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Low-Dose NIR-II Preclinical Bioimaging Using

Liposome-Encapsulated Cyanine Dyes

Duyang Gao, Zichao Luo, Yang He, Lixiang Yang, Dehong Hu, Yongye Liang,

Hairong Zheng,* Xiaogang Liu,* and Zonghai Sheng*

Fluorescence imaging in the second near-infrared window (NIR-I1,

1000-1700 nm) provides a powerful tool for in vivo structural and functional
imaging in deep tissue. However, the lack of biocompatible contrast agents
with bright NIR-1l emission has hindered its application in fundamental
research and clinical trials. Herein, a liposome encapsulation strategy for
generating ultrabright liposome-cyanine dyes by restricting dyes in the hydro-
phobic pockets of lipids and inhibiting the aggregation, as corroborated by
computational modeling, is reported. Compared with free indocyanine green
(ICG, an US Food and Drug Administration-approved cyanine dye), liposome-
encapsulated ICG (S-Lipo-ICG) shows a 38.7-fold increase in NIR-II bright-
ness and enables cerebrovascular imaging at only one-tenth dose over a long
period (30 min). By adjusting the excitation wavelength, two liposome-encap-
sulated cyanine dyes (S-Lipo-ICG and S-Lipo-FD1080) enable NIR-1I dual-
color imaging. Moreover, small tumor nodules (2-5 mm) can be successfully
distinguished and removed with S-Lipo-ICG image-guided tumor surgery in
rabbit models. This liposome encapsulation maintains the metabolic pathway

compared with the first near-infrared
window (NIR-I, 650-950 nm)-based
imaging, NIR-II fluorescence imaging has
been used to navigate human liver cancer
surgery under bright-field conditions.!'
However, NIR-II fluorescence imaging is
severely limited by the low brightness of
the contrast agents. For the clinical trans-
lation of NIR-II fluorescence imaging, it
is essential to explore contrast agents with
bright NIR-II emission.

To date, various types of NIR-II con-
trast agents have been constructed and
employed in different disease fields.]
Among them, low molecular weight cya-
nine dyes are of great importance owing to
the successful clinical application of indocy-
anine green (ICG), a cyanine dye approved
by the US Food and Drug Administration

of ICG, promising for clinical implementation.

1. Introduction

Fluorescence imaging in the second near-infrared window
(NIR-II, 1000-1700 nm) has become an important tool in fun-
damental research and clinical practice for real-time, noninva-
sive optical imaging.!! This is because it enables the structural
and functional imaging in living systems with high resolution
and high contrast by suppressing background absorption and
photon scattering.”! Compared with traditional optical imaging,
NIR-IT fluorescence imaging has been widely applied in the
monitoring of brain diseases,’l tracking of immune cells,
measuring blood flow velocity,®) and other fields.[®) Additionally,

(FDA) for NIR-II fluorescence imaging 144l
Recent studies have focused on molecular
engineering strategies or advanced nano-
technology to enhance the imaging perfor-
mance of cyanine dyes (e.g., emission wavelength, stability, and
circulation time) and to expand their phototheranostic applica-
tions.’! However, despite the considerable progress, it remains a
major challenge to improve the brightness of ICG’s NIR-II emis-
sion in vivo, which is affected by the excitation absorption coef-
ficient and fluorescence quantum yield (QY).

Herein, we report a general strategy to simultaneously
enhance the absorption coefficient of cyanine dyes (ICG, IR780
and FD1080) and their NIR-II fluorescence QY for preclinical
bioimaging. Low-concentration cyanine dyes are encapsulated
in liposomes, a type of clinically used drug delivery system.
This results in an emission wavelength redshift and absorption
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enhancement. The NIR-II fluorescence brightness of liposome-
ICG (S-Lipo-ICG) is 38.7-fold higher than that of free ICG, ena-
bling low-dose cerebrovascular imaging (0.04 mg kg™). Moreover,
we report for the first time excitation-dependent dual-color NIR-II
imaging using two different S-Lipo-cyanine dyes, providing a
new toolbox for monitoring complex biological processes. Fur-
thermore, the scaleup of S-Lipo-ICG enables imaging-guided
tumor surgery in rabbit models. The liposome encapsulation of
ICG improves NIR-II fluorescence imaging but maintains the
metabolic pathway, which is promising for clinical translation.

