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KEY WORDS Abstract  Biliary atresia is a rare infant disease that predisposes patients to liver transplantation and
death if not treated in time. However, early diagnosis is challenging because the clinical manifestations
and laboratory tests of biliary atresia overlap with other cholestatic diseases. Therefore, it is very impor-
tant to develop a simple, safe and reliable method for the early diagnosis of biliary atresia. Herein, a novel
NIR-II fluorescence probe, HZL2, with high quantum yield, excellent biocompatibility, low cytotoxicity
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Hepatobiliary excretion efficient and permeability. A simple fecal sample after injection of HZL2 can be used to efficiently iden-

tify the success of the mouse model of biliary atresia for the first time, allowing for an early diagnosis of
the disease. This study not only developed a simple and safe method for the early diagnosis of biliary
atresia with great potential in clinical translation but also provides a research tool for the development
of pathogenesis and therapeutic medicines for biliary atresia.
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1. Introduction

Biliary atresia is a rare, severe inflammatory and obliterative
cholangiopathy that affects millions of infants'. The inflammatory
process of biliary atresia leads to bile duct fibrosis, cholestasis,
progressive liver fibrosis and liver cirrhosis, which further causes
liver failure and mortality in children under the age of two if left
untreated’. Optimal outcomes for neonates are contingent upon
early identification, referral and timely Kasai portoenterostomy.
The likelihood of success of Kasai surgery decreases with delay™**.
Therefore, early diagnosis and timely surgical treatment of biliary
atresia are essential. Although the pathophysiology of biliary
atresia remains unknown, several mechanisms have been pro-
posed, including genetic susceptibility and immune dysregulation,
as well as congenital malformations, congenital cytomegalovirus
infection and reovirus infection’ ’. The causes of persistent
jaundice in infants are different, making it difficult to accurately
identify biliary atresia by routine blood examination®. In the
clinic, *mTc-mebrofenin hepatobiliary scintigraphy was initially
performed to rule out biliary atresia before definitive diagnosis via
an invasive intraoperative cholangiogram’. However, exposure to
ionizing radiation has been demonstrated to increase the risk of
childhood leukemia. Misinterpretations of hepatobiliary scintig-
raphy led to delayed diagnosis and surgical palliation with Kasai
portoenterostomy for biliary atresia'®'". There is an unmet clin-
ical need for a safe and reliable approach for the early detection of
biliary atresia.

Recently, fluorescence imaging in the second near-infrared
window (NIR-II, 1000—1700 nm) has shown great promise in
biomedical applications for disease diagnosis and image-guided
therapy with deeper penetration depth and higher resolution
compared to visible and NIR-I (700—900 nm) windows due to less
photon absorption and scattering and negligible autofluorescence
of biological tissues in the NIR-II window'? %, The first trial in
humans of NIR-II fluorescence navigation in liver cancer surgery
demonstrates that NIR-II fluorescence imaging has great potential
for clinical application’’. At present, numerous NIR-II fluores-
cence imaging contrast agents have been reported for use in a
variety of biomedical applications, including small-molecule
dyes®™®?° and conjugated polymers’, inorganic nanomaterials
such as gold nanomaterials’'~*%, single-walled carbon nanotubes
(SWCNTs)™>, quantum dots (QDs)*, and rare earth-doped nano-
particles (RENPs)*>. To the best of our knowledge, no NIR-II
fluorophores excreted by the hepatobiliary system have been re-
ported for NIR-II imaging and early diagnosis of biliary atresia.

Herein, for the first time, we demonstrate the rational design
for the construction of a series of NIR-II fluorophores excreted by
the hepatobiliary pathway based on the oil/water partition coef-
ficient and permeability (Scheme 1). The semiquantitative NIR-II
fluorescent analysis of the liver to leg tissue (L/L) or the bladder to
leg tissue (B/L) and 24-h excreted urine or feces with CH1055a-c
and H3a-c demonstrated that an NIR-II dye H3a with a fluorene
moiety, mainly excreted by the liver, corresponded to the high
logP value (—0.41). The benzyl group was then integrated into the

sp> carbon of the fluorene group of H3 to identify a novel NIR-II
probe, HZL, with enhanced lipid solubility and improved phar-
macokinetic features (Scheme 1A). The PEGylated NIR-II fluo-
rescent probe HZL2 with the fastest hepatobiliary excretion rate
self-assembled into stable micelles in aqueous solution (critical
aggregation concentration, CAC, 0.140 mg/mL). HZL2 exhibited
suitable logP, XLOGP2, XLOGP3 and miL.ogP values and a su-
perior hepatobiliary excretion capacity (~80%). Furthermore,
high-resolution NIR-II imaging of the murine bile duct stricture
(BDS) and bile duct ligation (BDL) models of biliary atresia using
HZL2 was successfully achieved for the first time (Scheme 1B).
This study illustrates that HZL2 is promising for clinical trans-
lation of the noninvasive early detection of biliary atresia with a
simple fecal sample (Scheme 1).

