an alternate strategy to synthesize FD-1080 
analogues including alkylation and deprotection, 
followed by the Knoevenagel reaction (Figure 1A and 
Figure S1-6) [58, 59]. Tuning a pair of naphthalene 
structural isomers (alkyl, carboxylic acid, or sulphonic 
terminal groups on indole rings) resulted in FD-1080 
analogues (Et-1080, St-1080, CO-1080, and 
FD-1080-Cl) with maximal excitation and emission 
wavelengths in the NIR-II region (> 1000 nm), 
respectively (Figure 1B). 

The photophysical properties such as 
absorbance, fluorescence spectra, brightness, the 
relative molar extinction coefficients, and NIR-II 
quantum yields of the 1080 dyes were investigated in 
detail. We characterized the photophysical properties 
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of four dyes in DMSO, finding that they have 
absorption/emission in NIR-II regions (Figure 1C and 
Figure S7). Plotting the NIR-II brightness of dyes in 
DMSO revealed that CO-1080 exhibited a significant 
fluorescence enhancement compared to other 
analogues (Figure S8A). While all four 1080 
compounds show similar optical properties, CO-1080 
displayed slight bathochromic shifts with λmax em = 
1077 nm, affording a larger Stokes shift compared 
with Et-1080, St-1080, and FD-1080-Cl. Notably, 
CO-1080 exhibited a larger molar extinction 
coefficient and higher quantum yield compared with 
other FD-1080 analogues (Figure 1D, Table S1, and 
Figure S9). 

To better understand the luminescence behavior 
of FD-1080 analogues, we calculated the HOMO and 
LUMO, as well as the restrained electrostatic potential 
(RESP) charges of each molecule, which are very 
important for subsequent molecular dynamics simu-
lations. Conformational searching was performed on 
the flexible structure of these molecules to identify 
their lowest energy structures. Specifically, they were 
subjected to high-temperature dynamics sampling 
followed by progressively refining more accurate 
computational methods, thus obtaining the final 
lowest energy conformer (see Experimental Methods 
section, Figure 1E). To further verify the optimality of 
these structures, we performed a weak interaction 
analysis using the reduced density gradient (RDG) 
method on the optimal conformation. As shown in 
Figure 1E, we observed that Et-1080 and St-1080 
molecules orient their two alkyl chains in opposite 
directions to reduce steric hindrance, while 
FD-1080-Cl molecules with two sulfonic acid- 
containing side chains tend to aggregate towards the 
center to form more robust hydrogen binding 
interactions. In contrast, CO-1080 molecules with two 
carboxyl-containing side chains are oriented away 
from each other, attributed to the longer side chains 
hindering their ability to form hydrogen bonds with 
the hydrogen atoms on the cyclohexenyl. By orienting 
the two side chains in opposite directions, as shown in 
Figure 1E, strong hydrogen bonds are facilitated 
while reducing electrostatic repulsion interactions. 
Based on these optimal structures, we calculated the 
HOMO and LUMO for each molecule (Figure 1F) [60, 
61], with CO-1080 having the smallest bandgap of 1.16 
eV, consistent with its near-infrared fluorescence. 
Although the series of NIR-II cyanine fluorophores 
showed bright and sharp NIR-II emission in DMSO, 
their brightness and emission spectra suffered from 
attenuation and broadening in an aqueous solution 
(Figure S8b, S9). Therefore, maintaining superior 
NIR-II brightness and favorable anti-quenching 
capability in aqueous solution remains a significant 

challenge so far. 

Fluorogenic NIR-II dyes constructed 
1080@bovine serum albumin (BSA) probe by 
in vitro albumin tagging 

We have revealed that the hydrophobic pocket 
of albumin can effectively embed NIR-I cyanine dyes 
through covalent binding, preventing nonradiative 
transition caused by internal rotation/vibration of 
dye [40, 46]. Such site-specific binding of NIR dyes on 
protein not only substantially improves the brightness 
of NIR dyes in physiological conditions, but also 
provides an accurately-scheduled dye-labeling 
strategy. To expand this fluorogenic strategy to NIR-II 
dyes, we conducted a systematic investigation of the 
binding mechanism between the synthesized 1080 
dyes (with commercial IR-1048 as a control dye) and 
albumin (Figure 2A). Our goal was to determine the 
optimal reaction conditions for 1080@BSA probes 
using NIR-II brightness and electrophoresis analysis 
(see Supplementary Material for detailed protocols). 
Results revealed that the optimal reaction conditions 
include a reaction temperature of 50oC for 
CO-1080@BSA and 60oC for other 1080@BSA probes 
(Figure S10), a reaction ratio of 1:1 (Figure S11), a time 
of 2 h (Figure S12), and a concentration of 10 μM 
(Figure S13, S14). 