2. Results and Discussion
2.1. Liposome Encapsulation Strategy

As displayed in Figure 1A, our strategy involved the encapsu-
lation of cyanine dyes into the lipids through hydrophobic
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interactions for generating ultrabright liposome-cyanine dyes
(S-Lipo-Cyanine dye). Hence, we first mixed the cyanine dyes
with lipids (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000)] (DSPE-PEG,yy) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)) in an organic
solvent, since it can prevent the potential aggregation of dyes
commonly observed in aqueous solutions. The S-Lipo-Cyanine
dye was further obtained via a modified high-pressure homog-
enization method.'”! Cyanine dyes, including commercial ICG,
IR780, and the synthetically prepared FD1080,") were used to
assess the universality of this strategy. After liposome encapsu-
lation, hazy transparent solutions of S-Lipo-ICG, S-Lipo-IR780,
and S-Lipo-FD1080 were obtained, indicating efficient encap-
sulation of cyanine dyes in liposomes (Figure S1, Supporting
Information). The hydrodynamic diameters of S-Lipo-ICG,
S-Lipo-IR780, and S-Lipo-FD1080 measured by dynamic light
scattering were 119.5, 129.3, and 128.1 nm, respectively, which
further confirmed the feasibility of the strategy (Figure S2,

ICG

Amphiphilic Molecules
Tail Emission in NIR-II

2
0.

'
z\
®,

d

Hydrophobic Molecules
Tail Emission in NIR-II

N ~N Amphiphilic Molecules
,,/) O \FD1080 Center Emission in NIR-II

038 [+ so5

D Free FD1080 S-Lipo-FD1080
Max

VN Min
E F G
38.7 x 27.1 x 5.6 x

21 1 2 1 2
[0] [0} T [0}
£ [ £ E £ |
< ey ey
° | S ° |
S 5 =
- | |
[T [T (1
o [ o
= 2 2
© © °
4 4 ! 4 ]

1 T T 1 T T T T

Free ICG S-Lipo-ICG Free IR780 S-Lipo-IR780 Free FD1080 S-Lipo-FD1080

Figure 1. Preparation and characterization of S-Lipo-dye. A) Schematic illustration of the preparation of S-Lipo-ICG, S-Lipo-IR780, and S-Lipo-FD1080 by
high-pressure homogenization. B-D) NIR-II fluorescence images of free ICG and S-Lipo-ICG (B), free IR780 and S-Lipo-IR780 (C), free FD1080 and S-Lipo-
FD1080 (D), respectively (ICG, green pseudocolor, 2.5 mW cm™2, 808 nm excitation, LP1000, 2 ms; IR780, blue pseudocolor, 2.5 m\W cm=2, 808 nm excita-
tion, LP1000, 5 ms; FD1080, red pseudocolor, 2.5 mW cm~2, LP1100, 50 ms). Scale bar: 5 mm. E-G) NIR-I| fluorescence brightness comparison between
free cyanine dyes and S-Lipo-dye from (B-D), including ICG, IR780, and FD1080, respectively. Mean values are presented and error bars are + s.d (n=15).
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Supporting Information). In addition, liposome encapsulation
improved the water-solubility of IR780, thereby improving its
applicability in biomedical fields. Subsequently, the NIR-II fluo-
rescence images of the free cyanine dye solution and S-Lipo-
cyanine dye solution within the equivalent mass of the dyes
were recorded using a NIR-II fluorescence imaging system
under excitation at 808 nm (S-Lipo-ICG, S-Lipo-IR780) and
1064 nm (S-Lipo-FD1080), respectively. The NIR-II fluores-
cence brightness of the S-Lipo-ICG solution was much stronger
than that of the free ICG solution under the same conditions
(Figure 1B). Interestingly, similar results were found in S-Lipo-
IR780 and S-Lipo-FD1080 solutions, demonstrating that this
liposome-encapsulation strategy can enhance the NIR-II fluo-
rescence performance of cyanine dyes (Figure 1C,D). Quanti-
tative analysis revealed that the NIR-II fluorescence brightness
of ICG, IR780, and FD1080 was enhanced by 38.7-fold, 271-
fold, and 5.6-fold, respectively, after liposome encapsulation
(Figure 1E-G). These results indicate that liposome encapsu-
lation by high-pressure homogenization provides a general
method for preparing liposome-cyanine dyes, which not only
improves the water-solubility of the dyes but also enhances
their NIR-II fluorescence brightness.