2. Materials and methods

2.1.  Materials and general procedure

NH,(CH,CH,0),Me (approximately 0.35, 0.57, 0.93 and
1.98 kDa) was purchased from Ponsure Biotechnology Co., Ltd.
The synthetic reagents were purchased from commercial suppliers
(such as Aldrich, Energy Chemical, and Sinopharm Group Co.,
Ltd.) and used without further purification. The tetracarboxylic
acid compound derived from H3, CH1055, and 4,7-bis(7-bromo-
2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5,6-dinitrobenzo[c]

[1,2,5]thiadiazole were synthesized according to our previous
report’™”’. '"H NMR and '>C NMR spectra were recorded in
CDCl; at room temperature using a Bruker AV400 magnetic
resonance spectrometer. MALDI-TOF-MS characteristics were
determined on an AB SCIEX 5800 MALDI TOF mass spec-
trometer. UV—Vis NIR spectra were tested with a SHIMADZU
UV-2600 or PerkinElmer Lambda 25 spectrophotometer. NIR
fluorescence spectroscopy was performed on an Applied Nano-
Fluorescence spectrometer at ambient temperature with an exci-
tation laser source of 808 nm. The size and shape of HZL1-3
aggregates were observed by a Hitachi HT7700 transmission
electron microscopy. The dynamic light scattering (DLS) and the
zeta potential of the aggregates were measured using a Malvern
Zetasizer Nano ZS90. The NIR-II in vivo imaging system was
purchased from Suzhou NIR-Optics Technologies Co., Ltd.

2.2.  Preparation and identification of NIR-1I fluorescent probes

All NIR-II fluorescent probes were prepared in a concise pathway.
The detailed synthetic procedure and the identification informa-
tion can be found in the Supporting Information.

2.3.  Determination of the oil-water partition coefficient

UV—Vis spectroscopy was used to determine the oil-water parti-
tion coefficients of CH1055a-c, H3a-c, and HZL1-3 in the n-
octanol/water system through the shaking flask method. Briefly,
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(A) Schematic illustration of the discovery procedure of hepatobiliary excretion NIR-II probe HZL2. (B) Molecular properties of

hepatobiliary and renal excretion, and schematic illustration of NIR-II imaging for biliary atresia models.

the saturated aqueous solution containing all the previously
mentioned compounds and n-octanol was mixed well in a capped
conical flask for 24 h. After equilibrium, the content of all of the
compounds in the aqueous and n-octanol phase solutions was
measured through the standard curves for the oil-water partition
coefficient calculation.

2.4.  Fluorescence quantum yield measurement

The fluorescence quantum yield measurement was reported in our
previous work™®, and IR-26 was used as the reference with 0.5%
quantum yield in DCE. The quantum yield was calculated
as Eq. (1):

2
Slopesamplc nsample

QYsample = QYIR26 X 2
Slopem26 MRoe

(1)

where QY gampie is the QY of the fluorophore dissolved in solvent,
QY ro6 is the QY of IR-26 in DCE, and ngmpie and nroe are the
refractive indices of the solvent (DCM or water) and DCE,
respectively.

2.5. Critical aggregation concentration (CAC) measurement

Various concentrations of HZLL1-3 (0.01—1.5 mg/mL) in deion-
ized water were prepared. The transmittance of the solutions was
then measured by UV—Vis spectroscopy, and a correlation was
established between the solution concentration and transmittance
at their maximum absorption wavelength to calculate the CAC.

2.6.  Transmission electron microscopy (TEM), DLS and zeta
potential

TEM (Hitachi HT7700) was used to examine the morphology
of HZL1-3. To create TEM specimens, an aqueous solution
of HZLL1-3 was added dropwise onto carbon-coated grids
(Cu, 400 mesh) and dried naturally. HZL1-3 aqueous
solutions (~0.5 mg/mL) were used for DLS and zeta potential
measurements with a Malvern Zetasizer Nano ZS90 at room
temperature.

2.7.  Cell culture and animals

Human hepatic cells (L02) were obtained from the China Center
for Type Culture Collection (CCTCC). LO2 cells were cultured in
RPMI 1640 medium with 10% (v/v) fetal bovine serum (FBS), 100
IU/mL penicillin, and 100 pg/mL streptomycin in a humidified
atmosphere with 5% CO, at 37 °C. All female Kunming (KM)
mice were purchased from Hunan SJA Laboratory Animal Co.,
Ltd. and were used under the guidance of the Institutional Animal
Care and Use Committee (IACUC) of Wuhan University.

