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A B S T A C T

Anastomotic thrombosis prevalently causes anastomosis failure, accompanied with ischemia and necrosis, the
early diagnosis of which is restricted by inherent shortcomings of traditional imaging techniques in clinic and lack
of appropriate prodromal biomarkers for thrombosis initiation. Herein, a fresh thrombus-specific molecular event,
protein disulfide isomerase (PDI) is innovatively chosen as the activating factor, and a thrombosis targeting and
PDI-responsive turn-on near infrared II (NIR-II) fluorescence nanoprobe is firstly developed. The supramolecular
complex-based nanoprobe IR806-PDA@BSA-CREKA is fabricated by assembling NIR-II emitting cyanine deriva-
tive IR806-PDA with bovine serum albumin (BSA), which could ameliorate the stability and pharmacokinetics of
the nanoprobe, addressing the contradiction in the balance of brightness and biocompatibility. The NIR–II–off
nanoprobe exhibits robust turn-on NIR-II fluorescence upon PDI-specific activation, in vitro and in vivo. Of note,
the constructed nanoprobe demonstrates superior photophysical stability, efficient fibrin targeting peptide-
derived thrombosis binding and a maximum signal-to-background ratio (SBR) of 9.30 for anastomotic throm-
bosis in NIR-II fluorescent imaging. In conclusion, the exploited strategy enables positive visualized diagnosis for
anastomotic thrombosis and dynamic monitoring for thrombolysis of fresh fibrinolytic thrombus, potentially
contributes a novel strategy for guiding the therapeutic selection between thrombolysis and thrombectomy for
thrombosis treatment in clinic.
1. Introduction

In clinic, vascular anastomotic surgeries are generally performed in
cases that vascular injury/vascular ruptures exist, or that flap trans-
plantation/organ transplantation is needed. Among these, 5% of free
tissue transplantation, 10–30% of replantation of severed limbs cannot
survive, and a considerable proportion of organ transplantation fails [1],
as a result of anastomotic thrombosis, thromboembolism, or
rejection-derived thrombosis, which can cause necrosis of tissues and
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organs, and even life-threatening renal failures [2]. Nowadays, the
diagnostic sensitivity and accuracy of anastomotic thrombosis are
restricted by the lack of efficient detection for the prodromal biomarkers
of thrombosis and the fact that mainstream imaging methods are based
on negative imaging (namely “signal defect”). Moreover, the dynamic
monitoring of thrombolysis is still challenging, due to the insufficient
imaging efficiency and convenience [2], and being unable to distinguish
the change in thrombotic compositions, which can markedly affect the
thrombolytic efficacy and safety [3]. Therefore, revolted imaging
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techniques and molecular probes that can reflect the occurrence of mo-
lecular events by imaging signal changes are urgently needed to be
exploited, for the diagnosis of anastomotic thrombosis and the moni-
toring of thrombolytic therapies.

As a revolutionary strategy, imaging probes have evolved from “al-
ways on” contrast agents to activatable probes which can change their
signals in response to stimuli derived from pathophysiology-specific
molecular alterations, including enzymes, pH, redox environment
[4–6], providing a higher signal-to-background ratio (SBR) with
concentration-independent signal activation and contributing to a better
sensitivity and specificity, and lower detection limits [7]. To realize the
goal of early diagnosis of thrombosis and dynamic monitoring of
thrombolysis, an appropriate bio-stimulus is to be explored. Among the
thrombosis related molecular events, a new one namely protein disulfide
isomerase (PDI) which plays a vital role in regulating the activation and
formation of the three major components in thrombosis (platelets,
coagulation factors, fibrin) has been characterized as a therapeutic target
in antithrombotic therapies [8,9]. At the beginning of thrombosis, PDI in
oxidation state shift into enzymatically active reduced form upon platelet
activation [10], which not only accelerates the platelet aggregation [11],
but also initiates the formation of fibrin [12]. The fact that PDI enzymatic
reductive activity only exists on the surface of activated platelet in fresh
thrombus [13] permits it a key bio-stimulus for activatable probes to
identify fresh thrombosis. Currently, no activatable probes have been
designed to response to PDI enzymatic activity. In this study, a
PDI-activatable probe was designed for positive visualization of fresh
thrombosis, aiming to improve imaging sensitivity and accuracy, and to
distinguish fresh thrombus from old ones.

The appropriate selection of prodromal biomarkers of thrombosis
initiation is particularly critical to improve the selectivity and specificity
of probes for early diagnosis. In the past years, RGD, a targeted peptide to
ligand activated platelets, has been universally used to target thrombosis
[14]. As a matter of fact, the activated and aggregated platelets do not
necessarily see a formation of thrombus, they can still be dispersed by the
blood flow instead. In contrast, fibrin, which can cross-link to constitute
dense fibrin network which protects the blood clot from collapse by
mechanical stress and proteolysis, is considered as the initial molecular
event of irreversible blood clot formation in the process of thrombosis
[15], and can be chose as the exact prodromal biomarker of thrombosis
initiation. In addition, fibrin itself, is the fibrinolytic substrate of re-
combinant tissue plasminogen activator (rt-PA), the most important
choice for thrombosis-related disease treatments [16]. Afterwards, fibrin
will constantly degrade to non-fibrinolytic collagen and elastic fibers
with the evolution of thrombotic compositions, predicting a decrease of
thrombolysis efficiency [17,18]. Therefore, fibrin is a well-deserved
biomarker for identification of the thrombosis initiation as well as dis-
tinguishing thrombus those can be efficiently fibrinolytic. Thus, a fibrin
targeting peptide CREKA (Cys-Arg-Glu-Lys-Ala) was selected to provide
with targeted binding to thrombosis.

In the past decades, fluorescence imaging technique in the second
near-infrared window (NIR-II, 1000–1700 nm) has gain extensive
attention in biological theranostic applications [19–22]. However,
further clinical transformation is decelerated by the contradiction in the
balance of brightness and biocompatibility of the fluorophores. Among
the reported fluorophores, cyanine dyes with a large π-conjugated system
can maintain their excellent brightness in vivo due to their high molar
extinction coefficient and moderate fluorescence quantum yields (QYs)
[23–25]. However, a wider clinical application has been restricted by the
impaired stability of cyanine dyes under NIR fluorescence excitation [26,
27]. Serum albumins, with high biocompatibility and hydrophobic
pockets in which small molecular dyes can be encapsulated, have been
investigated to construct cyanine@albumin supramolecular complexes
for the better stability, enhanced fluorescence emission and higher QYs
[28–30]. Supramolecular complexes assembled based on albumin has
been proved to provide a protein scaffold to stabilize the relativity
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flexible fluorophores to reduce the nonradiation processes, to improve
the QYs and lifetime of fluorophores, and even to enhance therapeutic
effects [28,31]. Here, we hypothesized the synthesized cyanine deriva-
tive can be assembled into BSA, to prepare a nanoprobe with better
stability, longer emission and better imaging efficiency.