2.2. Characterization of S-Lipo-ICG

Next, S-Lipo-ICG was selected as a representative of liposome-
cyanine dyes to investigate the mechanism of NIR-II brightness
enhancement, because ICG, a well-known FDA-approved dye,
is widely used in the clinical applications. Cryo-electron micro-
scope reveals that S-Lipo-ICG has a core—shell structure with
an average particle size of 110 nm (105 nm core, 5 nm shell),
which is consistent with the dynamic light scattering profile
(Figure 2A; Figure S2, Supporting Information). The character-
istic absorption peaks of S-Lipo-ICG showed a red shift from
780 to 803 nm, and the absorbance intensity increased =2.0-fold
compared with that of free ICG dissolved in phosphate-buffered
saline (PBS) at the same mass concentration (Figure 2B). These
two factors lead to a 4.4-fold increase in the extinction coeffi-
cient at 808 nm compared with that of free ICG (Figure 2D).
Meanwhile, the fluorescence emissions of S-Lipo-ICG showed a
red shift by =13 nm (Figure S3, Supporting Information), which
enhanced the tail emission in the NIR-II region (Figure 2C).
Therefore, the NIR-II fluorescence QY of S-Lipo-ICG is =10
times stronger than that of free ICG (Figure 2E). The combina-
tion of an increase in the extinction coefficient (808 nm) and
NIR-II QY enables intense NIR-II fluorescence of S-Lipo-ICG
(Figure 2F, inset). Quantitative measurements showed that
the NIR-II fluorescence brightness of S-Lipo-ICG is 12-, 21-,
and 195-fold higher than that of reported contrast agents with
NIR-II emission, including TTB nanoparticles (NPs),2l TB1
NPs,[3 and TT molecules,™ all with equivalent mass concen-
tration (Figure 2F). We next examined the interaction between
ICG and the lipid layer in liposomes to explore the possible
enhancement mechanism. Note that free ICG in an aqueous
solution tends to form dimers and polymers with increasing
concentration, which decreases its fluorescence QY.*415) The
NIR-IT QYs of S-Lipo-ICG increased by =10-fold when the lipid/
ICG ratio increased from 15 to 250 (Figure 2G). However, the
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NIR-II QYs remained nearly unchanged when the Lipid/ICG
ratio ranged from 250 to 750. These data indicate that an appro-
priate amount of ICG (Lipid/ICG = 250:1) incorporated into
liposomes can effectively inhibit aggregation-induced fluores-
cence quenching and thus enhance the NIR-II emission bright-
ness. Importantly, after storage at 4 °C in a freezer for 15 days,
the NIR-IT fluorescence signal of the S-Lipo-ICG solution was
maintained at over 80%, whereas it decline to =30% in the free
ICG solution (Figure 2H). This indicates that the liposome-
encapsulated ICG can enhance optical stability by reducing
the photooxidation effect.’”! We also observed that the size of
S-Lipo-ICG remained unchanged during the 15-day storage
(Figure 2I), indicating good chemical stability.

2.3. Mechanism Underlying the Interaction between ICG
and Liposomes

To better understand the potential mechanism underlying the
brightness enhancement of ICG after liposome encapsulation,
the interactions between ICG and the liposomes were inves-
tigated by molecular docking and molecular dynamics. Note
that the docking score was used to evaluate the binding sites
and poses of ICG in the liposome. Low and negative binding
energies indicate a spontaneous and energetically favorable
process between the molecule (ICG) and receptor (liposome).
The results of molecule docking analysis revealed that ICG
could bind to four different sites on the liposome, and the four
binding sites were stably maintained during molecular simula-
tion, resulting in a conformational change (Figure S4, Movie S1,
and Table S1, Supporting Information). The generated binding
sites of ICG exhibited strong hydrophobic interaction with
the surrounding cavities of liposomes owing to the presence
of hydrophobic rings and hydrophobic chains (Figure 3A).
Among the four binding sites, site 1 and site 2 had docking
scores of —11.54 and —11.25 kcal mol™, respectively, suggesting
that ICG molecules are likely to adopt those conformations in
the hydrophobic shell of the liposome. Different from being
embedded into the hydrophobic cavities of liposomes, free ICG
exhibited a high stacking tendency in water (Figure 3B; Movie
S2, Supporting Information). The stacking pose of ICG not
only reduces its fluorescence brightness but also inhibits the
encapsulation efficiency (Figure S5, Supporting Information).
The computational modeling results indicated that adding the
ICG dissolved in organic solvents before film formation with
liposomes is an effective strategy to enhance the brightness.

2.4. Cerebrovascular NIR-1l Fluorescence Imaging

Noninvasive NIR-II cerebrovascular imaging in mouse models
was conducted using S-Lipo-ICG or free ICG after evaluation
of their cell toxicity in vitro (Figure S6, Supporting Informa-
tion). After the intravenous (i.v.) administration of S-Lipo-ICG
at a dose of 0.2 mg kg (a recommended ICG dose for in vivo
imaging), the inferior cerebral vein, superior sagittal sinus,
and transverse sinus under the scalp, as well as other cortical
veins in both cerebral hemispheres, were clearly visible 0.5 min
after i.v. injection (Figure 4A). By contrast, we could not view
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Figure 2. Characterization of S-Lipo-ICG and mechanism of brightness enhancement. A) Cryo-electron microscopy image of S-Lipo-1CG. B) Absorption
spectra of free ICG and S-Lipo-ICG dispersed in PBS (ICG, 1.25 ug mL™). C) The NIR-II tail emission of free ICG and S-Lipo-ICG. D) The absorbance
(808 nm) comparison of free ICG and S-Lipo-ICG. E) The NIR-Il QY comparison of free ICG and S-Lipo-ICG. F) Brightness comparison and NIR-I
fluorescence images between S-Lipo-ICG (1), free ICG (11), and other reported NIR-II probes including TTB NPs (I11), TB1 NPs (IV), and TT (V) (2.5 mW cm~,
LP1000, 5 ms). G) Effects of different Lipid/ICG ratios on NIR-Il QY of S-Lipo-ICG. H) Optical stability of the free ICG and S-Lipo-ICG during 15-day
storage. 1) Size variation of S-Lipo-ICG during 15-day storage. Means are given and error bars are + s.d. (n=5).