2.8.  Cytotoxicity evaluation

The cytotoxicity of HZL1-3 was determined by using the CCK-8
assay. The L0O2 cells were seeded into 96-well plates at a density
of 5 x 10° cells per well and incubated for 24 h. Subsequently, the
medium was replaced by 100 pL of fresh medium with HZL1,
HZL2, or HZL3 at different concentrations (0, 10, 20, 30, 40, and
50 pumol/L). After 24 h of incubation, the cell viability was
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evaluated by the CCK-8 assay according to the protocol, and the
optical density was measured at 450 nm by a microplate reader.
The cytotoxicity experiments were repeated three times.

2.9.  Calcein-AM/PI staining

The LO2 cells were treated with different concentrations (10, 30,
50 pumol/L) of HZL1-3 or doxorubicin for 24 h. The culture was
removed, and the cells were gently rinsed with PBS (200 pL) and
then stained with 200 pL of calcein-AM/PI solution. The L02 cells
were cultured in a cell incubator at 37 °C for 30 min before live/
dead cell imaging using an inverted fluorescence microscope
(Olympus, USA).

2.10.  Determination of blood half-life

Healthy female KM mice were randomly separated into four
groups and given an intravenous (i.v.) injection of H3a or HZL1-3
(n = 3, 15 mg/kg, 200 pL) to evaluate their pharmacokinetics.
Blood samples with anticoagulants were obtained at predefined
intervals (5, 10, 15, 20, 30, 60, 120, 240, 360, 480, 600, 720, and
1440 min). The samples were imaged using the NIR-II fluores-
cence imaging system (808 nm laser, 1000 nm LP filter, 90 mW/
cm?). The fluorescence intensity of the blood samples was
measured using Image] software for the blood half-life calcula-
tion. The time-dependent relative fluorescence intensity in blood
was fitted with a first-order exponential decay.

2.11.  Hepatobiliary and urinary excretion studies

Healthy female KM mice were randomly separated into nine
groups and anesthetized with pentobarbital sodium solution
(50 mg/kg) before imaging with long-pass filters (1000 nm) under
808 nm laser irradiation (90 mW/cm?) using an NIR-II in vivo
imaging system. CH1055a-c, H3a-c, and HZL1-3 were intrave-
nously injected into KM mice (n = 3). The mice were then placed
in the supine posture, and whole-body NIR-II fluorescence images
were obtained at various time points. After that, the animals were
euthanized, and the main organs were dissected for ex vivo bio-
distribution imaging. Image] software was used to assess the
fluorescence intensity of the bladder, liver and leg in vivo images
and the intestine and liver in ex vivo biodistribution images to
calculate the ratios of liver to leg, bladder to leg and intestine to
liver.

For the quantification of probes through hepatobiliary and
urinary excretion in 24-h urine and feces, urines or feces were
collected from female KM mice 24 h after injection of CH1055a-
¢, H3a-c, or HZL1-3 in the metabolic cage. The dye content in
feces and urine samples was measured using an NIR-II in vivo
imaging system. The excretion ratio was calculated using Eq. (2):

(2)

Dye contentin feces or urines

Excreti tio (%) =100 x
xeretionratio (%) Injected dye amount

2.12.  Establishment of the biliary atresia mouse model

Female KM mice were assigned to three groups: sham operation,
bile duct stricture (BDS), or bile duct ligation (BDL). All ani-
mals were anesthetized by intraperitoneal injection of pento-
barbital sodium (50 mg/kg) and underwent laparotomy via an
upper-midline incision to locate the bile duct near the top edge of

the pancreas. The common bile duct was carefully isolated from
the lateral portal vein and hepatic artery and ligated twice for the
BDS group (6-0 silk suture) or ligated doubly and transected
between the ligatures for the BDL group. For the sham group, the
common bile duct was only isolated without ligation or tran-
section. Finally, a 4-0 absorbable suture was used to close the
abdomen in layers, and the animals were awakened with a
heating pad.

2.13.  Invivo imaging and pharmacokinetic studies in biliary
atresia mice

Mice from the sham, BDS, and BDL groups were randomly
assigned for NIR-II fluorescence imaging on the 1st, 7th, and 14th
days after surgery (n = 3). HZL2 was intravenously injected into
mice in the sham, BDS, and BDL groups (n = 3, i.v., 15 mg/kg,
200 pL). Real-time NIR-II fluorescence imaging was performed at
different time points after HZL2 injection. For pharmacokinetic
studies in biliary atresia mice, blood samples were obtained at
various time points (5, 10, 15, 20, 30, 60, 120, 240, 360, 480, 600,
720, and 1440 min) post-injection of HZL2 and then quantified
using NIR-II imaging. Finally, the mice were euthanized after
in vivo imaging. Major organs were collected for NIR-II bio-
distribution imaging and fixed in 4% paraformaldehyde for his-
tological examination.

