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Abstract
Thrombotic vascular disorders, specifically thromboembolisms, have a significant detrimental effect on public 
health. Despite the numerous thrombolytic and antithrombotic drugs available, their efficacy in penetrating 
thrombus formations is limited, and they carry a high risk of promoting bleeding. Consequently, the current 
medication dosage protocols are inadequate for preventing thrombus formation, and higher doses are necessary 
to achieve sufficient prevention. By integrating phototherapy with antithrombotic therapy, this study addresses 
difficulties related to thrombus-targeted drug delivery. We developed self-assembling nanoparticles (NPs) through 
the optimization of a co-assembly engineering process. These NPs, called DIP-FU-PPy NPs, consist of polypyrrole 
(PPy), dipyridamole (DIP), and P-selectin-targeted fucoidan (FU) and are designed to be delivered directly to 
thrombi. DIP-FU-PPy NPs are proposed to offer various potentials, encompassing drug-loading capability, targeted 
accumulation in thrombus sites, near-infrared (NIR) photothermal-enhanced thrombus management with 
therapeutic efficacy, and prevention of rethrombosis. As predicted, DIP-FU-PPy NPs prevented thrombus recurrence 
and emitted visible fluorescence signals during thrombus clot penetration with no adverse effects. Our co-delivery 
nano-platform is a simple and versatile solution for NIR-phototherapeutic multimodal thrombus control.

Keywords P-selectin, Controlled release, Co-assembly, Phototherapy, Nano-assembly, Antiplatelet, 
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Introduction
Thrombotic vascular diseases, such as myocardial infarc-
tion, stroke, and vascular thromboembolisms, are severe 
and often fatal conditions that have global impacts [1–3]. 
These diseases result from the formation of pathological 
thrombi, which obstruct blood flow and cause vascular 
occlusion leading to ischemic injury to vital organs such 
as the heart, brain, and lungs [4]. As a result, there is a 
pressing need to develop new and effective approaches 
for theranostic interventions that are safe and efficient 
for antithrombotic clinical therapy. Anticoagulant, fibri-
nolytic, and antiplatelet substances are regularly used 
as antithrombotic medications in clinics [5]. US Food 
and Drug Administration-approved dipyridamole (DIP) 
shows potent antiplatelet activity and inhibits platelet 
aggregation in whole blood [6, 7]. Unfortunately, cur-
rent antithrombotic substances exhibit unsatisfactory 
therapeutic outcomes with the possibility of hemorrhag-
ing because of poor biodistribution, lower penetration 
into thrombi, and a limited therapeutic window [8, 9]. 
Thus, it is vital to efficiently deliver thrombolytic drugs 
to thrombi with minimal adverse side effects for clinical 
applications [10].

The discovery of a P-selectin-dependent mechanism 
in thrombus development has highlighted interconnec-
tions among inflammation, coagulation, and thrombosis 
at sites of vessel injury [11, 12]. Inflammation plays a cru-
cial role in the early stages of endothelial cell injury and 
the progression of vascular thrombi [13]. One of the most 
extensively used techniques employs the topical applica-
tion of ferric chloride (FeCl3) onto a vessel of a mouse or 
rat to form a thrombus [14, 15]. Notably, FeCl3 produces 
a thrombus through maximum oxidative stress with the 
production of free radicals, resulting in endothelial cell 
destruction and lipid peroxidation following occlusive 
thrombus generation. The deposition of fibrin or fibrino-
gen in the vascular region (wall) to form a clot also occurs 
when using this FeCl3 induction method [16]. P-Selectin 
is highly expressed in growing thrombi that develop in 
vessels [17] and is a promising biological target for treat-
ing thrombi in various species.

In addition to medicinal treatments, photothermal 
agents are being explored for near-infrared (IR; NIR) 
thrombus imaging and hyperthermic thrombolytic 
effects [18]. It was indicated that an increase in tempera-
ture in thrombotic organs efficiently relaxes fibrin clots; 
this utilizes hyperthermic thrombolysis and enables 
the triggered release of antithrombotic medications in 
thrombi [10]. An anticlotting effect can be achieved 
through a photothermal ablation approach, as previ-
ously described [19]. Animals were administered a nano-
gold (Au)-based photoablation agent and subsequently 
exposed to NIR [19]. Remarkably, a remote noninvasive 
hyperthermic effect was an effective antithrombotic 

