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A nanoprobe for detecting hepatic ischemia-reperfusion injury has
been developed. Apparent optoacoustic and NIR-Il fluorescent sig-
nals are given out upon the nanoprobe’s response to the in situ
biomarker H,O; in the liver in the case of ischemia-reperfusion injury.

Hepatic ischemia-reperfusion injury (HIRI) is a primary cause of liver
damage and a common major complication in liver surgeries includ-
ing liver transplantation/engraftment and hepatic resection."” HIRI is
typified by an inflammatory response and is the key cause for early or
late liver dysfunction resulting in a high incidence of chronic or acute
rejection as well as ultimate failure after liver transplantation, which
further exacerbates the acute shortage of livers available for life-
saving transplantation.>® HIRI is a multifactorial and complex
pathophysiological process that is often involved in adverse clinical
outcomes.” Excessive production of reactive oxygen species (ROS)
has been recognized as the critical factor in the genesis of HIRI and
the crucial pathophysiological mechanism in HIRL*® ROS, in
particular H,0O, as the most stable and abundant ROS member,
overproduced during reperfusion would directly cause tissue
damage and set in motion a cascade of harmful reactions that
lead to inflammation, cell death or even organ failure.*® Conse-
quently, hepatic H,O, can be employed as the in situ endogenous
biomarker for HIRI. Once HIRI can be identified in the early
phase, effective preventative or therapeutic strategies can be
adopted to minimize the injury induced by ischemia and reperfu-
sion processes during and/or after liver operations. Therefore,
effective non-invasive detection/diagnostic approaches are essen-
tial for the avoidance of HIRI and thus saving lives.
Fluorescence noninvasive imaging in the second near-
infrared (NIR-II, 900-1700 nm) window can facilitate imaging
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with greater penetration depth and enhanced sensitivity owing to
the reduced photon scattering and low auto-fluorescence of tissues
in this wavelength range.”*" Meanwhile, optoacoustic imaging is a
non-invasive hybrid imaging modality, which combines the advan-
tages of optical imaging and ultrasound imaging while avoiding the
limitations of pure optical imaging.”*™* Among optoacoustic ima-
ging methods, multispectral optoacoustic tomography imaging
(also known as MSOT imaging) is a functional optoacoustic imaging
method; owing to the excitation by multiwavelength laser pulses
and the probe-specific spectral unmixing, the reconstructed MSOT
images can depict the spatiotemporal distribution of the specific
probe or contrast agent in biological samples based on the spectral
identification of the probe or contrast agent; consequently, the 3D
MSOT images (e.g., orthogonal-view 3D images) would facilitate the
accurate determination of the precise locality and size of the lesion
or infection.”2° Aided by biomarker-responsive probes, the inte-
gration of NIR-II fluorescence imaging and MSOT imaging would
constitute an effective means for high-quality bioimaging which
ensures that the obtained results are corroboratory.
Boron-dipyrromethene (BODIPY) dyes possess high quantum
yield and easy structural modification,” but the large planar
conjugation of BODIPY-based NIR-II dyes causes such primary
limitations as low water solubility/dispersibility, which hamper
their biological applications in aqueous milieu. Hence, a water
soluble or dispersible biomarker-responsive probe based on NIR-II
BODIPY-type dyes together with NIR-II fluorescence imaging and
MSOT imaging would synchronously offer biomarker-activatable
detection and accurate delineation of the disease sites. In view of
the above considerations, herein we designed a biomarker (H,0,)-
responsive nanoprobe BX-BOH@BSA for the detection and
imaging of HIRI via NIR-II fluorescence and MSOT imaging.
The biofriendly and hydrophilic albumin (bovine serum albu-
min: BSA) serves as the matrix for encapsulating the molecular
probe BX-BOH to form the nanoprobe BX-BOH@BSA, which
ensures sufficient water dispersibility and good biocompatibility
for biological applications. The fluorescence of the nanoprobe
itself (BX-BOH®@BSA ) is rather weak; whereas the presence of
H,O0, leads to the evident enhancement of the fluorescent and
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Scheme 1 Illustrative scheme for the nanoprobe BX-BOH@BSA's for-
mation and its detection of HIRI via responding to H,O, in a mouse model

with optoacoustic and NIR-II fluorescence imaging.

optoacoustic signals due to the removal of the methylphenyl
boronate group and the subsequent transformation of quater-
nized pyridyl into the uncharged pyridyl group (Scheme 1). The
nanoprobe has been utilized in detecting and imaging HIRI in a
mouse model through responding to the biomarker H,0, in the
hepatic region.

