4536

Theranostics 2022, Vol. 12, Issue 10

Ivyspring

Theranostics

International Publisher

Research Paper

2022; 12(10): 4536-4547. doi: 10.7150/thno.71443

Super-stable cyanine@albumin fluorophore for
enhanced NIR-II bioimaging
Lang Bai1,2, Zhubin Hu3, Tianyang Han1, Yajun Wang1, Jiajun Xu1, Guanyu Jiang3, Xin Feng4, Bin Sun1,2,
Xiangping Liu1,2, Rui Tian4,, Haitao Sun3,5, Songling Zhang6, Xiaoyuan Chen7,, Shoujun Zhu1,2
1.
2.
3.
4.
5.
6.
7.

State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun 130012, P.R. China
Joint Laboratory of Opto-Functional Theranostics in Medicine and Chemistry, The First Hospital of Jilin University, Changchun, 130021, P.R. China
State Key Laboratory of Precision Spectroscopy, School of Physics and Electronic Science, East China Normal University, Shanghai 200062, P.R. China
State Key Laboratory of Molecular Vaccinology and Molecular Diagnostics & Center for Molecular Imaging and Translational Medicine School of Public
Health, Xiamen University, Xiamen, 361102, P.R. China
Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China
Department of Obstetrics and Gynecology, The First Hospital of Jilin University, Changchun, 130021, P.R. China.
Yong Loo Lin School of Medicine and Faculty of Engineering, National University of Singapore, 117597, Singapore, Singapore

 Corresponding authors: Shoujun Zhu, email: sjzhu@jlu.edu.cn. Xiaoyuan Chen, email: chen.shawn@nus.edu.sg. Haitao Sun, email: htsun@phy.ecnu.edu.cn.
Rui Tian, email: rtian@xmu.edu.cn
© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
See http://ivyspring.com/terms for full terms and conditions.

Received: 2022.01.26; Accepted: 2022.05.20; Published: 2022.05.26

Abstract
Near-infrared-II (NIR-II) dyes could be encapsulated by either exogenous or endogenous albumin to form
stable complexes for deep tissue bioimaging. However, we still lack a complete understanding of the
interaction mechanism of the dye@albumin complex. Studying this principle is essential to guide efficient
dye synthesis and develop NIR-II probes with improved brightness, photostability, etc.
Methods: Here, we screen and test the optical and chemical properties of dye@albumin fluorophores,
and systematically investigate the binding sites and the relationship between dye structures and binding
degree. Super-stable cyanine dye@albumin fluorophores are rationally obtained, and we also evaluate
their pharmacokinetics and long-lasting NIR-II imaging abilities.
Results: We identify several key parameters of cyanine dyes governing the supramolecular/covalent
binding to albumin, including a six-membered ring with chlorine (Cl), the small size of side groups, and
relatively high hydrophobicity. The tailored fluorophore (IR-780@albumin) exhibits much-improved
photostability, serving as a long-lasting imaging probe for NIR-II bioimaging.
Conclusion: Our study reveals that the chloride-containing cyanine dyes with the above-screened
chemical structure (e.g. IR-780) could be lodged into albumin more efficiently, producing a much more
stable fluorescent probe. Our finding partly solves the photobleaching issue of clinically-available cyanine
dyes, enriching the probe library for NIR-II bioimaging and imaging-guided surgery.
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1. Introduction
The near-infrared-II (NIR-II) bioimaging affords
high-quality imaging capability attributing to light
attenuation and scattering as well as background
autofluorescence, which all decrease as the
wavelength increases [1-9]. However, current NIR-II
probes still suffer from drawbacks in terms of
relatively low brightness and narrow imaging
window. The interaction between dyes and proteins
in the physiological environment also delivers