agent with diminished side effects, including unfavor-
able or life-threatening complications [19]. Accordingly, 
synergistic nano-photothermal treatment can reduce 
the risk of bleeding and provide an opportunity for safe 
thrombus treatment. Among NIR-absorbing nanomateri-
als, polypyrrole (PPy) nanocarriers are of special impor-
tance as enhanced photothermal agents, which might be 
an alternative for Au nanoparticle (NP) vehicles for local-
ized photothermal therapy (PTT). This is attributable to 
their suitable biocompatibility, good photothermal con-
version efficiency, and notable photostability [20]. How-
ever, even with an expedited diagnosis, triggered release 
of drugs, and accurately identified therapy, NIR-photo-
thermal involvement is typically insufficient to eradicate 
thrombi due to the lack of a lesion-homing ability to pre-
cisely cause the photothermal agents to accumulate at 
and penetrate thrombus clots.

Combination treatment has revealed extraordinary 
advantages for treating thrombi to deal with the insuf-
ficient therapeutic effects of both NIR-photothermal 
thrombolysis and antithrombotic medications [21]. 
Nevertheless, it remains difficult to precisely co-deliver 
multiple therapeutics to thrombi [22]. Given the growth 
of nanomedicines, nano-drug delivery systems (nano-
DDSs) [23] have revealed notable advantages in deliver-
ing antithrombotic medicines, including: (i) enhancing 
the physicochemical features of antithrombotic medica-
tions, (ii) understanding site-specific delivery, and (iii) 
decreasing the risk of bleeding. Multiple theranostic sub-
stances can be co-loaded into a single nano-system [24]. 
Despite the numerous benefits of co-delivering nano-
DDSs, co-encapsulation of multiple therapeutic agents 
in traditional nanocarriers is ineffective due to low drug-
loading efficiencies, a lack of fine-tuning of undesirable 
dosage ratios, inadequate colloidal stability, and probable 
leakage of medicines [25]. Furthermore, the possible off-
target risk of nanocarriers has been extensively consid-
ered a problem obstructing the direct medical translation 
of nanomedicines [26]. Hence, there is an urgent need 
to create innovative co-delivery nano-systems with high 
efficiency, simple preparation, and minimal toxicity.

Herein, we hypothesized that an accurate combina-
tion of an antiplatelet medicine and photothermal probes 
could be a potential approach for thrombus manage-
ment. Moreover, antiplatelet medications could inhibit 
thrombi by reducing platelet aggregation and bioacti-
vation, which helps avoid secondary embolisms from 
thrombus fragments. To test our hypothesis, a carrier 
assembled using hydrophobic DIP and the hydrophobic 
conductive polymer, PPy [27–30], was intricately engi-
neered. The intermolecular forces and interactions were 
anticipated to drive the co-assembly of DIP and PPy. To 
improve the colloidal stability, biodistribution, and deliv-
ery performance and endow the nano-assembly with 
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thrombus-targeting capacity, amphiphilic fucoidan (FU, 
a P-selectin-targeting polysaccharide) [23] was used to 
decorate the shell of these NPs resulting in a meticulously 
crafted nano-vehicle (DIP-FU-PPy NPs). We expected 
P-selectin-targeted DIP-FU-PPy NPs to exhibit high 
lesion site-specific accumulation, deep thrombus pen-
etration, efficient NIR-photothermal conversion, and 
effective antithrombotic outcomes (Scheme 1).

Materials and methods
Materials
The pyrrole (Py) monomer and FeCl3-6H2O were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Fucoi-
dan (FU) from Laminaria japonica (MW: 80 kDa, ester 
sulfate: 34%) was acquired from NOVA Pharma (Balti-
more, MD, USA). Bovine aortic endothelial cells (BAECs) 
were harvested from primary bovine serum and cul-
tured in cell medium (containing 10% fetal bovine serum 
(FBS)). Chemicals or consumables for cell culture were 
obtained from Life Technologies (Carlsbad, CA, USA). 
Other reagents or chemicals were of analytical grade and 
were purchased from Sigma-Aldrich.