2.14.  Biochemical analysis

Blood samples obtained from the mouse orbital were quickly
frozen and stored at —80 °C for further biochemical analysis. For
the model evaluation of the sham, BDS, and BDL groups, serum
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and total bilirubin (TBIL) levels were measured. For
in vivo safety assessment of HZL2, the levels of AST, ALT, TBIL,
total cholesterol (TC), blood urea nitrogen (BUN), and creatinine
were measured by serum biochemical analysis.

2.15.  Histological analysis

Tissues including the heart, liver, spleen, lung, and kidney were
fixed with 4% paraformaldehyde buffer, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin for histological
analysis.

2.16.  Statistical analysis

Student’s 7 test or one-way analysis of variance (ANOVA) was
performed when comparing two groups or more than two groups,
respectively. Statistical analysis was performed using GraphPad
Prism version 8.0. Data were expressed as the means + SD.
Differences were considered to be significant if P < 0.05
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 unless
otherwise indicated).

3. Results and discussion

3.1.  Rational design, synthesis and characterization of novel
hepatobiliary excreted NIR-II probes

In general, the lipid solubility of probes has a significant impact on
the excretion of organic molecules. Small and hydrophilic organic
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dyes are excreted preferentially by the kidney, while large and
amphipathic organic dyes are preferentially excreted through the
liver (Scheme 1B)*”. To obtain amphiphilic NIR-II fluorescent
probes that could be rapidly excreted through the hepatobiliary
system, 6 amphiphilic NIR-II probes (CH1055a-c and H3a-c,
shown in Fig. 1A and C) were first designed and analyzed®®*’.
CH1055a-c and H3a-c were synthesized in a concise way and
fully characterized by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) (Supporting
Information Figs. S1—S6). The effect of different molecular
weights of PEG and different skeletons of the donor/space of dyes
on the lipid-water partition coefficient (logP) were studied using
n-octanol and water. As shown in Fig. 1B and D, the logP value
order was H3a (n = 7, —0.41) > CH1055a (n = 8, —0.64) > H3b
(n = 12, —1.25) > CH1055b (n = 12, —1.47) > H3c (n = 22,
—2.16) > CH1055¢ (n = 20, —2.27). The logP value decreased as
the polymerization degree of PEG, increased for the CH1055n
and H3n series. The corresponding logP value of H3n with fluo-
rene as a donor was higher than that of CH1055n with -PhNPh, as
the donor at similar molecular weights of PEG, revealing that the
logP value of NIR-II fluorophores could be tuned by the PEG
chain length and the fluorene skeleton of the donor.

To evaluate in vivo metabolic characteristics and the excretion
pathway, CH1055a-c and H3a-c were then administered into KM
mice through tail vein injection. NIR-II images were taken at 1 h
post-injection. As shown in Fig. 1E, the liver signals decreased
and the bladder signals increased when the polymerization degree
of PEG increased. Semiquantitative fluorescent analysis was
adopted to examine the fluorescence signal ratios of the liver to leg
tissue (L/L) or the bladder to leg tissue (B/L). The maximum L/L
ratios of CH1055a-c steadily decreased from ~ 6, whereas those
for H3a-c declined gradually from ~10 with H3a having the
highest L/L value of ~10. The maximum B/L ratio of CH1055a-c
gradually increased from ~8 to ~13, while the maximum B/L
ratio of H3a-c increased sharply from ~4 to ~30 along with the
longer PEG chain (Fig. 1F-K). Subsequently, the 24 h excreted
urines or feces through mouse metabolic cages were collected
after tail vein injection. NIR-II fluorescence imaging was further
used to quantify the percentages of CH1055a-c and H3a-c elim-
inated by the kidney or liver in 24 h. As demonstrated in Sup-
porting Information Fig. S7, the experimental results of 24 h
excretion further validated the conclusions in Fig. 1E—K. The
24 h excretion through the liver order was H3a
(~47%) > CH1055a (~19%) > CHI1055b (~11%) > H3b
(~3%) > CH1055¢c (~0%) = H3c (~0%). The half-life of H3a
in the blood circulation was found to be ~56 min (Supporting
Information Fig. S8). From the half-life data and negligible renal
excretion, the liver elimination rate constant of H3a was
~0.74 h™!. These results revealed that H3a, excreted by the liver,
corresponded to a higher logP value (—0.41).