uncontrolled pharmacokinetics and long-term
biotoxicity after intravenous administration of NIR-II
fluorophores [10, 11]. The controllable pharmacokinetic is essential for both desired imaging time
window and eliminating exogenous biotoxicity
concerns [12, 13]. When the NIR-II probes enter the
blood circulation, they will be governed by specific
biomolecules and biological processes, finally
enzymatically degraded or eliminated from the body
https://www.thno.org
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[14-17]. The probe-biology interaction depends on the
molecular structure of the administered probes,
including size, polarity, functional groups, hydrophilicity/hydrophobicity, etc [17]. Thus, it is still
challenging to clarify the interaction mechanism
between NIR dye and protein (e.g. albumin), and
predict
the
brightness
enhancement
and
pharmacokinetics of the dye-protein complex.
The exogenous albumin can serve as a versatile
carrier for prolonging the in vivo circulation time of
small molecules, producing stable and long-lasting
drug and/or imaging probes [18-23]. The interaction
between small molecules and albumin essentially may
include both covalent conjugation and supramolecular encapsulation. The interaction could produce a
dynamically stable probe, effectively protecting the
dye molecules from endogenous enzymolysis and
lengthening the imaging window [24]. Notably, the
brightness or quantum yield (QY) of the dye-protein
probe is remarkedly improved by the confinement of
the dye in the hydrophobic pocket of albumin [24-30].
The dye@albumin probe prominently avoids the
intramolecular aggregation of the molecular dyes,
thus reducing the self-quenching issue [24, 27].
Meanwhile, albumin chaperoned dye also yields
satisfactory solubility and biocompatibility, especially
for the hydrophobic structures [26].
Compared with organic synthesis and modification of cyanine dyes [29, 31, 32], albumin interaction
affords an alternative strategy to improve their
imaging properties, especially for in vivo settings [21,
22, 24-30]. However, much less is known on the
interaction mechanism between cyanine dyes and
albumin, and we still lack complete guidance to
manufacture a super-stable complex probe with
precise control of the combination parameters. Here,
we identified the interaction mechanism of cyanine
dye and albumin and tailored a super-stable cyanine
dye@albumin fluorophore (IR-780@bovine serum
albumin, IR-780@BSA) as a long-lasting imaging
probe (Figure 1A). The probe demonstrated a
comparable brightness to the previously focused
IR-783@BSA [24], but with a 10-fold longer imaging
window under continuous laser irradiation.
Systematic experiments with several settings of
cyanine dyes revealed that the supramolecular
interaction and covalent binding were two essential
steps for the dye@albumin fluorophore. The chloride
(Cl)-containing cyanine dye with the favorable
chemical structure (e.g. IR-780 vs. IR-783) could
produce a much more stable probe with albumin. The
screened super-stable fluorophore provided much
improved NIR-II imaging ability by rationally tuning
the albumin/albumin fragments and dye structures.
Our strategy partly solves the photobleaching issue of

clinically available cyanine dyes and affords the
comprehensive principle to guide the dye/protein
binding and protein-chaperoned probes.

2. Results
2.1. Rationally screening dye@albumin
fluorophores yielded super-bright
IR-780@BSA fluorophore with enhanced
photostability.
Previous studies (including our recent
publication) have proved the covalent bonding
between chlorine-containing cyanine dyes and
albumin [33-36]. However, a detailed investigation of
the binding mechanism is still lacking to guide the
formation of the stable probe. We first screened a
library of cyanine dyes to bind with albumin and
tested the brightness enhancement under the
900+1000 nm sub-NIR-II window [27, 37, 38]. As
shown in Figure 1B, by comparing the brightness of 9
dyes diluted in DMSO, PBS, and BSA, we found that
cyanine dye@BSA could recover part of brightness
compared with them in DMSO, yet cyanine dyes were
quenched in PBS due to aggregation caused quench
(ACQ) effect [9, 39]. The solubility was an important
factor to decide their photophysical properties, thus
we tested the conservative solubility of dyes and
dye@BSA in Table S1. Adding BSA could dramatically
increase the solubility of some hydrophobic dyes by
binding with BSA. Specifically, the detailed reaction
optimization for IR-780 fluorophore as an example
was listed in Figure S1, which included incubation
temperature, reaction time, and concentration. The
optimal reaction condition was as the following: the
reaction temperature was 50−60 ºC, the reaction time
was > 2 h; the reaction concentration was below 10
μM. It should be noted that cyanine dyes were
reported
to
form
non-fluorescent
adducts
spontaneously over a concentration of 5 µM [40].
Thus, we compared different molar concentrations (5
and 10 μM) of 9 dyes, and the results indicated that
interacting with BSA could neutralize part of
fluorescence quenching (Figure S2). In addition, from
the concentration-brightness dependent data (Figure
S1B), the brightness values for both 5 and 10 μM are in
an approximately linear range so that investigations
with the concentration of either 5 or 10 µM are
reasonable. IR-783@BSA, IR-808@BSA, and IR-780@
BSA fluorophores were selected to have higher
fluorescence enhancement compared with the rest of
dye fluorophores (Figure 1C). In particular,
IR-780@BSA had a 24-fold fluorescence increase
compared to IR-780 in PBS buffer. We next optimized
the molar ratio of dye and BSA and found that an
equal dye/albumin molar ratio produced the highest
https://www.thno.org
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Figure 1. Screening of dye@albumin fluorophores yielded super-bright IR-780@BSA fluorophore with enhanced photostability. (A) Simplified schematic for
the formation of the dye@albumin fluorophores. (B) Screening of a set of nine dyes with different emission filters and solutions (using the 900+1000 LP detection of NIR-II
fluorescence intensity). (C) Selected fluorescence brightness from (B) and brightness enhanced folds of dye@BSA versus those in PBS. (D) Fluorescence brightness of dye@BSA
fluorophores at 0.5:1, 1:1, and 2:1 reaction molar ratios. (E) Photostability of dye@BSA fluorophores (1:1 reaction ratio) in NIR-II window under continuous laser irradiation. (F)
Absorption spectra and (G) NIR-II emission spectra (808 nm laser excitation) of free dyes and dye@albumin fluorophores. All fluorescence intensity profiles for b-e were
performed with 900+1000 nm long-pass filters under 808 nm laser irradiation (70~75 mW/cm2). The concentration of tested samples was 10 μM.