Nanomaterials’ optimal formulation and physicochemical 
properties
To optimize the FU-PPy NPs, FU (4  mg in 1 mL of 
deionized (DI) water, pH 0.8) was mixed with different 

amounts of Py (80 mg). To these mixtures, a correspond-
ing amount of FeCl3-6H2O (0, 0.7, 0.9, 1.1, and 1.3  mg/
mL) was added and allowed to sit for approximately 
15  min before subsequent particle-size measurements 
were made. To encapsulate DIP into the FU-PPy NPs, 
different amounts of DIP (0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 
3.2, and 3.6 mg) were first dispersed in DI water (1 mL, 
pH 0.8) under magnetic stirring. Next, Py (80  mg), FU 
(4 mg), and FeCl3-6H2O (0.9 mg/mL) were added to the 
above solutions with stirring until a black product had 
formed (after approximately 15 min). The nanomaterials 
were purified through dialysis using a dialysis bag (MW: 
100 kDa) to remove unpurified chemicals and other ferric 
chloride ions. To choose the optimal nano-formulation, 
the size distribution and drug-loading efficiency were 
examined. The optimal formulation (DIP-FU-PPy NP) 
was determined by identifying a suitable drug-loading 
capacity and particle size [31]. The concentration of the 
fabricated PPy-based nano-formulations was adjusted to 
0.6 mg/mL by centrifugation and oven drying (at 37 °C) 
to calculate an accurate dry weight of the NPs. The mean 
NP size, zeta potential, and polydispersity index (PDI) of 
the PPy-based samples were tested in phosphate-buffered 
saline (PBS, pH 7.4) or PBS plus 10% FBS (pH 7.4) using 
dynamic light scattering (DLS; Zetasizer, Malvern Instru-
ments, Worcestershire, UK), whereas the morphology 
of the nano-formulations was studied by transmission 

Scheme 1 Schematic illustration depicting P-selectin-targeted fucoidan-decorated self-assembled nano-vehicle (photothermally responsive polypyr-
role (PPy) probes and antithrombotic dipyridamole (DIP) combined with fucoidan (FU)) for thromboembolism therapy
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electron microscopy (TEM, HT7700 Hitachi, Tokyo, 
Japan). Gray values of the TEM data were measured using 
ImageJ software (National Institute of Health, Bethesda, 
MD, USA). Spectrophotometric data were measured 
using an ultraviolet-visible (UV-Vis) spectrophotometer 
(EPOCH2, BioTek, Winooski, VT, USA). The concentra-
tion of FU was determined using a methylene blue colo-
rimetric assay at an absorbance of 663 nm [32]. To assess 
colloidal stability, DLS diameters of the NPs were mea-
sured in PBS or PBS plus 10% FBS every 24 h at 37 °C for 
7 days. Morphological changes in NPs with NIR exposure 
(808 nm, 5 min, 2.0 W/cm2) were characterized by TEM 
and DLS. To avoid any influence of multiple scattering or 
issues from light affecting the sample, the solutions were 
sufficiently diluted to a particle concentration of approxi-
mately 0.1 vol% for DLS measurements.

In vitro drug release study
The drug-loading efficiency (LE) and drug-loading con-
tent (LC) are vital parameters of nanomedicines. The 
LE reflects the utilization of drugs in the feed during the 
nanomedicine-formulation procedure, whereas the LC 
reflects the mass ratio of drugs to nanomedicines. The 
optical behavior, LE, and release behavior of DIP were 
assessed using spectrophotometric methods [31]. The LE 
and LC of DIP-FU-PPy NPs were measured by blending 
unloaded DIP in the supernatant, and the optical density 
(OD) was then measured at 430 nm using a PerkinElmer 
EnSpire 2300 multimode plate reader (PerkinElmer, 
USA). The DIP LC (%) and LE (%) of the DIP-FU-PPy 
NPs were calculated based on the following equations: 
LC (%) = (mass of DIP in NPs/total mass of NPs) × 100%; 
and LE (%) = (mass of DIP in NPs/initial amount of feed 
DIP) × 100%.

The DIP release behaviors were examined by packag-
ing DIP-FU-PPy NPs in a dialysis bag (MWCO: 100 kDa) 
and incubating it at 37  °C in PBS (pH 7.4). At predeter-
mined time intervals, the solution external to the dialy-
sis bag was sampled, and the amount of DIP released was 
measured using the same approach as that for determin-
ing the drug-LE. Furthermore, to confirm the stability 
and controllability of the drug-release properties, DIP-
FU-PPy NPs (0.6 mg/mL) were exposed to NIR irradia-
tion (808 nm, 5 min, 2.0 W/cm2) at predestinated times 
after initiation of in vitro drug release; subsequently, the 
amount of DIP released was determined.