However, H3a still does not meet the requirement for biliary
atresia diagnosis. Therefore, we further optimized and tuned the
substituent groups on the sp° carbon of the fluorene group of H3 to
increase the lipid solubility and liver excretion ability. The benzyl
group has been widely employed to enhance the lipid solubility of
medications and improve the pharmacokinetic features of phar-
maceuticals, such as phenoxybenzamine and benzylpenicillin***'.
Thus, a novel NIR-II fluorophore, HZL, with a benzyl substituted
group was designed and synthesized. Then, HZL1-3 with a higher
polymerization degree of PEG,, (n = 12—44) were designed and
synthesized to match the molecular weight of H3a-c (Fig. 2A). As

shown in Fig. 2A, HZL was prepared at ~20% overall yield via
an efficient synthetic route from unsymmetrical 9,9-disubstituted
fluorene. The PEGylated NIR-II fluorescent probes HZL1-3
were then obtained by the integration of PEG with different chain
lengths to improve the water solubility and biocompatibility
(Fig. 2A). The structures of all intermediates and final products
were analyzed by '"H NMR, '*C NMR and ESI-MS or MALDI-
TOF-MS (Supporting Information Fig. S9-S19, S22—S24). Vis-
NIR absorption and NIR-II fluorescence emission spectra of
HZL and HZL1-3 were investigated (Fig. S20 and Fig. 2B-C).
The absorption of HZL1-3 peaked at ~750—~ 800 nm, and the
emission peaked at ~1000—~ 1070 nm in aqueous solution. A
bathochromic shift was observed in the case of HZL1-3
compared to HZL. Furthermore, high quantum yields of HZL in
dichloromethane or HZL1, HZL2, and HZL3 in aqueous solution
were determined to be 15.2%, 0.82%, 0.98%, and 0.94%,
respectively (QYr.o¢ = 0.5% in 1,2-dichloroethane, Supporting
Information Figs. S21 and S25).

HZL1-3 is composed of hydrophilic polyethylene glycol
chains and hydrophobic aromatic chromophores, which can self-
assemble into stable micelles in aqueous solution. The critical
aggregation concentrations (CACs) of HZL1, HZL2, and HZL3
were determined to be 0.107, 0.140, and 0.187 mg/mL, respec-
tively (Supporting Information Fig. S26). The longer PEG chains
may contribute to a high value of CAC and high water solubility™’.
The aggregates were further characterized by dynamic light
scattering (DLS) and transmission electron microscopy (TEM). As
illustrated in Fig. 2D-F and Supporting Information Fig. S27, the
results showed that HZL1 (220 + 80 nm), HZL2 (240 4+ 30 nm),
and HZL3 (150 £ 40 nm) generated spherical particles in aqueous
solution, and the particle size decreased as the hydrophilic chain
length increased. The water dispersion system of HZL1-3 had
high stability due to the large zeta potentials of HZLI1
(=243 £ 19 mV), HZL2 (-224 £ 0.5 mV), and HZL3
(—20.3 = 0.3 mV) (Supporting Information Fig. S28). The theo-
retical logP (XLOGP2, XLOGP3 and milLogP) values were
calculated to assess the excretion properties using the atom or
fragment addition methods (Fig. 2G)*>. HZL1-3 exhibited higher
logP, XLOGP2, XLOGP3 and miLogP values than H3a-c with
similar molecular weights and hydrophobic and hydrophilic
groups (Fig. 1D and 2G and H), respectively, indicating high
potential hepatobiliary excretion.

To further explore the capability of these probes for in vivo
imaging, HZL.1-3 was injected into mice via the tail vein, and the
half-life of blood circulation of HZL1-3 was measured by the
blood fluorescence intensity at different time points fitted by first-
order exponential decay. As shown in Supporting Information
Fig. S29, the blood circulation half-life of HZL.1-3 increased with
increasing molecular weight of PEG by evading reticuloendothelial
system clearance (ti2, gz = 54 min, ¢, uzi, = 179 min, and
tip, uzrs = 418 min). Bright NIR-II fluorescence signals were
identified in the intestine at intervals of 2—6 h after tail vein in-
jection of HZL2 (Fig. 3A). Surprisingly, it was also demonstrated
that HZL1-3 could be secreted into bile by hepatocytes in a short
period of time and excreted to the intestines via the gallbladder and
bile duct (Fig. 3B-D). The intestinal tract of mice injected with
HZ1.2 displayed the strongest NIR-II fluorescence signals (Fig. 3C).
Subsequently, we performed semi-quantitative analysis of fluores-
cence signals from the intestine and liver using ImagelJ software. As
shown in Fig. 3E, the ex vivo fluorescent signal ratio of the intes-
tinal tract to the liver (I/L) of HZL2 was ~5. The proportion of
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Figure 1  The strategy for tuning the excretion pathway of CH1055a-c and H3a-c. (A—D) The preparation methods, structures, and experi-
mental logP values determined in n-octanol and water of CH1055a-c and H3a-c (n = 3). (E) The representative in vivo NIR-II fluorescence
images (1000 LP and 200 ms) for the probe excretion of KM mice at 1 h after tail vein injection of CH1055a-c and H3a-c under an 808 nm
excitation (90 mW/cmz), scale bar: 1 cm. (F—K) The change trend of NIR-II fluorescence signal ratio (liver to leg ratio and bladder to leg ratio) at
5, 10, 20, 40, 60, 120, and 240 min after tail vein injection of CH1055a-c and H3a-c (n = 3).