Following the optimal reaction conditions, the 
NIR-II fluorescent bands were observed at the 
corresponding molecular weight positions on the 
electrophoresis gel when the 1080 dyes interacted 
with BSA. This verified the efficient covalent binding 
between the 1080 dyes and BSA. Among all the 
1080@BSA compounds, the CO-1080@BSA displayed 
the strongest covalent binding ability (Figure 2B). We 
then examined the brightness of cyanine@BSA under 
> 1100, > 1200, and > 1300 nm sub-NIR-II windows 
and found that the CO-1080@BSA had the highest 
brightness under all the tested windows (Figure 2C). 
Notably, the quantified results showed that the NIR-II 
brightness of CO-1080@BSA was ∼17-fold higher than 
that of CO-1080 in PBS buffer, while maintaining 
nearly 20% brightness compared to CO-1080 in DMSO 
(Figure 2D, and Figure S8b, C). Compared with free 
1080 dyes, dye@BSA probes displayed a significant 
bathochromic shift in PBS buffer with stable peak 
absorption/emission (Figure 2E, Figure S7). The 
fluorescence enhancement of dye@BSA probes was 
potentially attributed to the internal rotation/ 
vibration suppression of dye molecules [40, 44, 46]. 
The absorption spectra of CO-1080 showed a 1.5-fold 
increase in BSA solution compared to DMSO, while 
the absorption spectra of the other dyes showed 
various degrees of reduction in BSA solution versus 
that of DMSO at the same concentration (Figure S15). 
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Moreover, CO-1080@BSA exhibited a larger molar 
extinction coefficient and higher quantum yield than 
other 1080@BSA probes (Figure 2F, G, and Figure 

S16), collectively resulting in superior NIR-II 
brightness. 

 

 
Figure 1. Panel of 1080 dyes and their photophysical properties. (A) Synthetic route of NIR-II cyanine dyes. (B) Normalized absorbance and emission spectra of cyanine 
dyes. Abs.: absorption spectra; Em.: emission spectra. (C) Fluorescence emission spectra of cyanine dyes in DMSO under 980 nm excitation. (D) Using CO-1080 as a reference, 
the relative molar extinction coefficients of cyanine dyes in DMSO. (E) Optimal molecular conformation of Et-1080, St-1080, CO-1080, and FD-1080-Cl. S.a: Strong attraction 
(H-bond and halogen-bond); Vd.W: Van der Waals interaction; S.r: Strong repulsion (steric effect in ring and cage). (F) Illustration of HOMO and LUMO energy levels of Et-1080, 
St-1080, CO-1080, and FD-1080-Cl based on density function theory. The HOMO and LUMO energy levels were plotted based on the optimized S0 and S1 geometries using 
Gaussian (b31yp/6-31g(d). 
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Figure 2. 1080@BSA probes and their photophysical properties. (A) Diagram of the 1080@BSA probes. (B) Electrophoresis analysis of 1080@BSA probes, including 
Et-1080@BSA, St-1080@BSA, CO-1080@BSA, and FD-1080-Cl@BSA (IR-1048@BSA was used as a control). (C) Fluorescence intensity of four 1080@BSA probes under 
different emission filters at the same exposure time. (D) Fluorescence enhancement of 1080@BSA probes compared to their corresponding free dyes in PBS buffer. Imaging 
conditions: 10 μM, > 1100 nm collection. (E) Fluorescence emission spectra of four 1080@BSA probes. (F) Comparison of molar extinction coefficients of 1080@BSA probes. 
(G) Relative quantum yields of four 1080@BSA probes using CO-1080@BSA as a reference (normalized as 1). (h) Photostability of CO-1080@BSA and IR-780@BSA under 
continuous laser irradiation for 120 minutes. 