Analysis of photothermal characteristics
The photothermal performance was analyzed using a 
nanosuspension (0.6  mg/mL in PBS) in the aqueous 
phase exposed to an NIR laser (2.0 W/cm2, 808 nm, with 
an irradiation area of about 6 mm in diameter, PSU-III-
LED, Changchun New Industries Optoelectronics Tech., 
China). The temperature distribution and quantitative 

temperature variation of the test aqueous solutions 
were verified with an IR thermal camera (A-BF, RX300, 
China) and thermocouple (TM-925, Lutron, Taiwan), 
respectively.

The photothermal conversion efficiency was calcu-
lated as previously described [33]. Briefly, the photo-
thermal conversion efficiency is defined as the ratio of 
the increase in the internal energy of the aqueous solu-
tion to the total incident light (NIR) radiation [33]. The 
efficiency of photothermal conversion was calculated as 
[(aqueous solution mass (g) × aqueous fluid heat-capacity 
(4.2  J/(g/°C)) × average temperature increase (°C)]/[irra-
diated time (s) × (power density of NIR (W/cm2) × irradi-
ated zone (cm2)] × 100%.

Drabkin’s assay and fluorescent fibrin clot microscopic assay 
for evaluating in vitro clot lysis
Blood plasma sampling from Wistar rats was approved 
by the Animal Ethics Committee of Taipei Medical Uni-
versity. Blood samples were collected from male Wis-
tar rats (ranging ca. 250 to 300 g in body weight (BW)) 
into different tubes with 3.2% (w/v) sodium citrate (BD 
Vacutainer® Citrate Tubes – 363,083, USA). Centrifu-
gation was performed for 10  min at 600 ×g (PURISPIN 
17R, CRYSTE, UK) to obtain platelet-poor plasma (PPP). 
Platelet-rich plasma (PRP) from rat blood was obtained 
via centrifugation for 15 min at 200 ×g (PURISPIN 17R, 
CRYSTE). The tube was gently agitated to mix the PPP 
with PRP (PPP-PRP) in equal volumes. Platelets were 
then activated by supplementing PPP-PRP with throm-
bin receptor activator peptide (TRAP)-6. To evaluate 
thrombolysis in vitro, a colorimetric assay was performed 
to measure the release of red blood cells (RBCs) from 
blood clots using Drabkin’s approach [23]. Drabkin’s solu-
tion was composed of 38 mM KCN, 50 mM K2HPO4, 
30 mM K3Fe(CN)6, and 2.5% w/v surfactant. Blood clots 
were created in vitro by blending RBCs and PPP-PRP 
with thrombin and CaCl2. The prepared blood clots 
were treated with different formulations (low dose (LD, 
0.1 mg/mL), moderate dose (MD, 0.3 mg/mL), and high 
dose (HD, 0.5 mg/mL) of DIP-FU-PPy NPs) with or with-
out NIR irradiation. After treatment, the supernatant 
was blended with an equal volume of Drabkin’s solution. 
The mixture was incubated at room temperature (~ 22 °C) 
for 20 min, and the absorbance was measured at 540 nm 
using a microplate reader (EPOCH2, BioTek).

Artificial fibrin clots were made to assess in vitro fibri-
nolysis. Cyanine-5-n-hydroxysuccinimide (Cy5-NHS) 
ester at 0.3  mg/mL was used to conjugate fibrinogen. 
Artificial fibrin clots were fabricated by dissolving Cy5-
congugated fibrinogen (2.5  mg/mL), thrombin (1 U), 
and CaCl2 (2.5 mM) in DI water, and single clots were 
placed in microtubes (1.5 mL) for 1 h at 37 ºC. Next, dif-
ferent samples with the same volume of fibrin clots were 
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supplemented and co-incubated for another 1 h. Finally, 
the mixture was exposed to laser irradiation (808 nm) for 
5  min. Fluorescent images were obtained via a fluores-
cence microscope (DFC7000T, Leica, Germany).