The molecular probe BX-BOH was prepared according to the
synthesis process in Scheme S1 (ESIt). And the related characteriza-
tion data (NMR and HRMS spectra) are presented in Fig. S1-S6
(ESIt). The molecular probe BX-BOH was obtained with 4-(bromo-
methyl)phenyl boronic acid being incorporated onto the NIR-II dye
BX through the N-alkylation reaction of the pyridine group, by
which the strong electron-pulling group quaternized pyridyl was
formed. This quaternized pyridyl group (electron-pulling) plays a
fluorescence-quenching role due to the photoinduced electron
transfer effect,® while the xanthene derivative is the electron-
pushing moiety, and the methylphenyl boronate acts as a H,O,
responsive group. With BSA as the matrix to encapsulate the
molecular probe BX-BOH molecules in PBS, the nanoprobe
BX-BOH@BSA was prepared. The particle size distribution of the
nanoprobe BX-BOH@BSA and the activated nanoprobe BX@BSA
was assessed by the dynamic light scattering method, and from
Fig. S7 (ESIY) it is clear that the hydrodynamic size of the BX-BOH®@
BSA and BX@BSA nanopatticles is about 25nm and 20 nm.

The nanoprobe BX-BOH@BSA's spectral response toward H,O,
was first investigated in PBS (containing 5% DMSO, pH 7.4).
As presented in Fig. 1A and B, the H,O,-concentration-
dependent fluorescence ‘‘turn-on” response (900-1300 nm with
peak at 938 nm) can be clearly observed. The nanoprobe
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Fig. 1 (A) NIR-II fluorescence spectra for BX-BOH@BSA (0.6 mg mL™?
without and with incubation with H,O, in PBS (with 5% DMSO, pH 7.4).
(B) Fluorescence intensity at 938 nm for BX-BOH@BSA (0.6 mg mL™)
without or with incubation with H,O, in PBS (with 5% DMSO, pH 7.4) (n = 3).
(C) NIR-II fluorescence spectra of BX-BOH, BX-BOH@BSA and BX-BOHa@
BSA + H,O, upon reaction with H>O, (90 uM), respectively. (D) HPLC
chromatograms for BX-BOH, BX, and BX-BOH were treated with H,O, for
40 min (MeOH is the mobile phase with 1.0 mL min~? flow rate).

BX-BOH®@BSA’s time-dependent fluorescence spectra exhibit
that the response reaches the maximal level in around 80 min
(Fig. S8, ESIt). In addition, the nanoprobe BX-BOH@BSA’s opto-
acoustic intensity displays the H,0,-concentration-dependent
enhancement (Fig. S9, ESIt), as the nanoprobe’s absorption in the
650-950 nm range increases significantly upon responding to H,O,
(Fig. S10, ESIt). The limit of detection of the nanoprobe for H,0, is
determined as 0.77 pM (3¢/k). The extinction coefficient and
fluorescence quantum yield of the nanoprobe after the response
is 6.7 x 10° mL g ' ecm " and 0.46% (the reference standard:
quantum yield 0.5% of 1,2-dichloroethane). The similarities of the
fluorescence and absorption spectra between the probe compound
BX-BOH and the nanoprobe BX-BOH@BSA, together with the zeta
potentials of BX-OH and BX-BOH®@BSA being slightly positive and
negative (—27.9 mV), respectively, support that the molecular probe
BX-BOH molecules were successfully encapsulated in the BSA
matrix (Fig. S10, ESIt). It is indubitable from these spectral data
that BX-BOH®@BSA can detect H,0O, with turn-on optoacoustic and
NIR-II fluorescent signals.