brightness for the best three fluorophores
(IR-783@BSA, IR-808@BSA, and IR-780@BSA) (Figure
1D, and then all the mentioned ratios in this work
were molar ratios). The fluorophore could provide
sufficient NIR-II brightness under the longer NIR-II
sub-window by increasing the exposure time (Figure
S3A). We also excluded the influence of a trace
amount of DMSO in the preparation process by
comparing the brightness before and after
ultrafiltration (Figure S3B). Next, we tested the
photostability of all fluorophores with continuous
laser irradiation (Figure 1E). Results indicated that the
half-life for most dye@BSA fluorophores was less than
10 min. In contrast, IR-780@BSA was exceptional with
a long half-life of over 25 min under the NIR-II
window, and it was more obvious in the NIR-I region
with a half-time of over 40 min (Figure S3C). The
bathochromic shift of IR-780@BSA and fluorescence
enhancement were potentially the result of confined
twisted intramolecular charge transfer (TICT) (Figure
1F, G, and Figure S4) [24, 41, 42]. Moreover, the
photostabilities of IR-783, IR-808, and IR-780 in DMSO
were almost the same, conversely, the brightness and

photostability of IR-780 in PBS decreased due to its
hydrophobicity. The photostability of IR-780@BSA
was dramatically improved, indicating that binding
with BSA greatly improved the photostability of
IR-780 (Figure S5).
Although the optimized condition could
produce stable dye@albumin fluorophores for IR-780,
IR-783, and IR-808 (Figure S1D), we found that IR-808
and IR-783 need a longer time to reach a complete
reaction compared with IR-780 [36]. This result was
consistent with the photostability sequence of the
fluorophores: IR-780@BSA > IR-808@BSA >
IR-783@BSA. To further investigate the interaction
mechanism between dyes and albumin, we also
manufactured a set of IR-780@BSA fluorophores with
proportionally increasing molar ratios of IR-780 and
subjected them to continuous laser exposure (Figure
S6A, B). A “declining” curve of fluorescence brightness versus time was obtained when the ratio of dye
to BSA was less than 1, while if the ratio was greater
than 1, the “parabola” brightness-variation curve was
observed. As the dye/BSA ratio was increased from 1
to 16, it would adjust the peak brightness from 0 to 25
https://www.thno.org
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min. We hypothesized that the redundant free dyes
caused intramolecular quenching, and the laser
exposure would preferentially destroy the free dyes
as the cyanine@BSA fluorophore would efficiently
protect the bound dyes (Figure S6C). As a result, the
brightness curves from different ratios were
consistent after the brightness declined gradually. It
appears that the redundant free dyes only quenched
the brightness of cyanine@BSA fluorophores but did
not change their inherent properties.