In vitro clot formation inhibition test
Fibrin clot generation was continuously monitored by 
determining the absorbance of the mixture at 340 nm for 
1  h using a microplate reader (EPOCH2, BioTek). DIP 
(LD (0.01 mg/mL), MD (0.03 mg/mL), and HD (0.05 mg/
mL)) and Fu (LD (0.03 mg/mL), MD (0.09 mg/mL), and 
HD (0.15  mg/mL)) were added to TRAP-6-pretreated 
PPP-PRP before the formation of fibrin clots to examine 
their effects on the inhibition of in vitro clot formation.

Spectrophotometric assessment of platelet aggregation 
inhibition
For platelet aggregation, TRAP-6-pretreated PPP-PRP 
(190 µL) was preincubated with 2 µL of a CaCl2 solu-
tion (10 mM) and 2 µL of test sample compounds (MD 
DIP or MD FU) at 37 °C for 2 min with orbital agitation 
(1000 rpm). Subsequently, a thrombin solution (final con-
centration, 0.4 IU/mL) was added, followed by further 
incubation for 10 min. The absorbance was measured at 
595  nm using a suspension buffer as the negative con-
trol or blank, which was performed in triplicate. The PBS 
solution was used as a control group and was noted as 0% 
aggregation. Inhibition %: (1-Absorbance of test sample/
Absorbance of blank) × 100% [34].

Platelet interactions with the formulations
Platelets of PPP-PRP were plated on cell plates with a 
glass coverslip. After attachment, platelets were stimu-
lated with TRAP-6 (20  µg/mL) for activation. Non-
activated (without TRAP-6 treatment) and activated 
platelets were incubated with different formulations (MD 
DIP or MD DIP-FU-PPy NPs), fixed with 4.0% formalde-
hyde, washed with PBS, and imaged using a fluorescence 
microscope (DFC7000T, Leica). Immunohistochemi-
cal (IHC) staining was used to assess the expression of 
P-selectin (NB100-65392, 1:500, 1  h, NOVUS) by cells, 
and observed by fluorescence microscopy (DFC7000T, 
Leica). Fluorescence intensities were quantified using 
ImageJ software.

In vitro BAEC studies
In total, 105 BAECs were cultured in a confocal laser 
scanning microscope (CLSM) dish until confluency. To 
mimic and induce inflammation, lipopolysaccharide 
(LPS, 0.1  µg/mL) was added, and cells were incubated 
at 37 °C in a humidified incubator overnight. IHC stain-
ing was used to assess P-selectin expression (NB100-
65392, NOVUS, 1:500, 1  h) in cells, and nuclei were 
counterstained with DAPI (1:1000, 30  min) or PI (1.5 

µM, 30  min) and observed by fluorescence microscopy 
(DFC7000T, Leica). Fluorescence intensities were quan-
tified using ImageJ software. Endogenous inflammation 
was measured by staining with the fluorescent reac-
tive oxygen species (ROS) biomarker, 2’,7’-dichlorodi-
hydrofluorescein diacetate (DCFH-DA, Sigma-Aldrich, 
1 mM), for 30 min at 37  °C. An untreated group served 
as the control. To quantify cellular interactions with the 
test nano-formulations, cells (with or without LPS) were 
treated with DIP-FU-PPy NPs (with particle sizes of 
< 300 nm, 0.6 mg/mL) for 40 min. After treatment, cells 
were washed twice with warm PBS (pH 7.4). Fluores-
cent signals were acquired to elucidate differences in the 
extents of ROS, P-selectin, and DIP-FU-PPy NPs using 
fluorescence microscopy (DFC7000T, Leica). Fluores-
cence intensities were quantified using ImageJ software.

In vivo animal model studies
The in vivo animal studies (using 60 male ICR mice at 
ca. 25 g in BW and nine male Wistar rats at ca. 300 g in 
BW) obtained from BIOLASCO (Taipei, Taiwan) were 
approved by the Taipei Medical University Animal Ethics 
Committee (LAC2022-0208 and LAC-2019-0023). Sur-
gery was performed under inhalant isoflurane anesthe-
sia (2–4%). To create a mesenteric thrombus ICR rodent 
model, anesthetized animals were placed on a Petri dish, 
the intestinal organs were mildly exteriorized, and the 
mesenteric tissues were gently spread out to identify ves-
sels. Filter paper soaked in a 35% FeCl3-6H2O solution 
was positioned on the identified vessel. The formulations 
(DIP and DIP-FU-PPy NPs) were systemically and indi-
vidually given to thrombotic ICR mice (MD DIP equiva-
lent: 3 mg/kg BW, 0.1 mL per mouse). To perform in vivo 
NIR-photothermal imaging, the vessels of anesthetized 
animals were irradiated with an 808-nm laser at a power 
density of 2.0 W/cm2 for 10 min. A thermographic cam-
era (A-BF, RX300, China) was used to obtain detailed 
thermal images of vessels in vivo. After administration 
and NIR exposure, animals were sacrificed using CO2. 
In addition, fluorescence imaging was performed on the 
treated vessels using an in vivo imaging system (IVIS, 
IVIS Lumina III XRMS, PerkinElmer, USA). Test ICR 
mice were sacrificed after NIR treatment, and the vessel 
tissues were removed.