HZL1-3 excreted by 24-h feces was quantified using NIR-II and a suitable lipid-water partition coefficient (logP = —0.61,
fluorescence imaging and is presented in Fig. 3F-G, revealing Fig. 2H)**. All these results suggest that HZL2 has potential for the
that HZL.2 has a superior hepatobiliary excretion capacity (~ 80%) in vivo diagnosis of bile duct-related diseases.



4584

Xiaodong Zeng et al.

os~
N N R

A ™S (r\o AN o
B W 2 e D
0 1) NH4Cl, Zn, DCM,
0, 0.0LJ N NO, 90% MeOH, rt.

ST

J

3

» S —_—
PdCl2(dppf)-DCM, K2COs, N NO, 2) PhNSO, TMSCI,
H20, THF, 80 °C 5 pyr, 80 °C

N
8.2
‘N

TMS

From Compound 1 to HZL
20% Yield

Pl TR, on __HATU, DIPEA, DCM, rt.
NH2(CH2CHz20)nCHs
HZL1, n=12; HZL2, n = 22; HZL3, n = 44
B C 1000
7% 7 e ——HzL1
41— HzL2 S 55604 ——HzZL2
——HZL3 8 —— HZL3
=5 0.10 4 >
= £ 2000
Y 8
S 0.08- 'S 1500 -
£ £
£
9 0.064 @ 1000
a o
< 4
\o. 500
0.04- s
=3
0.02 T T T T T T T T T T T T
500 600 700 800 900 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)
E

-

D neJ < 2 NeJ < N 4 -]
FEE LS EP P
X X o

miLogP XLOGP3 XLOGP2

Wavelength (nm)

-

H 3-
,| 189
1_
0
-1 -0.61
-
-2- Ala
-1.81
-3 T T T
HZL1 HZL2 HZL3
LogP

Figure 2 Preparation and characterization of HZL and HZL1-3. (A) Facile preparation route of the small-molecule dye HZL and HZL1-3.
(B—C) Vis—NIR absorption spectra (B) and NIR-II fluorescence emission spectra (C) of HZL1-3 in aqueous solution under 808 nm laser
excitation. (D—F) TEM images illustrate the self-assembling properties of HZL1 (D), HZL2 (E) and HZL3 (F) in aqueous solution, scale bar:
200 nm. (G) The heatmap of the results from theoretical logP calculation (XLOGP2, XLOGP3, and miLogP)42 for CH1055a-c, H3a-c, and

HZL1-3. (H) The experimental logP values of probe HZL1-3 (n = 3).



Novel NIR-II fluorescent probes for BA imaging

4585

A

60 min
C HZL2 D
Kidney
o

5 min
B

Liver

Spleen Spleen

I
Spleen Lung Stomach Lung
J
e Intestine

Stomac

Intestine

o

0
’ -

Figure 3

120 min

Intestine

1?m ILow

In vivo hepatobiliary clearance properties of HZL1-3. (A) The representative in vivo NIR-II fluorescence images (1000 LP and

65535
49151
32768
16384
240 min 360 min
HZL3 E
65535 O 8 B, X
Heart -

ik 49151

o

e Stomach 32768

16384

Intestine/Liver Ratio
»

o

+
H

G " HZL1 HZL2 HZL3

HZL3+ &*

HZL2- ¢—+—¢
High HZL14

®

©
| 1 I 1 1
0 20 40 60 80 100
Excretion Ratio in 24 h (%)

100 ms) of normal KM mice at 5, 60, 120, 240, and 360 min after tail vein injection of HZL2 at a dosage of 15 mg/kg under 808 nm excitation
(90 mW/cm?), scale bar: 1 cm. (B—D) Representative ex vivo NIR-II fluorescent imaging (100 ms, 1000 nm LP) of major organs (heart, liver,
spleen, lung, kidney, stomach and intestine) dissected from KM mice at 6 h after tail vein injection of HZL1 (B), HZL2 (C), and HZL3 (D) at a
dosage of 15 mg/kg, scale bar: 1 cm. (E) The average NIR-II fluorescence intensity ratio of intestine to liver at 6 h after tail vein injection of
HZL1-3 (The data are expressed as mean values £+ SD, derived from three independent mice). The statistical significance was determined by
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3.2.  Invitro and in vivo biosafety evaluation of HZL2