many cortical arteries in both cerebral hemispheres after the
i.v. injection of free ICG at the same dose (0.2 mg kg™). Of
note, dose reduction is beneficial for reducing the likelihood of
the adverse effects of ICG. Given the enhanced brightness of
S-Lipo-ICG, we performed cerebrovascular imaging at a lower
dose of 0.04 mg kg™ All blood vessels except some cortical
arteries could still be visualized in S-Lipo-ICG-treated mice. By
contrast, almost no blood vessels were observed in free ICG-
treated mice (Figure 4A). The signal-to-background ratio (SBR)
at the inferior cerebral vein of S-Lipo-ICG-treated mice were 6
(0.2 mg kg™}) and 4 (0.04 mg kg!), which were 1.7- and 4-times
higher than that of the free ICG-treated mice at the corre-
sponding dose (Figure 4B).

Note that the half-life of an imaging agent in the blood is
another key aspect of cerebrovascular imaging.® The phar-
macokinetics of free ICG and S-Lipo-ICG were evaluated by
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collecting blood samples from mice at different instants after
i.v. injection. The NIR-II fluorescence images of blood sam-
ples from S-Lipo-ICG-treated mice showed strong fluorescence
signals, and could still be detected at 30 min postinjection.
By contrast, the NIR-II fluorescence signal from free ICG-
treated mice was weak and undetectable 5 min postinjection
(Figure 4C). Using a monoexponential decay model, the half-
life of free ICG and S-Lipo-ICG in mice was calculated to be
3.0 £ 0.5 min and 16.8 = 1.7 min, respectively (Figure 4D). This
prolongation of the half-life in the blood may aid long-term
imaging in vivo. The cerebrovascular system of mice could
be observed for up to 30 min (SBR = 1.9) after treatment with
S-Lipo-ICG, but these systems could only be visualized within
5 min (SBR = 1.3) in the ICG-treated group (Figure 4E,F).
The long-term in vivo imaging potential may be beneficial
for imaging-guided tumor surgery, as the optimal surgical

© 2023 Wiley-VCH GmbH
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Figure 3. The possible interaction mechanism between ICG and liposomes. A) Different binding modes of ICG and liposomes. (Green: site 1, purple:
site 2, magnification zone: details of the binding positions of ICG and hydrophobic pockets of the liposome.) B) Molecular dynamics simulation the

pose of free ICG in water.

time window is often longer than 30 min.l'41 Thus, multiple
repeated i.v. injections of free ICG are required in the clinic
to ensure imaging success, which may induce side effects.
In our study, a single injection of S-Lipo-ICG is sufficient to
meet imaging requirements. These findings demonstrate that,
compared to free ICG, S-Lipo-ICG is a superior NIR-II fluo-
rescent agent with greater brightness and a longer half-life in
the blood.

2.5. Dual-Color Imaging
Multicolor fluorescence imaging can be used to simultane-
ously track several targets and visualize complex biological

activities. This allows the identification of cancer subtypes,
evaluation of immunotherapy outcomes, or guidance of
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surgery.”l Considering that S-Lipo-ICG and S-Lipo-FD1080
can be excited at 808 and 1064 nm, respectively, NIR-II dual-
color imaging can be performed by adjusting the excitation
wavelength (Figure 5A). The absorption spectra and NIR-II
fluorescence emission spectra of free FD1080 and S-Lipo-
FD1080, and cryo-electron microscopy images of S-Lipo-
FD1080 were characterized for the further dual-color imaging
(Figure S7, Supporting Information). To test our hypothesis,
we examined the NIR-II fluorescence of S-Lipo-ICG and
S-Lipo-FD1080 solutions under excitation at 808 and 1064 nm.
As expected, the NIR-II fluorescence of S-Lipo-ICG solution
could only be observed under 808 nm excitation, whereas
the NIR-II fluorescence of the S-Lipo-FD1080 solution could
be observed under 1064 nm excitation (Figure 5B). For com-
parison, free ICG (10 ug mL™!) and FD1080 (30 pug mL™) are
not bright sufficiently for dual-color imaging under the same