Herein, on the basis of our previous work [14,32,33] and existing
research progress, we developed a novel supramolecular complex-based
fibrin-targeted and PDI-responsive NIR-II probe (IR806-PDA@BSA--
CREKA). As shown in Scheme 1, IR806-PDA@BSA-CREKA mainly in-
cludes 3 components: 1) cyanine derivative IR806-pyridine
dithioethylamine (IR806-PDA), the disulfide bond of IR806-PDA can be
isomerized under the catalysis of PDI, the obtained catalysate exhibits
NIR-II fluorescence; 2) bovine serum albumin (BSA) and IR806-PDA are
assembled into supramolecular complex, which largely enhances the
stability and further redshifts the emission peak; 3) CREKA peptide
(Cys-Arg-Glu-Lys-Ala), is used to specifically target fibrin. Driven by
targeted peptide, IR806-PDA@BSA-CREKA is linked to thrombus, thus it
can response to the PDI on the surface of activated platelets and emerged
with NIR-II fluorescence, so as to realize rapid and sensitive early diag-
nosis of thrombosis, and thrombolysis monitoring of fibrinolytic
thrombus, and to provide technical support for the accurate visualized
diagnosis and the guide for thrombosis treatment selection.

2. Materials and methods

2.1. Materials

IR806, BSA, PDI (P3818), DTT (D0632), PDI inhibitor 16F16
(SML0021) were purchased from Sigma-Aldrich. Pentapeptide CREKA
were customized from GL biochem (shanghai) Ltd. Rt-PA (Actilyse®/
Alteplase) was obtained from Zhongda Hospital of Wuhan University.
The recombinant Anti-Fibrinogen alpha chain (ab92572; 1:400 diluted)
was purchased from Abcam, and Cy™3 AffiniPure Donkey Anti-Rabbit
IgG (H þ L) (711-165-152; 1:400 diluted) was purchased from Jackson
ImmunoResearch. All other standard reagents were purchased from
commercial suppliers (such as Ponsure Biological) and used without
further purification. NIH3T3 (mouse fibroblast cell line) cells, and
RAW264.7 (mouse macrophages cell line) cells were obtained from Key
Gene Tech Co. (Shanghai, China), cultured in Dulbecco's Modified Eagle's
Medium (DMEM, Gibco, U.S.), supplemented with 10% FBS (Gibco,
Grand Island, NY, USA), at 37 �C in a humidified incubator containing
5% CO2.

2.2. Synthesis of IR806-PDA

According to the previous synthesis method [32], IR806 (100 mg,
0.136 mmol) and 2 - (pyridin-2-yldisulfide) ethyl-1-amine hydrochloride
(33.3 mg, 0.15 mmol) were mixed in argon atmosphere. Then, the
mixture was added with TEA (0.5 mL) and N, N-dimethylformamide
(DMF) (20 mL) and stirred at room temperature until the solution
completely turned blue. Then the mixture was poured into ether for
precipitation, and purified by column chromatography (silica gel,
methanol/dichloromethane ¼ 1/10) to obtain 75.6 mg (62.9%) of blue
solid IR806-PDA (Fig. S1A). 1H NMR (400 MHz, Methanol-d4, ppm) δ:
8.44–8.36 (s, 1H), 7.94–7.86 (d, J ¼ 12.6 Hz, 2H), 7.82–7.69 (d, J ¼ 3.7
Hz, 3H), 7.43–7.27 (m, 6H), 7.17–7.06 (m, 4H), 4.19–4.12 (s, 2H),
4.06–3.95 (s, 4H), 2.96–2.89 (s, 4H), 2.84–2.74 (s, 4H), 2.24–1.85 (s,
14H), 1.75–1.58 (s, 12H). MALDI-TOF MS (m/z): 862.992 [M-Naþ2H]þ.

2.3. Construction of IR806-PDA@BSA

BSA was dissolved in 1 � PBS (pH ¼ 7.4), the concentration is
adjusted to 20 mg mL�1. IR806-PDA was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 26.7 mM. Glutathione (GSH) was dissolved
in 10% DMSO/PBS buffer solution with a concentration of 0.25 M.



Scheme 1. Schematic illustration for IR806-PDA@BSA-CREKA nanoprobe activation and targeting, and IR806-PDA@BSA-CREKA-mediated specific positive visu-
alization and thrombolysis monitoring of anastomosis thrombosis.
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Glutaric dialdehyde (GTD) was dissolved in PBS with a concentration of
0.25 M. The BSA solution (1 mL, 20 mg mL�1) was pretreated with 60 μL
GSH solution (0.25 M), and stirred at room temperature for 12 h. The
solution was washed 3–4 times with PBS and filtrated with 30 kDa ul-
trafiltration centrifugal filter to remove excess GSH. Then, the pretreated
BSA solution (1 mL) and the IR806-PDA solution (26.7 mM, 11 μL) were
mixed and shaken at 37 �C for 24 h. Subsequently, the GTD (24 μL 0.25
M) solution was added into the mixture and heated at 60 �C for 10 min.
The reactive product was centrifuged (30 kDa ultrafiltration centrifugal
filter) and washed to obtain IR806-PDA@BSA.
2.4. Preparation of nanoprobe IR806-PDA@BSA-CREKA

The pentapeptide CREKA (2 mg) was firstly reacted with sulfo-SMCC
(2 mg) in PBS (1 mL) at 37 �C for 2 h, and added with IR806-PDA@BSA
for following 24 h. The reactive product was washed and centrifuged (30
kDa ultrafiltration centrifugal filter) to get IR806-PDA@BSA-CREKA
(Fig. S1B).
2.5. Instruments and general experimental methods

The 1H NMR spectra were performed on a Bruker Ultra Shield Plus
400 MHz spectrometer. MALDITOF-MS characterizations were per-
formed on an Ultraflextreme MALDI-TOF mass spectrometer (Bruker
Daltonics Inc., Nasdaq, USA), and α-Cyano-4-hydroxyc innamicacid
(HCCA) was selected as matrix. The morphology of nanoparticles was
observed by transmission electron microscopy (TEM) (Hitachi HT7700)
with an acceleration voltage of 100 KV. Dynamic light scattering (DLS)
analyses were conducted on a commercial laser light scattering spec-
trometer (ALV-7004; ALVGmbH, Langen, Germany) equipped with a
multi-τ digital time correlator and a He–Ne laser (λ ¼ 632.8 nm). All
samples we used for the test were optically cleared by filtration via 0.45
μm Millipore filter. The scattering angle was set up to 90� and all tests
were conducted under room temperature. A UV–vis spectrophotometer
(Nanjing Feile Instrument Co., Ltd.) was utilized to record the absorption
spectra of the samples at room temperature. Fluorescence spectra were
recorded on a NIR-II spectrophotometer (Fluorolog 3, Horiba). NIR-II FI
experiments of cells and animals were conducted on an NIR-II fluores-
cence imaging system (Wuhan Grand-imaging Technology Co., Ltd) with
980 nm filter under the 808 nm laser irradiation. The NIR-II FI system
were equipped with a 640 � 512 pixels two-dimensional InGaAs array
from Princeton Instruments in NIR-II fluorescence windows. The MTT
analyses were carried out on a Power Wave XS/XS2 microplate spec-
trophotometer (BioTek, Winooski, VT).
3

2.6. Theoretical calculation

All the calculations were performed with the Gaussian 16 program
[34]. The geometric optimization of the complexes was performed at
B3LYP/6-31G(d) level by means of the density functional theory method
[35]. The drawing of molecular orbital diagrams was carried out by the
Multiwfn_3.8_dev program [36].