 
We also tested the photostability for all 1080 

dyes in either DMSO or their BSA-bound probes with 
continuous 980 nm laser irradiation (Figure S17). 
Results indicated that the half-life of brightness decay 
for all tested dyes in DMSO was less than 78 min. The 
order of photostability of dyes in DMSO was as 
follows: FD-1080-Cl > CO-1080 > St-1080 > Et-1080. 
Conversely, the brightness of all dye@BSA probes 
remained constant even for 120 min under NIR-II 
window, indicating that the combination with BSA 
significantly improved their photostability. 
Compared to IR-780@BSA with considerable 
photobleaching ability [40, 43], CO-1080@BSA will be 
applicable not only for non-invasive long-term 
visualization of deep-tissue-based events but also for 
accurate NIR-II molecular imaging under either 
macroscopical or microscopical manners (Figure 2H). 

Binding sites between 1080 dyes and BSA 
We have electrophoretically confirmed that 1080 

dyes bind to albumin by covalent binding, with an 
optimal reaction ratio close to 1:1 or 1:2 based on 
maximum brightness screening. The binding 
mechanism was further investigated through liquid 
chromatography high-resolution mass spectrometry 
(LC-HRMS). Surprisingly, considerable differences in 
binding behaviors for each 1080 dye were observed, 
with BSA molecule covalently binding two CO-1080 
and FD-1080-Cl molecules even in a 1:1 reaction ratio, 
while a large percentage of unbound BSA was left for 
Et-1080, St-1080, and FD-1080-Cl (Figure 3A, B and 
Figure S18). A shift in reaction ratio from 1:1 to 2:1 
resulted in nearly all BSA molecules being bound by 
1080 dyes, except for FD-1080-Cl, while the 
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percentage of two dyes-bound BSA substantially 
increased (Figure 3C, D). Collectively, based on the 
quantified binding percentages in Figure 3A-D, the 
covalent binding affinity of four 1080 dyes with BSA 

were ranked in the following order: CO-1080 > 
St-1080 > Et-1080 > FD-1080-Cl. Interestingly, it 
appears that two independent binding sites exist for 
1080 dyes on BSA. 

 

 
Figure 3. LC-HRMS analysis and proteomics analysis of 1080@BSA probes. LC-HRMS of Et-1080@BSA, St-1080@BSA, CO-1080@BSA, and FD-1080-Cl@BSA after 
(A) the dye reacted with BSA at a 1:1 ratio or (C) at 2:1 ratio. Quantification of molecular weights corresponding to free BSA, one 1080 labeled BSA, and two 1080 labeled BSA 
after dye (B) 1:1 or (D) 2:1 reacting with BSA. (E) Center: 3D structure of the exact binding site for CO-1080 in BSA; Left and right: Full BSA contains two binding sites for 
CO-1080: one site is Cys101 on DIa while the other is located in the hydrophobic pocket of DIIIa (Cys476). 
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Inspired by our previous reports that 
chlorine-containing cyanine dyes could react with 
cysteine (Cys) residue of albumins through 
nucleophilic substitution [40], we sought to validate 
the covalent formation via displacement of chloride of 
1080 dyes by thiol group on cysteine. After mixing 
L-cysteine molecules (10:1 reaction ratio, room 
temperature) with Et-1080, St-1080, CO-1080, and 
FD-1080-Cl, the resulting products were directly 
identified using LC-HRMS (Figure S19). Results 
indicated that the thiol group of L-cysteine can react 
with meso-chlorine on the unique carbon of 
cyclohexenyl ring via nucleophilic substitution. 
However, this displacement of meso-chlorine is 
heavily reliant on the base catalyst, whereas the 
reaction of 1080 with BSA could be completed in mild 
conditions (e.g., PBS buffer). Therefore, the previous 
claim that the binding site of NIR-dyes at Cys34 (free 
thiol) in albumin is unlikely reasonable, as this 
nucleophilic substitution requires a conformationally 
favorable pocket to trigger the reaction under the mild 
aqueous condition. 