2.2. Investigating the mechanism of super
photostability of IR-780@BSA fluorophore
To
comprehensively
understand
why
IR-780@BSA was much more stable than IR-783@BSA,
we further investigated the photostability of
IR-780@BSA/IR-783@BSA fluorophores with tunable
reaction concentrations and ratios. The cyanine@BSA
fluorophores with higher concentrations were more
tolerant to laser exposure (Figure 2A, B), while
IR-780@BSA was more stable than IR-783@BSA within
all tested reaction concentrations. For example, the
timepoint of brightness decay for IR-780@BSA and
IR-783@BSA (100 μM concentration with 1:1 ratio)
occurred at 160 and 35 min, respectively. We further
selected a group of three combinations: dye:BSA = 1:1
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(100 μM), dye:BSA = 2:1 (100 μM), and dye:BSA = 1:1
(200 μM), and compared the timepoint of brightness
decay (t). The sequence was t100, 1:1 < t100, 2:1 < t200, 1:1,
while the brightness (B) sequence was B100, 1:1 > B100, 2:1.
Collectively, the photostability
was mainly
determined by the concentration of cyanine@BSA
fluorophores, and the excess dyes would quench the
brightness of cyanine@BSA fluorophore and extend
the timepoint of brightness decay.
We next explored the photostability of cyanine@
BSA system from high concentration (400 μM)
diluting into low concentration (10 μM) with PBS and
50 mg/mL BSA to simulate the blood environment
(Group 1, 2 in Figure 2C). The photostability tendency
was similar in PBS and BSA when the dye to protein
ratio was less than 1, indicating that the cyanine@BSA
fluorophore was not influenced by the buffer
environment when the dye was combined with BSA
completely (Figure 2C, middle). We discovered that
the extra free dyes in cases of cyanine@BSA system
with molar ratio > 1 would quench the fluorophore
brightness while pure cyanine@BSA could preserve
the initial brightness (Figure 2C, right), thus BSA
buffer could greatly improve the brightness of the
cyanine@BSA system (ratio > 1) by combining with

Figure 2. Deviation of optical performances of IR-780@BSA and IR-783@BSA under different conditions. Photostability (A) and electrophoresis analysis (B) of
IR-780@BSA and IR-783@BSA (1:1 and 2:1 ratios) with reaction concentration from 400 to 10 μM. (C) Simplified schematic diagram and photostability of IR-780@BSA
fluorophores obtained under different conditions (400 μM cyanine@BSA fluorophores diluted into PBS (10 μM, Group 1) and 50 mg/mL BSA (10 μM, Group 2), and original 10
μM reaction system (10 μM, Group 3), as well as free dye diluted into 50 mg/mL BSA (10 μM, Group 4)) with reaction/mixing ratio from 0.5:1 to 6:1 (dye:BSA). (D) The
absorption and emission spectra of IR-780 (10 μM) in PBS after adding BSA of different concentrations (0, 5, 10, and 50 μM). (E) Simplified schematic diagram and brightness of
another four groups of IR-783@BSA fluorophores: original 400 μM reaction system (400 μM, Group 1), 400 μM reaction system diluted into PBS (10 μM, Group 2), 400 μM
reaction system irradiated for 2 h and then diluted into PBS (10 μM, Group 3), and 400 μM reaction system diluted into BSA (10 μM, Group 4) with reaction/mixing ratio from
0.5:1 to 6:1 (dye:BSA). All fluorescence intensity data and NIR-II images were performed with 900+1000 nm long-pass filters under 808 nm laser irradiation (60 mW/cm2).

https://www.thno.org
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free dyes. And the similar tendency between diluted
(Group 1) and original 10 μM cyanine@BSA system
(Group 3) proved that concentration could affect
photostability but not change the binding properties.
For the cyanine@BSA system with a molar ratio > 1,
the diluted fluorophore in BSA buffer (Group 2) was
much more photostable than both the diluted
fluorophore in PBS (Group 1) and the original 10 μM
reaction system (Group 3). Interestingly, samples with
free IR-780 diluted in BSA (Group 4) displayed similar
photostability compared with the pre-synthesized
IR-780@BSA fluorophore in BSA buffer (Group 2).
Collectively, we reasonably speculated the high
affinity between IR-780 and BSA provided the ability
to be protected by albumin (forming covalent
fluorophore) even at room temperature or under
physiological conditions [36]. Besides, the absorption
and emission spectra of IR-780 in different
concentrations of BSA showed that the brightness was
dominated by the interaction between IR-780 and
BSA. Although the peak emission (800−850 nm)
increased with extra BSA, the intensity of tail
emissions over 850 nm were equivalent when BSA to
IR-780 ratio was no less than 1 (Figure 2D).
We additionally compared the brightness of the
high concentration (400 μM) cyanine@BSA fluorophores with 120 min irradiation before and after
diluting into PBS (Figure 2E). The brightness of
IR-780@BSA of irradiated samples was nearly equal to
the non-irradiated ones for all tested ratios due to its
high photostability (Figure S7A). In contrast, the
brightness of IR-783@BSA after irradiation declined
for dye:BSA ratio < 1, while increased for dye:BSA
ratio > 1 (Group 3 in Figure 2E). This result elaborated
that IR-780@BSA was much more stable than
IR-783@BSA, and irradiation could partially damage
both free dyes and dyes in IR-783@BSA (400 μM
system). The diluted fluorophores (10 μM, PBS buffer)
could partially enhance the brightness for
IR-783@BSA system with dye:BSA ratio > 1 due to the
presence of extra free IR-783 originally quenched in
PBS (Group 2 in Figure 2E). The irradiation further
broke the free IR-783 in IR-783@BSA system (Group 3
in Figure 2E), which decreased the quenching effect of
free IR-783 for IR-783@BSA and thus improved the
brightness of Group 3. In addition, when diluting into
BSA buffer, the free IR-783 could combine with excess
BSA to generate new cyanine@BSA fluorophores, thus
the brightness was further enhanced (Group 4 in
Figure 2E).