2.7. Photophysical properties

2.7.1. Stability
The stability of diameters was detected by DLS as aforementioned,

using IR806-PDA@BSA-CREKA dissolved in 1 � PBS (pH ¼ 7.4), and
10% FBS solutions at different time points (0 d, 1 d, 5 d, 7 d). The ab-
sorption stability of IR806-PDA, IR806-PDA@BSA, IR806-PDA@BSA-
CREKA aqueous solution was recorded using UV–vis spectrophotom-
eter (1 d, 2 d, 3 d, 4 d, 6 d), from 500 nm to 900 nm.

2.7.2. Photostability
Photobleaching study was performed to compare the photostability of

IR806-PDA@BSA-CREKA with the commercial cyanine ICG. ICG and
IR806-PDA@BSA-CREKA (20 μg mL�1) were respectively irradiated by
635 nm laser (1 W cm�2). The absorption was evaluated at different time
post irradiation (0 min，5 min，10 min，15 min，20 min，25 min，
30 min).

2.8. SDS-PAGE assay

Prepare concentrated glue and separating glue according to the in-
structions. All samples: marker (3 μL), IR806-PDA (30 μg mL�1, 10 μL),
BSA (5 mg mL�1, 3 μL), IR806-PDA@BSA (30 μg mL�1, 10 μL), IR806-
PDA@BSA-CREKA (30 μg mL�1, 10 μL) were loaded into the gel holes
accompanied with protein buffer solution (volume ratio 4:1) and were
electrophoresed at 110 V on the vertical electrophoresis system. Finally,
the PAGE gel was visualized using the IVIS in vivo imaging system, with
the excitation wavelength of 670 nm and the emission wavelength of
740 nm.

2.9. In vitro studies

2.9.1. Cytotoxicity assessment
NIH3T3 and RAW264.7 cells were cultured in 96-cell plates at a

density of 8000 cells per well overnight. Then the cells were incubated
with 100 μL of fresh cell meadia containing 0, 5, 10, 20, 30, 40, 50, 60 μg
mL�1 of nanoprobe for 24 h. Then MTT (0.5 mg mL�1) was added into
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each well (20 μL) and incubated at 37 �C for 4 h. Dimethyl sulfoxide
(DMSO) (100 μL) was added to resolubilize the formazan. The absor-
bance at 490 nm was measured with a Bio-Tek Synergy HTX. The cell
viability was calculated in accordance with the following formula: Cell
viability (%) ¼ (mean of absorbance value of treatment group/mean of
absorbance value of control) � 100.

2.9.2. PDI activation in vitro
IR806-PDA@BSA-CREKA was determined at a final concentration of

10 μg mL�1, and incubated with different concentrations of PDI solution
(0.1, 0.2, 0.4, 0.6, 0.8 μM) for 1 h. PDI was add with corresponding
concentrations of DTT (0.1, 0.2, 0.4, 0.6, 0.8 mM) for 10 min, before the
incubation. The changes of absorbance, fluorescent intensity, NIR-II
fluorescence signal of the nanoprobe incubated with different concen-
trations of PDI for different time were respectively recorded by UV–vis
spectrophotometer, NIR-II spectrophotometer (external 808 nm laser, 1
W cm�2), NIR-II fluorescence imaging system (808 mm laser, 40 mW
cm�2, 980 nm filter, 30 ms exposure), and fitted to a linear curve.

2.9.3. In vitro blood clot targeting assessment

(1) Establishment of blood clot

The whole blood of mice was used to prepare fresh blood clots. The
whole blood of mice was collected with EP tube without anticoagulant,
transfer it to 96 well plate immediately after the collection, 200 μL per
well. Then, the 96 well plate was placed at 4 �C overnight to form blood
clots of similar sizes.

(2) Grouping

Two groups, nanoprobe group and blocking groupwere established to
verify the targeting ability. In the blocking group, the blood clots were
pretreated with excessive CREKA (CREKA:IR806-PDA@BSA-CREKA ¼
100:1) for 1 h to consume binding sites, while no pretreatment was
conducted in nanoprobe group. Then corresponding concentrations of
IR806-PDA@BSA-CREKA (0, 2.5, 5, 10, 20, 50 μg mL�1) were respec-
tively added into two groups and incubated with the blood clots for 2 h at
room temperature. After the incubation, the blood clots were washed 3–4
times with PBS before NIR-II fluorescence imaging (808 mm laser, 40
mW cm�2; 980 nm filter; exposure time 500 ms).

2.9.4. In vitro blood clot activation assays
The blood clots were prepared by the same method and placed in a

96-well plate. Four groups were set: nanoprobe groups (20 μg mL�1, 40
μg mL�1), PDI inhibitor group (20 μg mL�1), pure blood clot group (PBS).
In PDI inhibitor group, PDI inhibitor 16F16 was added 1 h before the
incubation to inhibit the enzymatic activity of PDI. Then all groups were
added with nanoprobe or PBS with blood clots, and shaken at 37 �C for
discontinuous NIR-II fluorescence imaging (0, 10, 20, 30, 40, 50 min)
(808 mm laser, 40 mW cm�2; 980 nm filter; exposure time 500 ms).

2.10. Animals

The C57BL/6 mice (male, 6–8 week, 25–30 g) were purchased from
Yangzhou University Comparative Medicine Centre. All animal proced-
ures in this study were conducted in accordance with the Chinese Na-
tional Guide for the Management and Use of Experimental Animals (GB/
T 35,892–2018) approved by the animal ethics committee of Wuhan
University (WP2020-08076).

2.10.1. NIR-II fluorescence imaging of anastomotic thrombosis in vivo

(1) Animal model

The anastomotic thrombosis model was constructed combining
4

anastomosis surgery with conventional method. Firstly, C57BL/6 mice
were anesthetized by isoflurane (2%), and the right carotid artery was
exposed and dissected from circumferential connective tissues under the
operative microscope. The blood flow being clamped, a 7-0 suture needle
withsilk was used to pass through the monolayer of carotid artery and
performed knot-tying suture to apply physical injury on vascular endo-
theliocyte, mimicking the microvascular anastomosis. Pay attention not
to snag the contralateral vascular war, which would result in blood flow
interruption. Then the blood flow was recovered and covered by a 1 � 2
mm filter paper filled with 6% FeCl3 for 5 min. Finally, the operative filed
was cleaned with saline. 5 min later, the nanoprobes were injected
through the tail vein. The intensity of carotid artery of mice were tracked
continuously (5 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 5 h) by NIR-II
fluorescence imaging instrument.