To corroborate the molecular probe BX-BOH’s response
mechanism for H,0,, HPLC measurements were performed.
As shown in Fig. 1D, the values of the retention time for the
chromophore BX and the probe compound BX-BOH are 6.48
and 2.00 min, respectively. After incubation with H,0,, the peak
of retention time for the probe compound BX-BOH decreases,
while the retention time peak corresponding to BX appears,
which substantiates that the reaction of the probe compound
with H,0, produces the chromophore BX. Afterwards, the
response selectivity of the nanoprobe BX-BOH®@BSA was tested
with some biologically-related substances (Fig. S11, ESI}); it is
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clear to be seen that the nanoprobe BX-BOH@BSA's response
toward H,O, has relatively good selectivity. Based on density
functional theory (DFT) calculation for BX-BOH and BX (Table
S1, ESIt), the energy gap supports the slightly blue-shifted
change of absorption due to the transformation from BX-BOH
to BX induced by H,O,.

Before applying the nanoprobe BX-BOH®@BSA in animal
experiments, we investigated the nanoprobe BX-BOH@BSA'’s
biosafety. In this regard, firstly, we adopted the commonly-used
MTT assay; as presented in Fig. S12 (ESIt), BX-BOH@BSA’s
cytotoxicities toward mouse fibroblast cells (L929 cells) are quite
low. Secondly, healthy mice were randomly assigned to two groups
(5 mice per group) with one group receiving i.v. injection of the
nanoprobe BX-BOH®@BSA and the other group receiving saline for
7 days. The mice’s body weights were monitored daily for 7 days
after the injection (Fig. S13, ESIt). It is clear that no obvious
changes or differences exist in the mice’s body weights for these
7 days. Furthermore, 7 days after injection of the nanoprobe or
saline, the mice’s main organs (heart, spleen, liver, kidney and
lung) were collected upon the mice being euthanized and the
histological analysis was conducted via H&E staining (Fig. S14,
ESIt). The histological data unambiguously exhibit that no dis-
cernible damage to these main organs of the mice exists after
7 days’ injection of the nanoprobe BX-BOH@BSA. These results
support that the nanoprobe BX-BOH@BSA’s biosafety is relatively
good, which is appropriate for in vivo experimental applications.

Afterwards, the nanoprobe BX-BOH®@BSA was applied in a
mouse model to detect and monitor HIRI. For this purpose, the
HIRI mouse model was established by following the previously-
reported method.?® And the experimental protocol is shown in
Fig. S22A (ESIt). In this experiment, four groups of healthy mice
were used. Among them, the mice of the first group underwent
ischemia for the time period of 30 min, which was followed by 24 h
reperfusion (notated as “I/R: 30 min/24 h”). The mice of the
second group underwent ischemia for the time period of
60 min, which was followed by 24 h reperfusion (notated as “I/R:
60 min/24 h”). The mice of the third group underwent 0min
ischemia (the sham group, notated as “Sham”). The mice of the
fourth group (notated as “NAC”) underwent ischemia for the time
period of 60 min which was followed by 24 h reperfusion and then
were treated with an antioxidative drug N-acetylcysteine (NAC)
(150 mg kg ~* body weight daily starting from 2 d prior to the
ischemia procedure) according to the reported treatment method.>*