To identify nucleophilic reaction sites between 
CO-1080 dye and protein residues, we conducted an 
unbiased shotgun proteomic analysis. The reaction 
product of BSA and CO-1080 (1:1) was first digested 
by trypsin, which efficiently and specifically cleaved 
the C-terminus of lysine and arginine. The resulting 
peptides were then analyzed by ultra-performance 
liquid chromatography/tandem mass spectrometry 
(UPLC-MS/MS). The raw MS files were analyzed and 
searched against the UniProt human database with 
dye labeling as a variable modification (C38H46N2O6S2, 
mass = 690.2797 m/z) using Byonic. The full mass 
(MS1) of the peptide was calculated to be 562.600 
(m/z, z = 3, mass error < 13.5 ppm). We further 
inferred the residue composition of peptide and the 
exact binding residue by analyzing the mass 
distribution of b and y series ions. The measurement 
accuracy for the fragments was < 0.02 Da (y ion series; 
y1–y8). The MS and MS/MS spectra of results 
indicated that the dye-labeled peptide sequence was 
CC[+661.307]TESLVNR, revealing that the Cys476 
residue in the DIIIa domain was the potential binding 
site. In addition, analyzing the fragment ion spectra of 
NEC[+661.307]FLSHKDDSPDLPK also detected 
Cys101 in DIa to be tagged with the dye (Figure S20 
and Table S2). 

The 3D crystal structures of BSA revealed that 
the DIIIa and DIa domain contains disulfide bonds, 
which include the Cys476 and Cys460 residues as well 
as the Cys101 and Cys90 residues. We hypothesized 
that during the process of peptide folding into 
well-defined secondary structures, these disulfide 
bonds are reversible. Therefore, free -SH groups of 

Cys476 and Cys101 would be present in the 
hydrophobic pocket. Our analysis suggests that the 
Cl–C group in 1080 series dyes could react with the 
thiol group in Cys476/Cys101 through a nucleophilic 
substitution reaction. The 1080 dye preferentially 
reacted with the first binding site at 1:1 ratio, while 
both binding sites tend to be labeled at higher reaction 
ratios (e.g., 2:1 ratio) (Figure 3E). 

Docking modeling reveals interaction 
discrepancy between fluorogenic 1080 dyes 
and BSA 

To investigate the interaction and binding poses 
between the fluorogenic dyes and BSA, molecular 
docking modeling was performed. Since molecular 
docking is a semi-flexible docking process, we first 
confirmed the effective binding modes using 120 ns 
molecular dynamics simulations (MD) (Figure 4A, 
Figure S21, 22, and Movie S1). We calculated the root 
mean square deviation (RMSD) of the skeleton atoms 
in the four complexes using the entire trajectory to 
confirm structural stability after a least-squares fit to 
the initial structure. The RMSD values of 
Et-1080@BSA, St-1080@BSA, CO-1080@BSA, and 
FD-1080-Cl@BSA reached equilibrium from 90 ns 
with minor fluctuations (Figure 4B and Figure S23). 
The numbers of residues in diverse secondary 
structures of the recombinant albumin remained 
almost unchanged during the 120 ns simulation 
(Figure 4C and Figure S24), indicating that the 
existence of the Et-1080, St-1080, CO-1080, and 
FD-1080-Cl ligands had no adverse effects on the 
physicochemical properties of BSA. We then focused 
on CO-1080 and examined the structure of its final 500 
frames in the trajectory. The results showed that the 
conformation of CO-1080 remained almost 
unchanged even in the final stage of the simulation, 
indicating its stable interaction with BSA (Figure 4D). 
We further detected residue-wise root mean square 
fluctuation (RMSF), reflecting the position deviation 
of amino acid residues in BSA. As shown in Figure 4E, 
the RMSF values of the CO-1080@BSA complex were 
significantly lower than those of the same region in 
free BSA, indicating that the amino acid residues at 
the binding site of the ligand CO-1080 were inhibited, 
thus resulting in multiple interactions between 
CO-1080 and BSA. 

To further characterize the detailed binding 
patterns and differences in binding ability between 
the dyes and BSA, we visualized the final structure of 
the simulation trajectory using the Visual Molecular 
Dynamics (VMD) program, and displayed the 
three-dimensional (3D) and two-dimensional (2D) 
interaction diagrams (Figure 4F and Movie S2). Due 
to the structural characteristics of the four molecules, 
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various weak interactions occurred between 1080 
dyes and BSA. From a qualitative perspective, it can 
be reasonably concluded that CO-1080 and 
FD-1080-Cl, which have multiple interactions, 
exhibited a stronger binding ability to BSA compared 
to St-1080 and Et-1080. To quantitatively describe the 
binding ability of four molecules to BSA, the 
gmx_MMPBSA program was used to calculate the 
binding free energy (Figure S25). The calculated 
binding free energies for St-1080, Et-1080, FD-1080-Cl, 
and CO-1080 were -119.5, -131.7, -158.7, and -183.3 
kJ/mol, respectively. The analysis suggests that the 
side chains of the 1080 dyes buried inside the pocket 
play essential roles in the formation of stable 
complexes. Collectively, the strong affinity can not 
only facilitate the dye molecule's entry into the BSA 
pocket, thereby reducing the water-quenching effect, 
but also effectively suppress the internal 
rotation/vibration of the molecule within the pocket. 