(2) SBR calculation

The SBR in NIR-II fluorescence imaging was calculated by software
Image J. we draw a line in the region of interest (ROI), the fluorescence
intensity curve across this line will be extracted, and the highest intensity
was selected as the “signal” (Isignal). The lowest intensity was selected as
the “background” (Ibackground). SBR was calculated as follows: SBR ¼
Isignal/Ibackground. For each experimental group, n ¼ 3.

(3) Grouping

Three groups were established, nanoprobe group, non-responsive
group, non-targeting group. After modeling, three groups were respec-
tively injected with IR806-PDA@BSA-CREKA (IR806-PDA 100 μg mL�1,
100 μL), IR806@BSA-CREKA (IR806 100 μg mL�1, 100 μL), IR806-
PDA@BSA (IR806-PDA 100 μg mL�1, 100 μL).

(4) Immunofluorescence (IF) staining

C57BL/6 mice with right carotid artery thrombosis were injected
with 100 μL of IR806-PDA@BSA-CREKA labeled with FITC (100 μg
mL�1, 100 μL). After 4 h of circulation, the right carotid artery was
resected, and frozen sections were generated for fibrin immunofluores-
cence staining. The aggregation of the nanoprobe in the thrombus site in
vivo was observed using CLSM.

2.10.2. Carotid artery thrombolysis monitoring by NIR-II
The right carotid anastomotic thrombosis model was induced by

anastomosis þ6% FeCl3 injury. IR806-PDA@BSA-CREKA was injected 5
min (fresh thrombus) and 3 d (old thrombus) after the thrombus for-
mation, respectively. Thrombolytic therapy was performed in mice using
1 � PBS (pH ¼ 7.4) with Actilyse®/Alteplase for injection [recombinant
human tissue fibrinogen activator for injection (rt-PA)] solution. Ac-
cording to the study of Li et al. [20], rt-PA was configured with a con-
centration of 0.15mgmL�1 and injected through the tail vein at a volume
of 50 μL per animal for thrombolysis. The injection of rt-PA was con-
ducted after the enrichment of nanoprobe, while the intensity within the
carotid artery region of mice was continuously monitored by NIR-II
fluorescence imaging immediately after the injection of rt-PA.

2.10.3. In vivo biodistribution and biosafety of the nanoprobe
(1) Half-life assessment.
Blood was firstly sampled as a reference before the injection of the

nanoprobe, using the same heparinized capillary tubes. Then Blood
samples were collected from the end of the tail of the mice administrated
with IR806-PDA@BSA-CREKA (intravenous injection, 100 μL, 100 μg
mL�1) at 5 min, 10 min, 20 min, 30 min, 40 min, 1 h, 2 h, 4 h, 8 h, 12 h,
24 h post injection. The collected blood samples were imaged by NIR-II
fluorescence imaging system (808 nm, 980 nm filter, 300 ms’ expo-
sure). According to the following equation, half-life was computed as t1/2
¼ ln (2)/K:
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Y––(Y0 - Plateau)*exp (-K*X) þ Plateau.

(2) Imaging evaluation in vivo

The whole body of C57BL/6 mice was imaged by NIR-II fluorescence
Fig. 1. Construction, identification and characterization of IR806-PDA@BSA-CREK
absorption spectrum and the color of IR806 and IR806-PDA. C) SDS-PAGE and fl

PDA@BSA-CREKA. (λex: 670 nm; λem: 740 nm) D) Representative TEM image and D
stability assessment of IR806-PDA, IR806-PDA@BSA, IR806-PDA@BSA-CREKA. Data
after the activation of PDI, and calculated HOMO, LUMO and Energy gap (ΔE ¼ ELUM
line) of inactivated (black) and activated (red) IR806-PDA@BSA-CREKA. H) Photoble
SD, n ¼ 3. I) Absorption changes of IR806-PDA@BSA-CREKA within the 6 days' sto
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imaging system after the injection of IR806-PDA@BSA-CREKA (100 μg
mL�1, 100 μL) at different time points (5 min, 10 min, 15 min, 30 min, 1
h, 1.5 h, 2 h, 2.5 h, 3 h, 6 h, 9 h, 12 h, 48 h, 72 h), excited by an 808 nm
laser with power density of 40 mW cm�2. Fluorescence was collected
using a 980 nm filter and the exposure time was set to 100 ms.
A. A) Illustration of the construction and activation of the nanoprobe. B) The
uorescent imaging of the gel for BSA, IR806-PDA, IR806-PDA@BSA, IR806-
LS analysis of IR806-PDA@BSA-CREKA. Scale bar ¼ 50 nm. E) Zeta Potential
were shown as mean � SD, n ¼ 3. F) Molecular orbitals of IR806-PDA before and
O-EHOMO). G) Different absorption (dotted line) and fluorescence emission (solid
aching study for IR806-PDA@BSA-CREKA and ICG. Data were shown as mean �
rage.
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(3) Biodistribution in major organs

The major organs (heart, liver, spleen, lung and kidney) of mice were
collected for NIR-II fluorescence imaging, evaluating the biological dis-
tribution of the nanoprobe. Fluorescent signals were collected using an
808 nm laser and a 980 nm filter, with an exposure time of 100 ms.

(4) Histological evaluation of in vivo toxicity

The major organs (heart, liver, spleen, lung and kidney) and the ca-
rotid artery of mice administrated with IR806-PDA@BSA-CREKA were
resected for hematoxylin & eosin (H&E) staining at 1 d and 7 d post
injection. The mice injected with PBS were taken as control.

2.11. Statistical analysis

All results were expressed as mean � standard deviation. The
experimental data in vitro and in vivo were analyzed using the Two-way
analysis of variance (Two-way ANOVA) statistical comparison among
different groups at different time points. Differences at the 95% confi-
dence level (p < 0.05) were considered to be statistically significant (p <
0.05, *; p < 0.01, **; p < 0.001, ***; p < 0.0001, ****).