The biosafety of HZL1-3 was assessed using the CCK8 assay to
further investigate their potential for biological applications. As
demonstrated in Fig. 4A-C, these probes at various concentra-
tions (0, 10, 20, 30, 40, and 50 pumol/L) showed a discernible
difference in cell viability, which remained greater than 80% even
at the highest concentration of 50 pmol/L. Additionally, we
further verified the biocompatibility of these probes by cell
microscopic imaging using a calcein-AM/PI staining kit. The cells
treated with 10, 30, and 50 pmol/L probes showed no apparent
cytotoxicity compared to the control group and DOX treatment
group (Fig. 4D). The erythrocyte cytotoxicity of HZL2 was further
evaluated by a hemolysis assay. The hemolysis percentage of
HZL2 at high concentrations up to 100 pmol/L was <5%,
demonstrating that HZL2 is nonhemolytic and hemocompatible
(Supporting Information Fig. S30). Then, HZL2 was injected into
mice through the tail vein, and the serum was collected for
biochemical examination. As shown in Fig. 4E-J and Supporting
Information Fig. S31, there was no significant difference in the
results between the PBS control and HZL2 (15 and 150 mg/kg)
treatment groups for the liver function including ALT, AST, and

TBIL, blood lipid level TC or kidney function including BUN and
creatinine. Ex vivo pathological analysis of major organs showed
that there was no obvious organ damage or inflammatory infil-
tration in the HZL2 group compared with the PBS group
(Fig. 4K), suggesting the safety and high potential clinical use of
HZL2.

3.3.  The BDS and BDL models of biliary atresia

To investigate the potential of HZL2 to diagnose and image
biliary atresia, the BDS and BDL groups, as well as a sham
group (Fig. 5B) were constructed (Fig. 5). BDS mice exhibited
extremely obvious pathological changes compared to the con-
trol group, including small body sizes, yellow ears and skin,
slower gut peristalsis, massive feces accumulation, and signif-
icant serum jaundice (Supporting Information Fig. S32). As
shown in Supporting Information Fig. S33, the skin and viscera
of mice were normal throughout the cycle in the sham group
and on the first postoperative day in the BDS group, while the
skin and gastrointestinal tract of mice exhibited obvious jaun-
dice in the BDL group from the 1st to 14th days and in the
BDS group from the 7th to 14th days after surgery. On the 14th
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Figure 4  In vitro and in vivo safety assessment. (A—C) Cell viability of the normal human hepatic cell line LO2 cells after incubation with
different concentrations (0, 10, 20, 30, 40, 50 pmol/L) of HZL1 (A), HZL2 (B) and HZL3 (C) for 24 h (the data are expressed as mean
values £ SD, derived from three independent experiments with five replicates per concentration in each trial). (D) Live/dead cell assessment using
fluorescence microscopic imaging stained by calcein-AM/PI of LO2 cells after incubation with different concentrations (10, 30, 50 umol/L) of
HZL1-3 and doxorubicin for 24 h. PBS treatment was the negative control group, scale bar: 200 um. (E—J) The serum biochemistry indexes
including ALT (E), AST (F), TBIL (G), TC (H), BUN (I) and creatinine (J) of mice treated with 200 uLL PBS or HZL2 solution at a dosage of
15 mg/kg via tail vein injection for 15 days (the data are expressed as mean values £ SD, derived from five independent mice). No statistical
significance between PBS control and HZL2 treated group was observed, performed by unpaired Student’s #-test using GraphPad Prism version

8.0. (K) Representative hematoxylin-eosin (H&E) staining of major organs (heart, liver, spleen, lung, and kidney) collected on the 15th day after
PBS or HZL2 administration through tail vein injection, scale bar: 200 pm.