2.3. The biding sites between cyanine dyes and
albumin domains
We have experimentally confirmed that the
covalent bond was formed between chloride-

containing dyes and albumin/albumin fragments. We
further investigated the binding ability between
IR-780/IR-783 and albumin domain I (DI), domain II
(DII), and domain III (DIII) [43, 44]. From brightness
data (Figure 3A, C), dye@DIII was much brighter than
dye@DI and dye@DII fluorophores/mixtures. The
brightness of dye@DIII fluorophores dramatically
declined when the reaction temperature was over 70
ºC. Interestingly, higher temperatures and longer
reaction time could gradually improve the brightness
of IR-780@DI. From the electrophoretic results (Figure
3B, D), both DI and DIII could effectively form the
covalent bonds with cyanine dyes. Chloride-containing cyanine dyes could covalently bind with DIII even
at mild temperatures (e.g. 30 ºC) and short reaction
time (e.g. few minutes), while these dyes could only
covalently bind with DI at higher temperatures (e.g.
>30 ºC) and longer reaction time (e.g. few hours).
Unfortunately, the covalent binding did not enhance
the brightness of the dye@DI fluorophores, perhaps
due to the lack of supramolecular confinement. From
the spectra data (Figure 1F, G, and Figure S4C-F), DI
and DIII displayed the same effect as BSA that
promoted the absorption peak bathochromic-shift,
but only DIII enhanced the absorption and emission
intensity simultaneously. We next manufactured a set
of IR-780@DIII fluorophores with different dye-toDIII ratios and examined the photostability under
continuous 808 nm laser irradiation (Figure S6D).
Similar brightness-variation curves were observed for
dye@BSA fluorophores, however, the photostability
of dye@DIII was worse than dye@BSA due to
insufficient protection of protein pocket and/or
supramolecular restriction (Figure S6E).

2.4. The molecule structures govern the
covalent binding to albumin/albumin
fragments
To accurately understand the interaction
between cyanine dyes and albumin/albumin
fragments, we systematically analyzed the covalent
binding ability using commercially available cyanine
dyes (ICG, IRdye800CW, IR-775, IR-780, IR-783,
IR-797, IR-806, IR-808, and IR-820) through the
cyanine@proteins
brightness
inspection
and
electrophoresis analysis (Figure 4A, B) [45]. Here we
chose BSA, human serum albumin (HSA), and
albumin DI, DII, and DIII to survey the fluorophore
brightness and covalent binding of dyes to albumin
fragments. Our previous study has adopted super
high-resolution liquid chromatography with mass
spectrometry (LC-MS/MS) to confirm that the
covalently bound cyanine@proteins could be
characterized by electrophoresis analysis. Comparing
the brightness data of nine sets of cyanine@proteins
https://www.thno.org
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(Figure 4A), the brightness enhancement of
dye@protein was not dependent on the covalent
binding. DIII was the major binding site while DI was
the secondary binding site (Figure 4C). However, the
covalent binding between dyes and DI did not
improve the brightness. Taken together, efficient
supramolecular interaction between dye and protein
is essential to immobilize the TICT conformation, thus
enhancing the NIR-II brightness [24, 41, 46].
From the electrophoresis analysis (Figure 4B),
cyanine dyes possessing chlorocyclohexene groups
such as IR-775, IR-780, IR-783, and IR-808 almost had
complete interaction with BSA, HSA, and DIII while
the IR-820 was an exception. Hence, we reasonably
speculated the steric hindrance of naphthalene groups
prevented the sufficient approach between albumin
and IR-820, thus reducing the percentage of covalent
binding for a limited heating time. This hypothesis
was further confirmed by the relatively high extent of
interaction of IR-820 with DIII, in which the steric
hindrance was not an issue for IR-820 to approach the
binding site of “small” DIII. Furthermore, the subset
of Cl-free dyes such as IRdye800CW and ICG did not
observe covalent bonds with protein in electrophoresis analysis. A noteworthy point of this subset was
that IRdye800CW almost didn’t increase fluorescence
at all with any proteins. This point allowed us to
assume that the steric hindrance and hydrophilicity
prevented the efficient supramolecular interaction.
The ICG showed brightness enhancement when
mixing with BSA or HSA, but no brightness
enhancement for albumin domains. This result further
indicated that the hydrophobic pocket of the whole
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albumin was essential to anchor both Cl-containing
and Cl-free dyes, while the DIII needs covalent
binding to efficiently “hook” the Cl-containing dyes.
We next compared the final subset of Cl-containing
dyes including five-membered ring (IR-797, IR-806)
and six-membered ring (IR-775, IR-783) pairs, and we
found cyanine dyes with the five-membered ring only
formed partial covalent binding compared with
six-membered-ring dyes.