3. Results and discussion

3.1. Synthesis and characterization of IR806-PDA

Currently, the development of photosensitizer (PS) for redox imbal-
ances and a PS-based nanoplatform are hot topics in molecular imaging
[37]. In general, reduction-responsive PS is designed based on several
mechanisms, including Michael addition [38], cleavage of sulfonamides
and sulfonates [39], mercaptan halogen nucleophilic substitution [40],
and disulfide bond cleavage [41]. Inspired by this, considering the di-
sulfide isomerism of PDI and the reductase activity of thrombus-related
PDI, a reduction-responsive PS, IR806-PDA was prepared through
amino-halogen nucleophilic substitution. As shown in Fig. S1A, the
active chlorine on IR806 was substituted by the amino group on the
thiol-activable disulfidipyridine (-S-S-PDA) in presence of triethylamine
(TEA). Then the nanoprobe was constructed based on the assemble of
BSA and IR806-PDA (Fig. 1A), followed with conjugation of fibrin tar-
geting peptide CREKA with the assembled supramolecular complex
IR806-PDA@BSA (Fig. S1B). When treated with PDI, the disulfide on
disulfidipyridine can be broken and reduced to sulfhydryl (-SH) by the
extrusion of pyridine. The subsequent exchange between –SH and sec-
ondary amine formed thiolate substituted IR806 (IR806-S-NH2), which
exhibited a significant redshift new absorption peak, as illustrated in
Fig. 1A. The different absorption of the IR806-S-NH2 compared with
IR806-PDA permit the construction of a cyanine derivative-based acti-
vatable nanoprobe. During the process of reaction, the color of the so-
lution gradually changed from green (IR806) to blue (IR806-PDA)
(Fig. 1B), preliminarily indicating the successful substitution. The
structure of substituted products was characterized by proton nuclear
magnetic resonance (1H NMR) (Fig. S2). The results of matrix assisted
laser desorption ionization-time of flight mass spectrometry (MALDI--
TOF-MS) (Fig. S3) showed that the mass peak of IR806-PDA located at
826.992 m/z. Combining the results of 1H NMR, MALDI-TOF-MS and the
changes of Ultraviolet and visible (UV–vis) absorption spectra of IR806
(peak at 797 nm) and IR806-PDA (peak at 658 nm) (Fig. 1B), the syn-
thesize of IR806-PDA was confirmed. The absorption spectra of
IR806-PDA of different concentrations in 1 � PBS (pH ¼ 7.4) were
recorded with the UV–visible spectrometer, and the results showed that
the absorption peaked at 658 nm (Fig. S4A). Then a standard curve was
fitted according to the absorbance at 658 nm of IR806-PDA at different
concentrations (Fig. S4B). In the subsequent experiments, the concen-
tration of IR806-PDA will be taken as the concentration of the nanop-
robe, determined by the linear relationship: Y ¼ 0.01244*Xþ0.04813.
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3.2. Construction of targeted activatable NIR-II nanoprobe IR806-
PDA@BSA-CREKA

Cyanine dye is characterized with rapid hepatobiliary clearance in
vivo and high biocompatibility. However, the universal application of
cyanine in bioimaging and in clinic is limited by its instability, high
photon attenuation, tissue autofluorescence and light scattering [28].
Protein-based supramolecular biomaterials have been extensively
investigated [42], benefited from their satisfactory biocompatibility, safe
degradability [43], and importance role in stabilizing nanoparticles and
improving material properties through supramolecular interactions [44].
Conjugated individually to supramolecular blocks by the non-covalent
action, nanoprobes can be optimized in several aspects, including
excretory pathway, pharmacokinetic [45], even improved QYs [28]. As
Tian et al. reported, the nanomolar binding affinity interactions between
cyanine dyes and albumin improved QYs by enhanced the twisted
intramolecular charge transfer (TICT) processes [28]. In this study, we
assembled the cyanine derivative IR806-PDA with BSA, aiming to
construct a more stable supramolecular complex IR806-PDA@BSA, with
brighter fluorescence emission tailing to NIR-II region. Moreover,
IR806-PDA@BSA was functionally decorated with peptide CREKA to
endow the nanoparticles with fibrin-targeted ability. SDS polyacrylamide
gel electrophoresis (SDS-PAGE) analysis and NIR-I fluorescence imaging
were applied to confirm the successful assembling of the supramolecular
complexes. As shown in Fig. 1C, the protein bands of BSA,
IR806-PDA@BSA and IR806-PDA@BSA-CREKA all located at around 70
kDa, but only the bands of IR806-PDA@BSA and
IR806-PDA@BSA-CREKA had NIR-I fluorescence emission (λex: 670 nm;
λem: 740 nm). Whereas the band of IR806-PDA (Mw ¼ 862.2) cannot be
found within 70–250 kDa. Then spherical morphology of the nano-
particles was characterized by TEM, while diameters were determined by
DLS to be 16.60� 1.84 nm, which was consistent with the results of TEM
(Fig. 1D). The hydrodynamic diameters of IR806-PDA@BSA-CREKA
dispersed in phosphate buffer solution (PBS) and 10% fetal bovine
serum (FBS) were tracked using DLS and did not show obvious changes in
average diameters after storage for 7 days (Fig. S5). The zeta potential of
IR806-PDA, IR806-PDA@BSA, IR806-PDA@BSA-CREKA were respec-
tively �9.57 � 1.73 mV, �7.07 � 1.12 mV, �16.13 � 0.82 mV (Fig. 1E).
After 6 days’ storage, only the zeta potential of IR806-PDA significantly
changed, from �9.57 mV to �17.13 mV, demonstrating a better struc-
tural stability of BSA-based supramolecular complexes.

The proposed NIR-II fluorescence “turn on” mechanism was investi-
gated by theoretical calculation. As shown in Fig. 1F, the energy gap (ΔE
¼ ELUMO-EHOMO) decreased from 2.46 eV (IR806-PDA) to 2.34 eV (IR806-
S-NH2) after the activation of PDI, which can contribute to a redshift
absorption spectrum. Thus, the photophysical behaviors of IR806-
PDA@BSA-CREKA were further investigated in Fig. 1G. Before being
activated, IR806-PDA@BSA-CREKA showed an intense absorbance
around 666 nm, the spectrum of which had a slightly redshift compared
with IR806-PDA alone. Whereas the activated product, IR806-S-
NH2@BSA-CREKA emerged with an absorption peak at 821 nm. Excited
by an 808 nm laser, IR806-PDA@BSA-CREKA had no fluorescence
emission in NIR-II window, while IR806-S-NH2@BSA-CREKA displayed
intense fluorescence emission at 963 nm and extended in NIR-II region.
Photobleaching study were performed to compare the photostability of
commercial cyanine dye ICG, with cyanine derivative@BSA complexes.
After 30 min' irradiation of 635 nm laser, the absorbance of IR806-
PDA@BSA-CREKA only decreased to 87.7% compared to that of 0 min,
while the absorbance of ICG dropped to 5% of the initial absorbance
(Fig. 1H). As shown in Fig. S6A, IR806-PDA exhibited time-dependent
absorption decrease in aqueous solution. After 6 days’ storage, the ab-
sorption of IR806-PDA at 655 nm had dropped by 43.6%, and the
waveform had already changed on day 2. In the form of supramolecular
complex, IR806-PDA@BSA and IR806-PDA@BSA-CREKA only showed
slight decrease at day 6 (Figs. S6B and 1I). These results indicated su-
perior stabilities of BSA-based supramolecular complexes compared with
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cyanine or cyanine derivative.