day after surgery, the gallbladder and bile duct in the BDS
group were enlarged and extremely distended, whereas the liver
in the BDL group was severely necrotic (Fig. S33). Serum was
obtained on the Ist, 7th, and 14th days after surgery. The he-
patic index and levels of ALT, AST, and TBIL in the BDS and
BDL groups were significantly greater than those in the sham
group (Supporting Information Fig. S34 and Fig. 5E-G). On
the 1st, 7th, and 14th days after the operation, the mice were

euthanized for histopathological studies with H&E staining
(Fig. 5H). Significant inflammatory cell infiltration and hepa-
tocyte necrosis were found in the BDS and BDL groups from
the 7th day after the operation (Fig. 5H). These results also
indicated that both the BDS and BDL procedures can generate
a disease model of cholestasis caused by biliary atresia, with
BDL treatment resulting in faster and more severe liver injury
(Fig. 5H and Fig. S33).
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bilirubin (G, TBIL) levels of sham, BDS, and BDL mice on the 1st, 7th, and 14th days after the surgery. The data are expressed as mean
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3.4.  Invivo NIR-1I fluorescence imaging of biliary atresia using
HZL2

was no fluorescence signal in the gut on the 7th and 14th days in
the BDS group or the 1st to 14th days in the BDL group,
demonstrating that HZL.2 can achieve the early detection of biliary

Subsequently, the murine BDS and BDL models of biliary atresia
were successfully verified by in vivo NIR-II fluorescence imaging
at 6 h after tail vein injection of HZL2 under 808 nm excitation
(90 mW/cmz). As shown in Fig. 6A, obvious NIR-II fluorescence
signals in the gut of KM mice (n = 3) were observed in the sham
group on the 1st, 7th, and 14th days post-injection of HZL2
(0.2 mL, 15 mg/kg). Fortunately, few signals were detected in the
bowel on the 1st day after the operation in the BDS group. There

atresia and could be a powerful tool for the development of
pathogenesis and therapeutic drugs for biliary atresia.

To further evaluate the ability of HZL2 to identify biliary
atresia at the early stage, HZL2 was injected through the tail vein
into the BDS and BDL mouse models and the sham group (3 mice
per group). The blood of mice was collected at different time
points (5—1440 min). As shown in Fig. 6B—D, NIR-II fluores-
cence signals in the blood of the BDS and BDL groups were
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Figure 6  NIR-II fluorescence imaging for biliary atresia using HZL2. (A) The representative in vivo NIR-II fluorescence imaging (1000 LP and
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mice on the 1st (B), 7th (C), and 14th (D) days after surgical operation. (E) Representative ex vivo NIR-II fluorescent images (50 ms, 1000 nm LP)
of major organs (heart, liver, spleen, lung, kidney, stomach, and intestine) which were dissected at 6 h after tail vein injection of HZL2 at a dose of
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obviously stronger than those of the sham group on the 1st, 7th,
and 14th days after surgery. Furthermore, ex vivo biodistribution
of major organs revealed that there were no apparent NIR-II
fluorescence signals in the gallbladder and intestine on the 7th
and 14th days in the BDS and BDL groups (intestine-to-liver
ratio = ~0.5) as well as the first day in the BDL group (intestine-
to-liver ratio = ~0.5), suggesting that HZL2 was predominantly
deposited in the blood and could not be taken up and expelled by
the liver (Fig. 6E-F). Finally, the feces were collected for NIR-II
analysis. The feces in the sham group on the 7th and 14th
days after surgery had intensive NIR-II fluorescence signals
(feces S/Bpax = ~6), whereas the BDS and BDL groups
had no significant NIR-II fluorescence signals in the feces (feces
S/Bmax = ~1) using HZL2 (Fig. 6G-1). Furthermore, the results
shown in Supporting Information Fig. S35 demonstrate that HZL2
administration does not amplify the extent of hepatic or renal
injury in BDL mice, suggesting that the accumulation of HZL2 is
not a significant safety concern for biliary atresia patients. These
findings indicate that HZL2 could be adopted to analyze a simple
fecal sample for the early detection of biliary atresia.

4. Conclusions

Biliary atresia is the most common cause of liver transplantation
in children worldwide. While early detection of biliary atresia is
crucial for diagnosis and disease progression, early diagnosis of
biliary atresia remains challenging. In this study, we have suc-
cessfully developed a small-molecule NIR-II fluorescent probe
through rational design for in vivo NIR-II imaging of biliary
atresia with deep penetration depth and high resolution, as well as
noninvasive early diagnosis of the disease with exceptional con-
venience, accuracy and reliability. The water-soluble and
biocompatible probe HZL2 which can form spherical nano-
particles by self-assembly in aqueous solution has been synthe-
sized and extensively characterized. It exhibited high
photoluminescence intensity and rapid hepatobiliary excretion.
The ultrahigh hepatobiliary clearance efficacy of HZL2 coupled
with a simple fecal sample allows for the successful and ultra-
sensitive detection of biliary atresia in the mouse model and early
diagnosis of the disease by a noninvasive method. In vitro and
in vivo results suggest that our findings not only open up new
avenues for translating the NIR-II probe for in vivo early diagnosis
of biliary atresia but also provide a research tool for the discovery
of pathogenesis and therapeutic drugs for biliary atresia.
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