© 2023 Wiley-VCH GmbH
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Figure 4. High NIR-II fluorescence contrast and long circulation of S-Lipo-ICG. A) Cerebrovascular NIR-II fluorescence imaging in mice by i.v. injec-
tion of different doses of S-Lipo-ICG (ICG, 0.2, 0.04 mg kg™") and free ICG (0.2, 0.04 mg kg™") under 808 nm laser (0.1 W cm™2, 1000 ms) irradiation
using 1300 nm long-pass filters. B) The SBR of the region marked by a white line in (A). C) The blood samples collected from mice after i.v. injection
of free ICG or S-Lipo-ICG at different time points. D) Blood circulation (%ID/g) of free ICG and S-Lipo-ICG administrated mice as a function of time.
E) Cerebrovascular NIR-1I fluorescence imaging in mice treated with free ICG (i.v. dose: 3 mg kg™) and S-Lipo-ICG (i.v. dose: 0.3 mg kg™") under laser
irradiation (808 nm, 0.05 W cm2, 300 ms, LP1300). F) The SBR of the region marked by a white line in (E). Results are shown as the mean  s.d. (n=5),
ns means no significant difference, two-tailed Student’s t-test. Scale bars: 5 mm.

conditions in both aqueous solutions (Figure 5C) and blood
(Figure S8, Supporting Information). Next, we employed
S-Lipo-ICG (ICG, 5.2 nmol, i.v.) and S-Lipo-FD1080 (FD1080,
2.6 nmol, intradermal injection) to perform dual-color NIR-II
imaging of the blood arteries and lymph nodes in mouse
models. By switching the excitation wavelength at 10 min
postinjection, vascular architecture, and lymph node could
be distinguished (Figure 5D). Moreover, tumors and their
angiogenesis could be detected by intratumoral injection of

Small 2023, 19, 2206544
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S-Lipo-FD1080 and i.v. injection of S-Lipo-ICG, which could
be beneficial for imaging-guided surgery for cancer therapy
(Figure 5E). Unfortunately, previous multicolor lymphatic and
circulatory imaging with cyanine dyes generally employed a
tenfold higher dye dose (e.g., 323 nmol for ICG).[2<8>18] These
results illustrate that our liposome-encapsulation approach
not only enables in vivo multicolor NIR-II fluorescence
imaging for cyanine dyes but also reduces the dye dose, which
helps to reduce the costs and side effects.

© 2023 Wiley-VCH GmbH
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Figure 5. In vivo excitation-dependent dual-color NIR-Il imaging. A) Scheme of the dual-color imaging of S-Lipo-ICG and S-Lipo-FD1080 distinguished
by adjusting excitation wavelengths. B) Dual-color NIR-Il imaging of S-Lipo-ICG, S-Lipo-FD1080, and mixed solutions under 808 and 1064 nm excitation,
respectively. C) NIR-II fluorescence images of free ICG, free FD1080, and mixed solutions under 808 and 1064 nm laser excitation, respectively. D) In
vivo dual-color NIR-Il imaging of blood vessels and lymph node with i.v. injection of S-Lipo-ICG and intradermal injection of S-Lipo-FD1080. E) In vivo
dual-color NIR-Il imaging of blood vessels and tumor with i.v. injection of S-Lipo-ICG and intratumoral injection of S-Lipo-FD1080. Imaging conditions:
0.1 W cm2, 300 ms, LP1300. Scale bars: 5 mm.
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2.6. In Vivo Tumor Imaging and Image-Guided Surgery in VX2
Tumor-Bearing Rabbit Models

In addition to the aforementioned advantages, the high-pres-
sure homogenization-based encapsulation strategy can produce
uniform liposome-encapsulated cyanine dyes on a large scale
(Figure S9, Supporting Information), facilitating NIR-II imaging
in large animals. To evaluate the feasibility, the produced S-Lipo-
ICG (0.5 mg kg™) or free ICG (0.5 mg kg™!) was administered
into VX2 tumor-bearing rabbits through ear-vein injection
(Figure 6A). The VX2 tumor was visualized at 0.5 h postinjec-
tion of S-Lipo-ICG, and the fluorescent signal of tumors lasted
more than 8 h. In addition, the fluorescence signals around the
tumor nearly disappeared 4 h after injection, leading to a clear
tumor margin. By contrast, the tumor of the free ICG group
could be monitored as early as 5 min after injection, and the
fluorescence signals were no longer seen 10 min later. Quantita-
tive analysis demonstrated that the SBR of the VX2 tumor was
gradually increased in S-Lipo-ICG-treated rabbits and reached
the maximum (SBR = 4.2) after 6 h (Figure 6B,C). However, the
maximum SBR of the tumor in ICG-treated rabbits was only
=1.6, which was =3-times lower than that of S-Lipo-ICG-treated

VX2 tumor-bearing rabbit

Oh 0.5h 2h 4h 6h

S-Lipo-ICG w

10 min 15 min

0 min 5 min

Free ICG

In vivo NIR-Il imaging

20 min

www.small-journal.com

rabbits (Figure 6E). Then, the image-guided surgical removal of
the VX2 tumor was conducted 6 h postinjection of S-Lipo-ICG,
as this ensures a high SBR and a long imaging time window.
Under the guidance of NIR-II fluorescence, tumor margins
and small residual tumor tissues with a size of 2-5 mm can be
distinguished from normal tissue. This can aid the successful
removal of the tumor (Figure 6D). In addition, S-Lipo-ICG can
also be utilized for deep-tissue NIR-II imaging, such as the
liver and intestine of rabbits, because their depths are 72 and
4.2 mm, respectively, based on ultrasound imaging results
(Figure S10, Supporting Information).