3.3. IR806-PDA@BSA-CREKA target to fibrin and respond to PDI in vitro

In general, thrombus-related PDI is secreted by activated platelets and
endothelial cells [46], with reducing enzymatic activity, while negligible
amount of PDI exists in plasma and on rest platelets in redox homeostasis.
Thus, PDI can be recognized as a key biomolecular event for fresh
thrombosis since it plays a role in maintaining the balance of oxida-
tion/reduction states of disulfide bonds of hemostatic proteins in the
process of thrombus formation in vivo [47]. In our study, PDI was inno-
vatively chosen as the stimulating factor for the activatable probe and the
Fig. 2. Responsiveness of IR806-PDA@BSA-CREKA to PDI. A) Absorption changes of
0.6, 0.8 μM) for 1 h. B) The absorption spectrums of the nanoprobe recorded at diffe
Fluorescence emission variation of the nanoprobe added with different concentratio
different time (10, 20, 30, 40, 50, 60 min) (D), and corresponding NIR-II fluorescen
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responsiveness to PDI was firstly explored. The absorption and emission
spectrum were respectively recorded before and after incubation with
PDI. Since PDI must maintain its reduced form to exhibit its enzyme
activity [13], dithiothreitol (DTT), a mercaptan cofactor, was added
before incubation to mimic the physiological environment in vivo. The
absorbance showed PDI-concentration-related and time-dependent
changes (Fig. 2A and B), with an elevating absorption peak at 821 nm.
The absorbance-concentration and absorbance-time related curves were
fitted. Similarly, the fluorescence emission of PDI-activated nanoprobes
were tested, and fluorescence increased in PDI-concentration- and incu-
bation time-dependent manners (Fig. 2C and D). The
intensity-concentration and intensity-time correlated curves were also
nanoprobe when incubated with different concentrations of PDI (0, 0.1, 0.2, 0.4,
rent time (10, 20, 30, 40, 50, 60 min) after the incubation with 0.8 μM of PDI.
ns of PDI (0, 0.1, 0.2, 0.4, 0.6, 0.8 μM) after 1 h (C) or with 0.8 μM of PDI for
ce images (E, F). Data were shown as mean � SD, n ¼ 3.
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fitted according to the fluorescence intensities at 963 nm. A NIR-II
fluorescence imaging system with an 808 nm laser equipped with 980
nm filter were applied to verify the imaging ability of
IR806-PDA@BSA-CREKA. As shown in Fig. 2E and F, activated by PDI,
the nanoprobe was suitable for NIR-II fluorescent imaging.

To elaborate the specificity activation of IR806-PDA@BSA-CREKA to
PDI, the fluorescence intensity changes of the nanoprobe incubated with
physiological components including several amino acid and enzymes
(PDI, proline, lysine, aspartic acid, arginine, histidine, threonine, tyro-
sine, tryptophan, thrombin, glutathione) were evaluated and only PDI-
activated nanoprobe presented impressive fluorescence emission
(Fig. S7), illustrating the specific activation of IR806-PDA@BSA-CREKA
to PDI.

To realize the early positive visualization of anastomosis thrombosis,
both the targeted ability to fibrin and the responsiveness to PDI of IR806-
PDA@BSA-CREKA need to be assessed in vitro. To distinguish fresh and
fibrinolytic thrombus from old/non-fibrinolytic ones, fibrin targeting
becomes an essential step. Thus, the pentapeptide CREKA was decorated
onto the surface of nanoprobe to endow it with fibrin-targeting ability. To
identify this, blood clot was established using the whole blood of mice
and let it coagulate in 96 well plate itself, mimicking the blood clot
forming process in vivo. Blood clots of similar weights were incubated
with different concentrations of IR806-PDA@BSA-CREKA for 2 h and the
remanent nanoprobe was washed off. Those nanoprobes targeted to the
Fig. 3. Responsiveness and targeted ability to blood clot of the nanoprobe. A) Mice bl
II fluorescence was significantly diminished when blocked by excessive CREKA (10
groups were statistically significant (B) (p < 0.0001, ****; Two way ANOVA). Data
PDA@BSA-CREKA (20, 40 μg mL�1) could be activated and exhibited concentratio
was inhibited by PDI inhibitor 16F16 (third row) While negligible fluorescent intensi
collected and analyzed, demonstrating a significant decrease of fluorescent intensities
utility of PDI inhibitor (p < 0.0001, ****; Two way ANOVA). Data were shown as m
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blood clots would not be washed off and light up the clots. As shown in
Fig. 3A, the blood clots with concentration-dependent NIR-II fluorescent
intensity increase indicated the targeting ability of IR806-PDA@BSA-
CREKA. To further verify the targeting role of CREKA, a blocking
group was set, in which blood clots were incubated with excess CREKA
(100:1) beforehand to consume the peptide binding sites, and displayed
significantly decreased fluorescence intensities compared with that of the
unblocked group (Fig. 3B) (p < 0.0001, ****; Two way ANOVA). These
results demonstrated the CREKA-driven targeting ability of the nanop-
robe to blood clots.

Next, we attempted to use blood clot to activate IR806-PDA@BSA-
CREKA and the role of PDI in the activation was explored. Muller-
Calleja et al. [48] had proved the inhibitory effect of 16F16 on PDI, so
it was utilized as the PDI inhibitor in our study. Different concentrations
of IR806-PDA@BSA-CREKA were incubated with blood clots of similar
weights and saw an intensity elevation within 50 min (Fig. 3C). In
contrast, when PDI inhibitor was applied before the incubation, signifi-
cantly diminished fluorescence signals were detected (Fig. 3D) (p <

0.0001, ****; Two way ANOVA), indicating that
IR806-PDA@BSA-CREKA was activated by PDI in the fresh blood clot.
Results mentioned above suggested IR806-PDA@BSA-CREKA a suitable
nanoprobe for fibrin-targeted and PDI-responsive NIR-II fluorescence
imaging for anastomosis thrombosis.
ood clots were lightened by IR806-PDA@BSA-CREKA (upper row) while the NIR-
0:1) (lower row), and the differences of the fluorescent intensities among two
were shown as mean � SD, n ¼ 3. C) Incubated with mice blood clots, IR806-
n-dependent NIR-II fluorescence (first and second rows). But the fluorescence
ty was observed in pure clots (forth row). D) The NIR-II fluorescent signals were
in the group which was pretreated with PDI inhibitor compared to those without
ean � SD, n ¼ 3.
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3.4. IR806-PDA@BSA-CREKA for the visualization of anastomosis
thrombosis