The CO-1080@BSA probe exhibited the highest 
fluorescence intensity, followed by FD-1080-Cl@BSA, 
Et-1080@BSA, and St-1080@BSA, consistent with their 
respective binding energies: CO-1080 > FD-1080-Cl > 
Et-1080 > St-1080. However, according to the 
experimental results in Figure 3, the order of covalent 
binding capacity with albumin is CO-1080 > St-1080 > 
Et-1080 > FD-1080-Cl. The probability of nucleophilic 
substitution reaction is positively correlated with the 
distance between the two reactive functional groups. 
Therefore, the distances between the C atom in the 
Cl-C group of the dyes and the S atom in Cys476 were 
analyzed through molecular dynamic trajectories: 3.55 
Å for CO-1080, 5.42 Å for St-1080, 6.21 Å for Et-1080, 
and 7.39 Å for FD-1080-Cl. These distance variations 
are consistent with the order of covalent binding 
capacity with albumin mentioned above (Figure 4G). 

Brightness comparison of electrophoresis bands 
from 1:1 and 8:1 reaction ratios (Figure S11C, D) 
verified that extra dye molecule bound to Cys101 on 
BSA did not contribute to the overall fluorescence 
intensity. To understand the mechanism underlying 
this phenomenon, CO-1080 molecule was covalently 
linked to Cys101 to obtain a modified BSA protein 
with a non-standard amino acid residue, and a 120 ns 
molecular dynamics simulation was performed 
(Figure S26A and Movie S3). The RMSD of the 
CO-1080-labeled BSA protein remained in a shaking 
state throughout the simulation, suggesting that 
Cys101-bound CO-1080 was always free to move 
(Figure S26B). The superimposed final 500 frames of 
the trajectory (Figure S26C), RMSD (Figure S26D), 
and solvent-accessibility surface area (SASA) (Figure 
S26E) further verified that the Cys101-bound CO-1080 
was not in a fixed position but freely moving on the 
surface of the protein, fully exposing to water 

molecules. The free movement and full contact with 
water molecules caused the fluorescence of the dye 
molecule at this binding site to be severely quenched. 

Taken together, we can reasonably assume that 
the cyanine dye undergoes two distinct stages of 
interaction with BSA. In stage I, the dye molecule 
inserts into the calyx-shaped hydrophobic cavity of 
albumin through supramolecular interactions. During 
this process, the effectively suppressing internal 
rotation/vibration of the molecule results in 
significant brightness enhancement. In the second 
step, the Cl–C group of the dye and the thiol group of 
Cys476 in BSA preferentially form the covalent 
“clasp” via nucleophilic substitution, therefore 
immobilizing the conformation of dyes in the pocket. 
The supramolecular interactions in stage I catalyze 
their covalent attachment in stage II. The strength of 
the covalent binding ability is related to the distance 
between the thiol group of Cys476 and the Cl–C 
group of the dye molecule. In addition, when the 
reaction ratio between dye and BSA is greater than 
2:1, more dyes were bound with Cys101 in stage II. 
We believe that this binding site did not contribute to 
brightness enhancement due to the unsuppressed 
rotation/vibration of the dye molecule. 

High-contrast NIR-II lymphography and 
angiography of the CO-1080@BSA probe 

Considering the much-improved brightness and 
potential clinical use, we then performed cell toxicity 
experiments using free dyes and dye@BSA probes. 
Consistent with our expectation, the results verified 
that the dye@BSA complexes showed no apparent 
cytotoxicity compared to their free dye counterparts 
even at the equivalent dosage of up to 200 μΜ (Figure 
S27). Therefore, dye@BSA complexes possessed 
reasonable biosafety, indicating their feasibility for 
bioimaging in the NIR-II window. We further 
assessed the fundamental metabolism of 1080@BSA 
probes to compare their in vivo performance. 
Following intravenous administration of 
CO-1080@BSA, the probe quickly accumulated in the 
liver and then distributed throughout the whole body, 
displaying a similar hepatobiliary excretion pathway 
with free CO-1080. The NIR-II signals of the 
CO-1080@BSA-administered cohort were much 
higher than that of the free dye within a short 
timeframe (approximately 6-fold enhancement at 5 
min time point). Long-term monitoring indicated that 
CO-1080@BSA and CO-1080 could be eventually 
excreted out of the body within 72 h post-injection 
(Figure S28-29). It should be noted that the overall 
excretion is difficult to estimate accurately due to the 
potential enzymatic degradation of the dye-albumin 
complex, as well as dissociation between the dye and 
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albumin in vivo. Nevertheless, since albumin-derived 
formulations have been approved by the FDA for 
human use, we believe that our albumin-dye 