Subsequently, the different groups of mice were i.v. injected
with BX-BOH@BSA (4.0 mg kg™ ") and NIR-II fluorescent ima-
ging was carried out. It is clearly seen from Fig. 2B and C that
for the sham group, only rather weak fluorescence exists in the
mice’s liver region at 90 min after the nanoprobe BX-BOH®@
BSA’s injection; contrarily, for the ischemia groups, the mice’s
liver region shows much more significantly evident fluorescent
signals at the same time points. In addition, for the mice
undergoing longer time of ischemia (ischemia for 60 min),
stronger fluorescent signals can be observed, owing to more
hepatic H,0, generated by longer ischemia time followed by
reperfusion. Notably, as for the mice receiving treatment with
NAC, there exist much weaker fluorescence signals in
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Fig. 2 (A) llustration of the experimental process for the HIRI mouse model.
(B) NIR-II fluorescent images of the sham group (0 min ischemia) and the HIRI
model groups (with 30 min or 60 min ischemia followed by 24 h reperfusion)
at 0, 30, or 90 min after BX-BOH@BSA's i.v. injection (4.0 mg kg ™). Mice were
in supine posture. The liver region is shown by the green dotted line.
(C) Average NIR-II fluorescent intensities of the liver region (ROl shown by
green dotted line) corresponding to the mice of (B) (n = 5). (D) Bright-field
images (on the left) and NIR-II fluorescent images (on the right) of the mice's
livers at 90 min after BX-BOH@BSA's i.v. injection (4.0 mg kg™3).
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comparison to the groups without NAC treatment, because
NAC scavenges much H,0,. In addition, for all the groups,
the livers’ ex vivo NIR-II fluorescent imaging data clearly show
evident fluorescent signals which enhances the lengthening
ischemia time (Fig. 2D and Fig. S15, ESIY).

Furthermore, the main organs (such as heart, spleen, liver,
kidney and lung) were gathered from all the groups for MSOT
imaging (Fig. S21, ESIT). Obviously, the optoacoustic signals
exist in the liver, and the mice’s liver of the “I/R: 30 min/24 h”
group or “I/R: 60 min/24 h” group exhibits much stronger
optoacoustic signals compared to other organs.

Furthermore, the nanoprobe BX-BOH®@BSA was employed
in MSOT imaging for detecting HIRI in the mice. The scanning
range for MSOT imaging is shown in Fig. S16 (ESIt). From the
orthogonal-view 3D images that were obtained from MSOT
imaging recorded at varied time points after BX-BOH@BSA'’s
injection (Fig. S17-S20, S22A and S22B, ESIY), it is apparent that
for the sham group mice, there exist rather weak optoacoustic
signals in the hepatic region in comparison with the HIRI
model groups. As for the model groups in which the mice
underwent ischemia for various time periods, the optoacoustic
signals in the liver region become much stronger as the
ischemia time is lengthened. Meanwhile, for the NAC group
in which the model mice were treated with NAC, a much abated
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optoacoustic signal exists in the liver. These MSOT imaging
data corroborate the data from NIR-II fluorescent imaging
experiments, and from these 3D MSOT images, HIRI's site
and size can be observed more intuitively.

Moreover, the alanine transaminase (ALT) and aspartate
aminotransferase (AST) levels in the mice’s blood were mea-
sured by using ELISA kits, so as to evaluate the liver injury from
the commonly-practiced perspective of the liver function
evaluation.>® As shown in Fig. $22C and D (ESI), for the model
groups (mice underwent ischemia for either 30 min or 60 min),
the mice’s ALT and AST levels in the blood are obviously higher
than those for the sham group; this is indeed the case especially
for the “I/R: 60 min/24 h” group, and the high blood ALT and
AST levels confirm the liver injuries caused by the ischemia-
reperfusion processes. Additionally, the liver tissues’ histologi-
cal evaluation (by H&E staining) was performed as well for the
mice; as displayed in Fig. S22E (ESIT), the histological analysis
data exhibit that the phenomena of hepatocyte vacuolation and
necrosis are observable for the HIRI model mice with the extent
becoming more severe for the mice undergoing longer ischemia
time. In contrast, the sham group and the NAC group exhibit
relatively normal morphology in the liver tissue sections.

In summary, we have developed a biomarker-responsive
NIR-II fluorescent and optoacoustic nanoprobe BX-BOH@BSA
for detecting and imaging HIRIL. The probe compound can be
activated by hepatic H,O,, thus generating evident optoacoustic
and NIR-II fluorescent signals owing to the methylphenyl
boronate group being removed and the subsequent transfor-
mation of the quaternized pyridyl into an uncharged pyridyl
group. The nanoprobe BX-BOH®@BSA may work as a utilizable
tool for detecting HIRI, and the approach could provide useful
ways of contriving other biomarker-responsive probes.
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