Encouraged by the results in vitro, the potential of IR806-PDA@BSA-
CREKA used in anastomosis thrombosis NIR-II fluorescence imaging was
investigated in vivo. Right carotid artery anastomotic thrombosis models
were established by vascular anastomosis accompanied with FeCl3 injury
(Fig. 4A), mimicking the formatting process in anastomotic surgeries.
NIR-II fluorescence imaging was performed immediately after the in-
jection of IR806-PDA@BSA-CREKA via the tail vein, tracking the fluo-
rescent signals within the region of thrombus. As shown in Fig. 4B, first
row, the nanoprobe accumulated within the thrombus rapidly and the
anastomotic thrombosis was visualized within 1 h–1.5 h. The fluores-
cence intensity peaked at 3 h post injection, revealing the fast activation
and imaging ability of IR806-PDA@BSA-CREKA, which is of particular
importance in early thrombosis detection. Moreover, with the formation
and evolution of the thrombus, the newly formed ones could be contin-
uously lighted by the nanoprobe. It was found that the shape of the
thrombus kept changing, from the initial cylindrical shape to the
following ‘tailing’ shape, representing the continuous formation of
thrombosis, which was consistent with the evolution process in human,
demonstrating the high sensitivity of the nanoprobe. Efforts have been
made to maximize target fluorescent signals and minimize background
signals, in an attempt to improve SBR, which as a result contribute to
optimized sensitivity and specificity in disease diagnosis and monitoring.
In contrast to “always on” fluorescence probes, activable probes do not
have invariable background signals that exist in “always on” probed
based imaging [49]. Thus, the SBR of IR806-PDA@BSA-CREKA applied
in anastomosis thrombosis NIR-II fluorescence imaging was quantita-
tively investigated. In this study, the SBR was calculated using the fluo-
rescent intensities collected in the region of thrombosis at each
timepoints, and reached a maximum of 9.30 � 0.34 at 3 h post injection
(Fig. 4C, red line). These findings recommended the nanoprobe a
candidate for thrombosis fast visualization and dynamical tracking.

In order to provide further data support for the responsiveness and
targeting ability of IR806-PDA@BSA-CREKA to thrombosis in vivo, non-
responsive and non-targeting groups were set for comparative evalua-
tion. In the non-responsive group and non-targeting group, same effec-
tive concentrations of IR806@BSA-CREKA (IR806 was allocated to 100
μg mL�1) and IR806-PDA@BSA (IR806-PDA was allocated to 100 μg
mL�1) were respectively injected through the tail vein, and NIR-II im-
aging was performed under the same condition. The fluorescence signal
of carotid artery thrombosis in non-responsive group mice also rose
within 1.5 h, but stopped rising after 2 h (Fig. 4B, second row), with a
highest SBR of 2.17, which was significantly lower than that in experi-
mental group (Fig. 4C, blue line) (p< 0.0001, ****; Two-way ANOVA). It
suggested that responsive nanoprobe greatly improved the SBR for im-
aging target, and permitted higher sensitivity and better accuracy. On the
other hand, in the non-targeting group, the accumulation of IR806-
PDA@BSA in thrombus was relatively slower than those in other two
groups and the thrombosis could not be clearly identified until 4 h after
the injection (Fig. 4B, third row). This may be due to the lack of active
targeting ability of IR806-PDA@BSA, where the accumulation was
limited by the impaired blood flow in the narrow vascular lumen. As a
result, the imaging efficiency of non-targeting probe was affected and the
maximum SBR was only 3.10, showing significant differences with that
of the IR806-PDA@BSA-CREKA group at 4 h (Fig. 4C, black line) (p <

0.0001, ****; Two-way ANOVA). A certain extent of fluorescence in-
tensity decrease could be observed at 5 h in the non-targeting group
(Fig. 4C). The limited imaging time window may also explain the
restricted SBR in this group.

Comparing the SBR among three groups, IR806-PDA@BSA-CREKA
exhibited significant higher SBR during 1.5 h–5 h. The results above
illustrated that, in the anastomotic thrombosis imaging, IR806-
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PDA@BSA-CREKA was characterized with high contrast, high sensi-
tivity, high imaging efficiency and wide imaging time window, which is
suitable for accurate imaging and diagnosis for early anastomotic
thrombosis, especially for the diagnosis of those micro-thrombus that are
difficult to be identified by traditional imaging techniques based on
anatomical changes.

To further determine the distribution of IR806-PDA@BSA-CREKA in
the thrombus, fluorescein isothiocyanate (FITC) were doped into the
nanoparticles as the fluorescence producer at the wavelength of 520–530
nm for confocal imaging. The carotid artery with thrombosis enriched
with IR806-PDA@BSA-CREKA was resected and then co-stained with
DAPI for nuclei, anti-fibrin antibody labeled by Cy3 for fibrin composi-
tion in the thrombus. Confocal laser scanning microscopy (CLSM) im-
aging results revealed that the fluorescent signal of FITC embedded in
IR806-PDA@BSA-CREKA (green) was highly coincident with that of
the fibrin (red) (Fig. 4D), illustrating the fibrin-targeting ability of
nanoprobe from histological level. Moreover, regions of interest (ROI)
were selected in the overlay image of thrombus and analyzed using
Image J software. The scatter plots (Fig. 4E), accompanied with the
calculated Pearson's correlation factors: 0.620 � 0.124 and Manders'
colocalization coefficients: 0.762 � 0.213 (red) and 0.748 � 0.116
(green) further confirmed the colocalization of nanoprobe and fibrin in
the thrombus. Taken together, the above results validated the fast acti-
vation and efficient imaging ability of the fibrin-targeted IR806-
PDA@BSA-CREKA for anastomotic thrombosis in vivo, and validated the
capability of the nanoprobe in dynamic visualized diagnosis for
thrombosis.

3.5. IR806-PDA@BSA-CREKA used for monitoring of fibrinolysis of
fibrinolytic thrombus

Based on the sensitivity and fast imaging ability of IR806-PDA@BSA-
CREKA revealed in anastomotic thrombosis imaging, it was further
investigated in carotid thrombolysis monitoring. Fresh thrombus and old
thrombus models were respectively established in mice and followed by
IR806-PDA@BSA-CREKA injection. After the accumulation of nanoprobe
(2–3 h post injection), clear and bright NIR-II fluorescent signal in the
carotid region could be found in both groups. Fibrinolytic drug, rt-PAwas
systemically administrated and NIR-II fluorescence imaging was con-
ducted to dynamically monitor the development of thrombolysis. As
shown in Fig. 5A and Supplementary Video 1 and Supplementary Video
2, the NIR-II fluorescent signal of fresh thrombus decreased rapidly after
the injection of rt-PA, and almost disappeared within 15 min, indicating
that IR806-PDA@BSA-CREKA was capable of monitoring the fibrinolysis
process. In contrast, the fluorescent signal of old thrombus has negligible
changed during 20 min, reflecting that the thrombus was not fibrinolytic.
The fluorescence intensities of the thrombus were standardized based on
the 0 min intensity, and the change of intensities in fresh and old ones
were compared (Fig. 5B). From the 3 min of fibrinolysis, there was a
significant difference between the fresh and old groups (p < 0.0001,
****; Two-way ANOVA). The difference not only proved the higher
thrombolytic efficiency in fresh thrombus, but also demonstrated that
with the use of IR806-PDA@BSA-CREKA, the change of thrombus in the
process of thrombolysis could be sharply captured by NIR-II fluorescence
imaging. The H&E staining of the carotid artery also confirmed the
success thrombolysis of the fresh thrombus (Fig. S8A), while the old
thrombus did not show apparent thrombolytic degradation (Fig. S8B),
which was consistent with the development of thrombus components.
Therefore, the utility of IR806-PDA@BSA-CREKA permits dynamic
monitoring for thrombolysis and can identify the fibrinolytic fresh
thrombus, characterized with high contrast and high sensitivity.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.mtbio.2023.100697