formulation also has the potential for clinical 
translation. 

 
 

 
Figure 4. Docking modeling of 1080@BSA. (A) The structures of CO-1080 binding to the BSA complex were extracted from the molecular dynamics simulation trajectory 
at 0, 60, and 120 ns, respectively. (B) RMSD of CO-1080@BSA as a function of time. (C) The numbers of residues in diverse secondary structures of CO-1080@BSA. (D) RMSF 
values of amino acid residues 300-600 in CO-1080@BSA and BSA, respectively. (E) Conformational superposition of CO-1080@BSA. (F) 2D diagram of interaction between 
CO-1080, FD-1080-Cl, Et-1080, St-1080 and BSA. Interactions involved in the binding of BSA to amino acid residues are shown as squares in different corresponding colors; 
Contribution of individual residues to 1080 dyes binding energy. (G) The distances between the C atom in the Cl-C group of the dyes and the S atom in Cys476. 
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To further investigate the advantages of the 
CO-1080@BSA probe for NIR-II bioimaging, we 
compared its lymphography quality against Et-1080, 
St-1080, CO-1080, FD-1080-Cl, Et-1080@BSA, 
St-1080@BSA, and FD-1080-Cl@BSA, by injecting 
them into the footpads of shaved Balb/c mice at the 
same dosage. Under the same imaging condition, all 
free 1080 dyes displayed weak signals in the 
lymphatic system, indicating their limitation for 
biological application (Figure 5A, C). However, the 
CO-1080@BSA was able to illuminate the lymph node 
with a higher lymph node-to-muscle ratio (26) than 
other 1080@ probes (Figure 5B, D and Figure S30). 
ICG-based lymphography is known to be superior to 
lymphoscintigraphy for assessing lymphatic diseases, 
we thus further compared the lymphography 
performance of CO-1080@BSA with ICG lympho-
graphy. The results indicated that the CO-1080@BSA 
probe offered much higher spatial resolution for 
lymph node imaging compared to ICG 
lymphography, therefore, the sacral and popliteal 
LNs could be clearly distinguished after intradermal 
injection of CO-1080@BSA (Figure S30). Furthermore, 
CO-1080@BSA exhibited remarkably higher photo-
stability compared with ICG under continuous laser 
exposure (e.g., 20 min duration). Collectively, these 
results indicated that CO-1080@BSA outperformed 
the clinically approved ICG on lymphography. 

A healthy and functional vasculature plays an 
important role of delivering nutrients to cells and 
protecting organs. Reliable vascular visualization in 
small animals is of great significance in preclinical 
biomedical research. The superbright CO-1080@BSA 
probe with adequate biosafety, together yields 
real-time and noninvasive NIR-II angiography in 
vivo. Firstly, we performed non-invasive vascular 
imaging of the C57 hindlimb using both free 1080 
dyes and 1080@BSA probes. Notably, under a mild 
imaging condition, only CO-1080@BSA was able to 
provide a high spatial resolution in vessel imaging, 
allowing for the distinction of arteries from veins 
(Figure 5E-H). The signal-to-muscle signal ratio of 
selected regions of interest (ROIs) demonstrated the 
superior imaging ability of CO-1080@BSA for 
hindlimb vascular visualization (Figure 5H). We 
further assessed the imaging quality/contrast of 
CO-1080@BSA in angiography of the hindlimb under 
various sub-NIR-II windows (Figure 5I, J). The 
imaging contrast of the hindlimb vessel was further 
improved by collecting signals at longer sub-NIR-II 
windows from 1100 to 1400 nm. The vessel-to-muscle 
ratio values in ROIs increased from 3.9 at the > 1100 
nm to 22 at the > 1400 nm window. To further assess 
the biological toxicity of CO-1080@BSA probe in vivo, 
CO-1080@BSA was intravenously injected into mice. 