2.7. In Vivo Metabolism and Toxicity of S-Lipo-ICG

It is important to evaluate the metabolism and biocompatibility
of S-Lipo-ICG for clinical translation. As an FDA-approved dye,
ICG can be metabolized by the liver and excreted through feces
in humans.”! To explore the clearance path of S-Lipo-ICG,
we measured its metabolism in healthy nude mice at various
time points. As shown in Figure 7A, NIR-II fluorescence sig-
nals in the liver could be observed at 5 min i.v. postinjection

Image-guided surgery Ex vivo NIR-Il imaging
8h G

Max x S-Lipo-ICG
4
® 21
30 min r\ ﬂ
0 05 2 4 6 8
Time (h)

Free ICG
0 5 10 30

5 15 20
Time (min)

Figure 6. In vivo tumor imaging and image-guided surgery in VX2 tumor-bearing rabbit models. A) Schematic illustration of VX2 tumor image-guided
surgery. B) NIR-II fluorescence images of VX2 tumor treated by S-Lipo-ICG and free ICG in rabbit models. C) Quantitative analysis of SBR of the
VX2 tumor after ear-vein injection of S-Lipo-ICG. D) NIR-II fluorescence image-guided surgery after ear-vein injection of S-Lipo-ICG. E) Quantitative
analysis of SBR of the VX2 tumor at different time points after administration of S-Lipo-ICG. The white circle indicates the tumor region and the green
circle indicates the residual tumor area. (0.05 W cm=2, 10 ms, LP1000). Scale bars: 1 cm. The green circles indicate residual tumor tissue. The data are
presented as the mean + s.d. (n=3).
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Figure 7. Metabolism of free ICG and S-Lipo-ICG in mice. A) NIR-Il imaging of free ICG and S-Lipo-ICG in healthy nude mice (dose of ICG =0.15 mg
kg™, scale bars: 1 cm, Li indicates liver and Int indicates intestine, 0.05 W cm™2, 5 ms, LP1000). B) Representative fluorescence signal intensity of liver
and intestine regions for free ICG and S-Lipo-ICG at different time points. C) NIR-II fluorescence signals of feces excreted from mice treated with free
ICG and S-Lipo-ICG, respectively. D) Representative H&E-stained images of major organs obtained from mice sacrificed 3 d after i.v. injection of PBS
and S-Lipo-ICG. Scale bars: 200 um. The data is presented as the mean £ s.d. (n =3).

of free ICG and S-Lipo-ICG, and gradually declined until they
were undetectable at 2 h and 4 h i.v. postinjection, respectively.
Accordingly, NIR-II signals in the intestine increased with time,
initially 2 h for free ICG and 8 h for S-Lipo-ICG, and finally
disappeared after 24 and 36 h, respectively. This indicates that
the S-Lipo-ICG-treated group had slower liver metabolism
than free ICG. The prolongation of the metabolic duration
may be attributed to the longer half-life time of S-Lipo-ICG in
blood. Nevertheless, the trend of NIR-II fluorescence intensity
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fluctuation in the liver and intestine in the S-Lipo-ICG-treated
group was consistent with that in the free ICG-treated group,
indicating the same metabolic pathways (Figure 7B). The feces
of the free ICG-treated and S-Lipo-ICG-treated mice showed
strong NIR-II fluorescence (Figure 7C; Figure S11, Supporting
Information). It further revealed that S-Lipo-ICG could be
cleared from the body, consistent with free ICG. This indicates
that the liposome-encapsulation strategy does not change the
inherent metabolic process of ICG. Next, the in vivo toxicity of
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S-Lipo-ICG was evaluated using hematoxylin and eosin (H&E)
staining. After administration of S-Lipo-ICG with a dose of 0,
0.5, 5, and 10 mg kg™, no apparent abnormalities or lesions of
the organ slices were observed in the organ slices (Figure 7D;
Figure S12, Supporting Information). The measurements of
representative parameters of liver function and indicators of
kidney function at the doses tested reveal no hepatic or kidney
toxicity (Figure S13, Supporting Information).