2.5. Docking modeling revealed interaction
discrepancy between cyanine dye and albumin
Investigating the interaction (photostability)
discrepancy of IR-780, IR-808, and IR-783 with
albumin is critical to understanding the binding
mechanism and guiding the efficient synthesis of
proper fluorescent dyes. To study the binding
interactions between BSA protein and 780, 808, 783
ligands, molecular docking modeling was performed
and the promising binding modes were further
confirmed by long-time molecular dynamics (MD)
simulations (see Figure 5 and Supplementary Material
for the computational details). It could be seen that all
three protein-ligand fluorophores reached equilibrium after 150 ns simulation (Figure S8). As shown in
Figure 5, the binding sites of IR-783@BSA and
IR-808@BSA are similar, but the binding site of
IR-780@BSA seems to be different with a tighter
package compared to the other two fluorophores,
indicating stronger binding stability. To further
semi-quantitatively characterize the stability of these
three protein-ligand fluorophores, i.e., IR-780@BSA,
IR-808@BSA, and IR-783@BSA, a post-processing

Figure 3. The brightness and interaction between IR-780/IR-783 and albumin domains. Brightness and electrophoresis analysis of IR-780@Domains and
IR-783@Domains with reaction temperature (A, B), reaction time (C, D) optimization under 808 nm laser irradiation (60 mW/cm2) with 900/1000 nm long-pass filters. The
concentration of all tested samples was 4 μM.

https://www.thno.org
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end-state method-molecular mechanics/generalized
Born surface area (MM/GBSA) [47, 48] based on
10000 configurations taken from the equilibrated MD
trajectories were performed to calculate their binding
free energies in water (Figure 5C and Table S2). The
MM/GBSA method is known to be one of the most
popular methods to estimate binding free energies
since it achieves a good balance between accuracy and
computational efficiency, compared to other methods
such as free energy perturbation (FEP) [49] and
thermodynamic integration (TI) [50] methods. Thus,
the relative binding free energies calculated by
MM/GBSA method for these three protein-ligand
fluorophores were -47.56, -42.13, and -36.14 kcal/mol,
respectively, which agreed with the trend of observed
experimental photostability. Also, a significantly
negative ΔGgas value of -249.46 kcal/mol for
IR-780@BSA also suggests IR-780 is more conducive
to combine with BSA in the gas phase (Table S2).
Compared to IR-808 and IR-783, IR-780 shows
relatively positive charge distribution (Figure S9),
indicating its preferable interaction with albumin and
binding free energies. The high hydrophobicity
feature of IR-780 also promotes the interaction with

the hydrophobic pocket of BSA.