All biochemical parameters were fell within the 
normal range followed by performing biochemical 
analysis and pathological analysis of major organs 
after injection (Table S3), and no morphological 
abnormalities compared to the control group (PBS) 
were observed by H&E-staining, indicating that 
CO-1080@BSA possessed excellent biosafety (Figure 
S31). Overall, the CO-1080@BSA probe with 
impressive NIR-II imaging ability provides a 
complementary extension to the current NIR-II 
imaging in terms of brightness enhancement and 
pharmacokinetics improvement. 

Conclusion 
The discovery of NIR-II fluorogenic dye and 

albumin binding functions as a brightness amplifier 
and pharmacokinetics regulator, thus providing us an 
additional perspective on NIR-II probe development. 
In this study, fluorogenic 1080 cyanine dyes with 
NIR-II peak emission as center chromophores could 
be packed inside protein shells to achieve enhanced 
brightness and satisfactory pharmacokinetics. During 
our manuscript submission process, we came across a 
report that simultaneously utilized IR1080 for in situ 
albumin-hitchhiking [62]. Although this report shares 
the same structure with our CO-1080, the extra 
significance of our work lies in the systematic 
investigation of the binding mechanism between a 
series of 1080 dyes and albumin using mass 
spectrometry, shotgun proteomic analysis, and 
docking modeling. The screened dye (CO-1080) with 
optimal side structure exhibited maximum supra-
molecular binding affinity between albumin coupled 
with a stable covalent bond. Our results shed light on 
the interaction mechanism as well as binding sites 
(Cys476 and Cys101) between albumin and 1080 dyes. 
Our CO-1080@BSA displayed deep tissue penetration 
and excellent imaging resolution, which enabled 
noninvasive and accurate NIR-II visualization of the 
vascular and lymphatic systems. The imaging data of 
CO-1080@BSA suggests that it may be excreted 
through hepatobiliary clearance pathways, with 
minimal retention in muscles and other major organs. 
However, it is important to consider that dissociation 
between the dye and albumin could potentially lead 
to a decrease in brightness. In addition, the potential 
enzymatic degradation of the dye@albumin could 
also be another metabolic pathway to consider. The 
fluorogenic NIR-II dyes can also in-situ target 
albumin for deep tissue imaging (data were not 
included). Our methodology could enrich the library 
of NIR-II imaging agents to achieve next-generation 
NIR-II molecular bioimaging and NIR-II-guided 
surgery. 



Theranostics 2024, Vol. 14, Issue 5 
 

 
https://www.thno.org 

1870 

 
Figure 5. CO-1080@BSA enables high-contrast NIR-II lymphography and angiography. (A) Comparison of lymph node imaging using Et-1080, St-1080, CO-1080, 
and FD-1080-Cl in PBS. Imaging conditions: 980 nm excitation, > 1100 nm collection. (B) Comparison of lymph node imaging using Et-1080@BSA, St-1080@BSA, 
CO-1080@BSA, and FD-1080-Cl@BSA. (C) Signal quantification of popliteal and inguinal LNs after intradermal administration of 1080@BSA probes. PLN: popliteal lymph node; 
ILN: inguinal lymph node. (D) Statistical analysis of lymph node-to-skin ratios for CO-1080 and CO-1080@BSA. (E) Fluorescence imaging of hindlimb vasculature at the 
corresponding time point after Et-1080, St-1080, CO-1080, and FD-1080-Cl administration. (F) NIR-II imaging of hindlimb vasculature of Et-1080@BSA, St-1080@BSA, 
CO-1080@BSA, and FD-1080-Cl@BSA with equivalent dosage. Imaging conditions: 980 nm excitation, over 1100 nm collection. (G) Fluorescent cross-sectional intensity profile 
of the selected ROI region of hindlimb vessels. (H) Corresponding signal-to-muscle (S/M) ratio analysis with vessel intensity divided by fluorescence intensity of yellow ROIs. (I) 
NIR-II hindlimb vessel imaging of CO-1080@BSA was collected under various sub-NIR-II windows. The injection dosage for all NIR-II lymphatic imaging was 25 μL (200 μM). The 
injection dosage for all NIR-II vessel imaging was 200 μL (600 μM). (J) The fluorescence intensity profiles across a red line of interest in i with tunable sub-NIR-II imaging windows. 
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