3. Conclusion

We have developed a strategy for encapsulating cyanine dyes by
high-pressure homogenization to construct liposome-cyanine
dyes with enhanced NIR-II brightness. The results of com-
putational modeling indicated a strong hydrophobic interac-
tion between the liposomes and ICG, resulting in a stable
complex. The brightness enhancement may be attributed to the
bathochromic shift of the absorption peak and suppressed non-
radiative transitions. Using S-Lipo-ICG as a representative dye for
in vivo imaging, we found that S-Lipo-ICG exhibited improved
NIR-II imaging performance and prolonged half-decay time,
allowing higher SBR, lower ICG dosage, and longer imaging
window compared with free ICG. Moreover, dual-color NIR-II
fluorescence imaging of blood vessels and lymph nodes, as well
as tumors and their angiogenesis was realized using S-Lipo-ICG
and S-Lipo-FD1080, broadening the applications of free ICG and
FD1080. S-Lipo-ICG was easily scaled up for large tumor (VX2
tumor) imaging and imaging-guided surgery in a rabbit model.
Moreover, S-Lipo-ICG possesses similar metabolic pathways as
free ICG and shows good biocompatibility. Most importantly, each
component of S-Lipo-ICG, including ICG, DOPC, and DSPE-
PEGyg0o, is FDA-approved, facilitating clinical application. The
simple ingredients and high-pressure homogenization method
facilitate the synthesis of S-Lipo-ICG on a large scale and at a
high quality, which can further promote clinical implementation.

4. Experimental Section

Materials: The DOPC and DSPE-PEG,qy, were obtained from Xi'an
Ruixi Biological Technology Co., Ltd. ICG, and IR780 were purchased
from Sigma-Aldrich. PBS was received from Hyclone. All commercial
reagents were used as received without further purification. Ultrapure
water was supplied for the needed experiments.

Synthesis of S-Lipo-Cyanine Dyes: Liposome-cyanine dyes were
synthesized using a modified thin-film hydration method. Briefly, the
lipid stock solution was prepared by dissolving DOPC and DSPE-PEG 4o
in CHCl; in a 19:1 molar ratio. ICG was dissolved in methanol at a
concentration of 2 mg mL™". Subsequently, an adequate amount of ICG
was mixed with the lipid at various molar ratios (Lipid/ICG), including
15.6:1, 31.3:1, 62.5:1, 125:1, 250:1, 500:1, and 750:1. The organic solvents
were then removed using rotary evaporation to form a film layer, which
was further dried in vacuo for 4 h. It was placed in PBS and hydrated
in a water bath (65 °C, 10 min). The lipid-ICG PBS solution was freeze-
thawed in a water bath (65 °C) and liquid nitrogen for 5 cycles and then
subjected to high-pressure homogenization three times at 40 psi. The
S-Lipo-ICG was further dialyzed to remove the free ICG molecules.
S-Lipo-IR780 and S-Lipo-FD1080 were obtained by replacing ICG with
IR780 and FD1080, respectively, using a similar method.

Cryo-Transmission  Electron Microscope (Cryo-TEM): Lipid vesicles
and S-Lipo-ICG (lipid, 6 mg mL™") were prepared and characterized
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by cryo-TEM. Five microliters of samples were dropped to 300-mesh
copper grids with carbon films, which were blotted with filter paper after
4 s. The copper grids were immediately immersed in liquid ethane and
stored under liquid nitrogen until they were transferred to the electron
microscope for imaging. Images were acquired on a Krios G3i electron
microscope (300 kV, Thermo Scientific) at a magnification of 59 000x.

Optical Properties of the S-Lipo-Cyanine Dyes: The absorption of
cyanine dyes, including ICG, IR780, FD1080, and liposome-cyanine
dyes was recorded using a PerkinElmer Lambda 750 UV-vis—NIR
spectrophotometer. The emission of these solutions between 1000 and
1650 nm was recorded using 808 nm laser as the excitation source and
a 1000-nm long-pass filter as the emission filter by F900 fluorescence
spectrophotometer (Edinburgh Instruments, Ltd., U.K). The fluorescence
intensity of free ICG and S-Lipo-ICG was detected every 3 days under
ambient conditions for =15 days. Also, the diameter of S-Lipo-ICG was
recorded every 3 days by dynamic light scattering.

Measurements of NIR-Il QYs: The quantum yield increments in the
NIR-II window of S-Lipo-cyanine dyes were measured using free dyes
(ICG, IR780, and FD1080) as references. Taking ICG as an example, ICG
solution with five different absorption values below 0.1 at 808 nm was
prepared. The emission of these solutions between 1000 and 1650 nm
was recorded using an 808 nm laser as the excitation source and a
1000-nm long-pass filter as the emission filter. The integrated NIR-II area
as a function of the absorption value at 808 nm was then determined.
The slope of S-Lipo-ICG was also obtained using the same method. The
quantum yield increment (Slopes.|ipo.ic/Slopeicg) of S-Lipo-ICG was
further determined. Similarly, the QY increment of S-Lipo-IR780 was
determined. For FD1080, the excitation and the absorption values were
changed from 808 to 1064 nm. The QY increment (Slopes.iip-rpr0s0/
Slopegpiggo) of S-Lipo-FD1080 was measured using the same procedure.