2.6. The binding feature of dye@protein
fluorophores determines their in vivo
pharmacokinetics
The findings in the diversity of dye@protein
binding prompted us to assess the fundamental
metabolism of fluorophores (Figure 6A-D and Figure
S10). After intravenous administration of IR-780@
BSA, it quickly accumulated in the liver and then
distributed throughout the whole body, followed by
faeces excretion, sharing a similar hepatobiliary
excretion pathway with free IR-780 (Figure 6A, B and
Figure S11D). In addition, rather high brightness was
found from the liver and intestines at 24 h timepoint
under ex vivo fluorescence imaging, which further
proves the hepatobiliary excretion pathway (Figure
S12). Because of its highest binding affinity (t1/2 = 2
min at 37 oC, binding completely within an hour) [36]
among IR-780, IR-808, and IR-783, free IR-780 could
quickly form a similar IR-780@albumin with
endogenous albumin in the body [36]. In addition,
endogenous albumin was also enough for IR-808 (t1/2
= 6 h at 37 oC, binding completely after reacting for 72

Figure 4. The influence of interactions between dye structure and albumin/albumin fragments. The fluorescence brightness (A) and electrophoresis analysis (B) of
dye interacting with BSA, HSA, DI, DII, and DIII. The concentration of samples was 4 μM. (C) The diagram of forming a covalent bond between cyanine dye and albumin domains.

https://www.thno.org
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h) [36] binding after injecting free IR-808 into the
mice, thus its metabolic behavior was similar to
IR-808@BSA and IR-780@BSA (Figure S10A, B). In
contrast, due to the relatively weak binding affinity of
IR-783 (t1/2 = 72 h at 37 oC, ~60 % free dye was left
after reacting for 72 h) [36] with albumin, free IR-783
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cleared rapidly from the body within 24 h (Figure
S10C) [24]. This differs distinctly from the
IR-783@BSA fluorophore, which exhibited similar
metabolism behavior to IR-780@BSA (Figure S10D
and Figure S11).

Figure 5. Docking modeling of cyanine@BSA fluorophores. (A) The optimized geometries of IR-780, IR-808, and IR-783 molecules by DFT at the tuned
LC-BLYP*/6-311+G(d) level. (B) Binding models of the corresponding cyanine@BSA fluorophores. (C) The molecular dynamics simulation of the three molecules in water.

https://www.thno.org
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Figure 6. The comparison of metabolism behavior for IR-780 and its albumin/albumin domain fluorophores, and IR-780@BSA enables long-lasting lymph
node imaging. Whole-body imaging with (A) IR-780, (B) IR-780@BSA, (C) IR-780@DI, and (D) IR-780@DIII (150 μM, 200 μL) as a function of injected time points. Exposure
time was 20 ms. The scale bar was 1 cm. (E) The skin (or skin + muscle) brightness intensity profile of IR-780, IR-780@BSA, IR-780@DI, and IR-780@DIII. (F) The kidney-to-skin
ratio of IR-780@DI and IR-780@DIII. (G) The brightness of popliteal lymph node as a function of time with intradermal injection of IR-780@BSA, IR-783@BSA, IR-808@BSA,
and ICG at equivalent dosages (150 μM, 25 μL) under the continuous irradiation. Notably, a higher dosage of 1 mM IR-780@BSA (25 μL) provided a super-stable lymph node
imaging without obvious signal decay up to 60 min. (H-I) The comparison of lymph nodes imaging with clinically-available ICG and IR-780@BSA fluorophore. The scale bar was
4 cm. All NIR-II images were captured with 1000 /1100 nm long-pass filters under 808 nm laser irradiation (60 mW/cm2). The fluorescence intensity scale bar of A-D and I ranges
from 0−12000, 0−12000, 0−4000, 0−4000, and 0−30000, respectively.

We then assessed the in vivo behavior of
IR-780@DI and IR-780@DIII. Both domain-derived
fluorophores exhibited the renal excretion pathway
due to the much smaller size (Figure 6C, D and Figure
S13A, B). A noteworthy feature was that the body skin
(or skin + muscle) signal of IR-780@DI was higher
than that of IR-780@DIII, again proving the relatively
weak binding between IR-780 and DI. The dropping
free dyes from IR-780@DI further combined with
endogenous albumin, thus increasing the skin/
muscle signal (Figure 6E). Although kidney signal
was not much different for IR-780@DI and
IR-780@DIII administered mice (Figure S13C), the
kidney-to-skin ratio of IR-780@DIII was more