https://doi.org/10.1016/j.mtbio.2023.100697
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Fig. 4. In vivo NIR-II fluorescence imaging of anastomotic thrombosis using IR806-PDA@BSA-CREKA. A) Schematic illustration of the surgical modeling process of
right carotid artery anastomotic thrombosis models in mice. B) NIR-II fluorescence images of right carotid artery anastomotic thrombosis in mice injected with IR806-
PDA@BSA-CREKA (100 μg mL�1, 100 μL; first row), IR806@BSA-CREKA (100 μg mL�1, 100 μL; second row) and IR806-PDA@BSA (100 μg mL�1, 100 μL; trird row) at
different time post injection (5 min, 1.5 h, 2 h, 3 h, 4 h, 5 h). Scale bar: 2 mm. C) Monitoring of SBR in accordance with the NIR-II fluorescence intensities collected
within the thrombus region (yellow dotted rectangle in (B)) (p < 0.0001, ****; Two-way ANOVA). Data were shown as mean � SD, n ¼ 3. D) CLSM results of carotid
artery thrombosis in mice injected with FITC labeled IR806-PDA@BSA-CREKA accompanied with immunofluorescent staining using Cy3 labeled anti-fibrin antibody.
DAPI (blue): λex: 364 nm，λem: 454 nm; FITC (green): λex: 490 nm，λem: 520 nm; Cy3 (red): λex: 552 nm，λem: 565 nm. Scale bar: 100 μm. E) Colocalization
analysis result for the CLSM image in (D).
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Fig. 5. NIR-II fluorescence imaging for throm-
bolysis of the right carotid artery thrombosis in
mice. A) Dynamic monitoring for thrombolysis of
fresh (upper) and old (lower) right carotid artery
thrombosis models using IR806-PDA@BSA-
CREKA (100 μg mL�1, 100 μL). Scale bar: 2
mm. B) The NIR-II fluorescence intensities
collected within the thrombus region (yellow
dotted rectangle in (A)) were collected and
normalized to evaluation the changes with the
thrombolysis process between fresh and old
thrombus groups (p < 0.0001, ****; Two-way
ANOVA). Data were shown as mean � SD, n ¼ 3.
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3.6. In vivo metabolism, distribution and biotoxicity assessments of IR806-
PDA@BSA-CREKA

As an ideal biomedical nanoprobes, decent biocompatibility and low
toxicity are critical for further potential clinical application. Cytotoxicity
assays were performed in NIH3T3 cells and in RAW264.7 cells incubated
with IR806-PDA@BSA-CREKA for 24 h, and revealed little cell viability
decrease at the concentration of 60 μg mL�1 (Fig. S9), suggesting its low
cytotoxicity. The biocompatibility of IR806-PDA@BSA-CREKA in vivo
was also assessed. Briefly, the biodistribution of the nanoprobe was
tracked using NIR-II fluorescence imaging after tail vein injection. Re-
sults in Fig. 6A revealed that IR806-PDA@BSA-CREKA was mainly
excreted through the urinary system, whereas IR806-PDA was mainly
metabolized by the liver. Both of them showed high metabolic efficiency
since there was negligible residual fluorescent signal in the body of mice
at 24 h post injection. In addition, the metabolic efficiency of the
nanoprobe was evaluated by collecting blood serum from the end of tail
of the mice and NIR-II fluorescence imaging exhibited the metabolic
11
process in the serum. The fluorescence intensity at each time points were
nonlinearly fitted and calculated to get the half-life time of the nanoprobe
to be only 9 min (Fig. 6B). It showed that the nanoprobe had high blood
metabolism efficiency and there was no problem of nano material
retention and no hidden danger in biological safety. At the same time, the
mice were sacrificed at different time points after the injection and the
fluorescence of major organs including heart, liver, spleen, lung, kidney
were collected by NIR-II fluorescence imaging, so as to investigate the
biodistribution in organs ex vivo. As presented in Fig. S10A and Fig. S10B,
the fluorescence in liver and kidney reached the highest at 3 h and
decreased rapidly within 24 h. At 48 h–72 h, there was almost no residual
fluorescence in all organs, which was consistent with the results of NIR-II
fluorescence imaging in vivo. The mice administrated with IR806-
PDA@BSA-CREKA was sacrificed at 1 d and 7 d for harvesting the
major organs. The histological staining of the organs showed no obvious
tissue necrosis or inflammation in vivo (Fig. 6C). In general, these results
confirmed the low toxicity and favorable biocompatibility of IR806-
PDA@BSA-CREKA in vitro and in vivo.



Fig. 6. In vivo metabolism, distribution and biotoxicity assessments of IR806-PDA@BSA-CREKA. A) Dynamic monitoring of the whole body of mice injected with
IR806-PDA@BSA-CREKA (100 μg mL�1, 100 μL) to observe the metabolism of nanoprobe in vivo. Scale bar: 1 cm. B) Calculation of half-life of IR806-PDA@BSA-
CREKA in vivo based on NIR-II fluorescence intensities of blood collected from the tail of mice at different timepoints (5 min, 10 min, 20 min, 30 min, 40 min, 1
h, 2 h, 4 h, 8 h, 12 h, 24 h) post injection. Data were shown as mean � SD, n ¼ 3. C) H&E staining of major organs (heart, liver, spleen, lung, kidney) excised from mice
at 1 d and 7 d after the systemic administration of IR806-PDA@BSA-CREKA (100 μg mL�1, 100 μL). Scale bar: 200 μm.
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4. Conclusion

We have constructed a targeted and activatable NIR-II nanoprobe
based on the supramolecular complex of cyanine derivatives and BSA,
namely IR806-PDA@BSA-CREKA. It is characterized with water solubi-
lity, small particle size and high stability. IR806-PDA@BSA-CREKA can
be activated by protein disulfide isomerase, exhibiting longer absorption
and NIR-II fluorescence emission. The nanoprobe shows responsiveness
and targeting ability to blood clots in vitro. Simultaneously, accurate NIR-
II visualized diagnosis of anastomotic thrombosis, identification and
dynamical monitoring of thrombolysis for fresh fibrinolytic thrombus can
be realized by the nanoprobe. The nanoprobe has favorable biocompat-
ibility, with negligible cytotoxicity, being excreted through renal meta-
bolic pathway, and shows no obvious organ toxicity. Based on a novel
biomolecular event, activated PDI in fresh thrombosis, our supramolec-
ular complex-based NIR-II nanoprobe provides an alternative for early
diagnosis for anastomotic thrombosis and a safe real-time monitoring for
thrombolysis therapies, simultaneously contributes a revolted strategy
for guiding the therapeutic selection between thrombolysis and throm-
bectomy for thrombosis treatment in clinic.
12
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