Computational Modeling: Molecular coordinates of ICG were
downloaded from Pubchem (https://pubchem.ncbi.nlm.nih.gov/), and
the bilayer lipid membrane system was constructed by CHARM-GUI
(https://charmm-gui.org/), with 95 DOPC and 5 DSPE-PEG g in each
monolayer. The initial binding position of ICG in the membrane was
calculated. The cavities of the liposome were centered on the origin,
and the 60 x 60 x 60 A grid box was set as the search space for the
best conformations of ICG. Molecular docking simulations were further
conducted. The Lamarckian genetic algorithm was used with a population
size of 150 individuals, whereas 250 000 energy evaluations were used
for 100 times repetition to obtain the optimal pose. The conformations
with the lowest binding energies were selected for further analysis. Four
ICGs docked at different sites in the membrane system were used for
the molecular dynamics (MD) investigation. The system was further
minimized and equilibrium by NVT, and submitted for 300 ns MD under
the Charmm force field using GROMACS. The main conformation of ICG
in the membrane was further analyzed by Gaussian.

Pharmacokinetic Studies: Animal procedures were performed with
the approval of the Animal Care and Use Committee of Shenzhen
Institutes of Advanced Technology, Chinese Academic of Sciences. Six-
week-old female Balb/c mice with three mice per group were adopted
for pharmacokinetics study. S-Lipo-ICG or ICG saline was intravenously
(i-v.) injected into the mice via the tail vein at a dose of 0.5 mg kg™
2 pL of blood was collected from the tail at different time points. The
concentration of S-Lipo-ICG and free ICG in blood was calculated by the
NIR-II fluorescence imaging system (808 nm, long pass 1000 nm). The
percent injected dose per gram (%ID/g) of blood was calculated using
the following equation

C ; XV
%ID/g _ = sample inblood blood % 100% (1)

injected sample X Vinjected x blood Weight

In Vivo NIR-II Fluorescence Imaging: To compare the in vivo NIR-II
imaging performance of the free ICG and S-Lipo-ICG, free ICG (dose:
0.2, 0.04, and 3 mg kg™') and S-Lipo-ICG (dose: 0.2, 0.04, and 0.3 mg kg™")
were administered to healthy C57BL/6) mice via tail-vein injection.
The cerebrovascular fluorescence images of the mice were further
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recorded at various time points using the NIR-II fluorescence imaging
system (NIRvana 640, Teledyne Princeton Instruments; 808 nm, long
pass 1300 nm).

For the dual-color imaging of blood vessels and lymph nodes/tumors,
S-Lipo-ICG (i.v. injection) and S-Lipo-FD1080 (intradermal/intratumor
injection) were excited by exposure to an 808 nm laser and a 1064 nm
laser, respectively. The fluorescence signal was recorded by the camera
with a 1300 nm long-pass filter. The dual-color fluorescence images were
merged in Image| software.

To show the NIR-Il imaging ability of the probes, a long-pass filter
of 1000 nm at 808 nm laser excitation and a long-pass filter of 1100 nm
at 1064 nm laser excitation were chosen in the experiments. To show
the high spatial resolution such as cerebrovascular and other vessels, a
long-pass filter of 1300 nm was used in the experiments.

Image-Guided Surgery in VX2 Tumor-Bearing Rabbit Models: VX2
tumor-bearing rabbits were received from Guangdong Medical
Laboratory Animal Center. The NIR-II fluorescence images of the tumor
were acquired at different instances after the ear-vein injection of the
S-Lipo-ICG (0.5 mg kg™) or free ICG (0.5 mg kg™) using the NIR-II
fluorescence imaging system (808 nm, long pass 1000 nm). The image-
guided surgical removal of the VX2 tumor was carried out at 6 h after
S-Lipo-ICG administration, and the removed tumor was further imaged
using the NIR-II fluorescence imaging system.

In Vivo Toxicity Evaluation of the S-Lipo-ICG: S-Lipo-ICG at doses 0.5,
5, and 10 mg kg™ was administrated into mice by i.v. injection. Blood
samples were collected at 1-, 2-, and 3 days postinjection. PBS-treated
mice were used as the control group. The blood and biochemical indexes
of the mice were further measured in Shanghai Biomodel Organism.
Major organs were also collected from mice injected with S-Lipo-ICG
and PBS. After treatment of the tissues with 4% formalin, H&E staining
was carried out and the tissues were embedded in paraffin. Images were
further recorded using a digital microscope (Nikon Eclipse 90i).

Statistical Analysis: Quantitative results are expressed as mean + s.d.
Two-tailed Student’s t-test was used for statistical analysis of two groups
(n = 5). Significant differences are indicated by P values of less than
0.05. The results were analyzed with Microsoft Excel software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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