prominent from 24 to 96 h time points (Figure 6F and
Figure S13D).
We subsequently traced the in vivo behavior of
different dye@BSA fluorophores and proved that the
metabolic behavior of fluorophores was related to the
degree of covalent bonding. First, Cl-free dye@albumin fluorophore displayed rapid hepatobiliary
elimination, similar to the free dye (see ICG@BSA case
in Figure S10E). Second, the metabolic time of
Cl-containing dye@albumin fluorophores was consistent with the photostability results (IR-780@BSA >
IR-808@BSA > IR-783@BSA) (Figure 6B, Figure S10B,
D and Figure S11C). In other words, the in vivo
metabolic behavior could indirectly reflect the
https://www.thno.org
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photostability feature of the dye@BSA fluorophore. At
last, IR-820@BSA with partial covalent binding
exhibited two metabolic forms of both free IR-820 and
IR-820@BSA (Figure S10F) [25].
After proving the high photostability and
metabolic behavior of IR-780@BSA, we turned to
performing lymph node imaging to assess their NIR-II
imaging ability [27]. We investigated the photostability of lymph node imaging using three dye@BSA
fluorophores (IR-780@BSA, IR-808@BSA, IR-783@
BSA) and clinically-available ICG. IR-780@BSA was
still most stable among the four tested probes
(photostability sequence: IR-780@BSA > IR-808@BSA
> IR-783@BSA > ICG) under the continuous laser
irradiation (Figure 6G). Notably, the elevated injection
dosage of IR-780@BSA (1 mM, 25 μL) provided a
photostable NIR-II imaging window for popliteal
lymph nodes visualization, and no signal decay was
observed for up to 60-min continuous laser-irradiation (Figure 6G). The popliteal and sacral lymph
nodes were clearly outlined in a prone position with
IR-780@BSA intradermally injected in the left footpad
and ICG injected in the right as a clinically-used
reference. The imaging window was tested for up to 6
h (lymph node-to-skin ratio ≥ 3.6), which was an
essential feature for the long-term imaging-guided
surgery process (Figure 6H, I).

3. Discussion and Conclusion
Albumin is the most abundant protein in the
blood of living organisms. Studies have repeatedly
shown that albumin could be used as an efficient
drug/dye carrier to prolong their in vivo circulation
time [51-53]. An in-depth study of the interaction
between albumin and dyes is essential to identify
binding mechanisms and develop improved imaging
agents. Previous reports proved that the flexible
cyanine dye could be lodged and stabilized by
albumin scaffold through covalent bonding,
enhancing the twisted intramolecular charge transfer
process [24, 41, 46]. We systematically substantiated
that the covalently bound dyes to albumin/fragments
effectively prolonged the imaging window or
pharmacokinetics. Notably, we found that the more
stable covalent combination formed between cyanine
dye and proteins, the better photostability of
bioimaging was obtained.
The current study clarified the detailed binding
feature through several sets of dye and albumin/
albumin fragment fluorophores, providing the
general principle to design either albumin-chaperoned or albumin-escaping dyes. The cyanine dyes
which can be favorably lodged into albumin represent
several appropriate features in terms of a
six-membered ring with chlorine, the small size of

side groups, and relatively high hydrophobicity.
Cyanine dyes with different structures (IR-780 and
IR-783 are two extreme examples) can have entirely
different binding rates/strengths. As the formation
process of dye@protein fluorophore contains two
steps including supramolecular assembly and
covalent hooking, reaction temperature/time can
facilitate the supramolecular interaction and covalent
binding between dyes and proteins [54]. For example,
the reaction solution of IR-783@BSA could get rid of
the free IR-783 when increasing the temperature from
37 to 50 oC for two hours. The hydrophobic dye IR-780
can form a stable covalent bond with albumin within
a few minutes, but the brightness of the fluorophore
increases with the extension of heating. We presumed
that continuous heating promotes the hydrophobic
dye to conformation-preferentially lodge into the
hydrophobic cavity of albumin, further decreasing the
internal rotation/vibration transition. Additionally,
we speculated that small organic molecules could
have the ability to bind to proteins if they have
favorable steric hindrance and reactive sites with
proteins. Much effort has been made to conquer the
protein crown issue of small molecular drugs and/or
imaging agents. Our investigation sheds light on the
design principle of cyanine dyes with less interaction
with proteins and affords reasonable support for
achieving albumin-escaping dyes [46, 55]. Especially,
when the binding between dye and albumin is slow
enough, it can be considered as a non-covalent
combination and this dye is a potential
“albumin-escaping” agent. Collectively, our findings
provide a rational framework for the enrichment of
the NIR-II fluorescent probe library and promoting
the clinical translation of NIR-II bioimaging [56-58].
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