Evaluation of in vivo thrombolysis and biodistribution
In the vascular penetration study, the MD of DIP-FU-PPy 
NPs or different doses of DIP (MD (3 mg/kg BW) or HD 
(5 mg/kg BW)) in PBS were slowly administered by a sys-
temic injection. Fluorescence microscopy (DFC7000T, 
Leica) was used to assess the DIP signal representing 
vessel accumulation and understand thrombus targeting 
and the penetration ability 10 min after systemic admin-
istration of the formulations. All harvested vessels were 
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fixed in 10% formalin, embedded in paraffin blocks, and 
cut into approximately 8-µm sections. The mean fluores-
cence intensity of DIP in mouse thrombi was analyzed 
using ImageJ software. In the metabolism biodistribution 
study, 0.3 mg/mL Cy5-NHS ester was first used to con-
jugate the amine of the Py monomer (10 mg), and then 
DIP-FU-PPy NPs were used following the same protocol 
as mentioned above. DIP or Cy5-conjugated DIP-FU-
PPy NPs were given to test mice. At 1, 3, 5, and 7 days 
post-administration, the soft organs (heart, liver, spleen, 
lungs, and kidneys) of treated animals were harvested, 
and the PPy nanocarrier signal (Cy5) and DIP fluorescent 
signals of tissues were determined using IVIS (IVIS, IVIS 
Lumina III XRMS).

Antithrombotic activity was evaluated using a detailed 
in vivo molecular mechanism after treatment. In the 
efficacy study, ICR mice were randomly divided into 
the following groups:1) healthy untreated group; 2) 
embolized thrombosis + NIR laser group; 3) embolized 
thrombosis + DIP + NIR laser group; 4) embolized throm-
bosis + DIP-FU-PPy NPs + NIR laser group; 5) embolized 
thrombosis + mixture of DIP plus PPy (without FU) + NIR 
laser group; 6) embolized thrombosis + DIP-FU-PPy NPs 
group; 7) embolized thrombosis + FU-PPy NPs + NIR 
laser group; and 8) embolized thrombosis + DIP-FU-PPy 
NPs + NIR laser with 1  day preservation group (n = 6). 
Drug-treated mice received an equivalent dose of DIP 
(3 mg/kg BW). As previously described, a ferric chloride-
induced thrombosis ICR mouse model was established 
using this method. Mouse vessels were exposed to a laser 
(808  nm, 2.0  W/cm2) 10  min post-administration for 
10 min. Subsequently, test animals were sacrificed using 
carbon dioxide, and the vessels were harvested, fixed 
in 10% formalin, dehydrated using an alcohol gradient, 
embedded in paraffin wax, and sectioned for histological 
measurement of the thrombolytic efficacy.

Histological sections were further stained with hema-
toxylin and eosin (H&E) (Sigma, St. Louis, MO, USA) 
to assess the histological morphology of the treated ves-
sels. An anti-P-selectin antibody (NB100-65392, 1:100, 
1 h), anti-heat shock protein antibody (HSP 1:100, 1 h), 
dichlorodihydrofluorescein diacetate (DCFH-DA, 40 µM, 
30 min), and anti-plasminogen activator inhibitor (PAI)-1 
antibody (1:100, 1 h) were also used for immunochemical 
staining and microscopic observation. The clot-removal 
efficacy was analyzed, using a histological method, as vas-
cular clot area/lumen area) × 100%. Calculated areas and 
microscopic fluorescence intensities were ascertained 
using ImageJ software. In the in vivo ultrasonic imaging 
study, a Doppler ultrasound flow detector (Sqarq, Philips, 
The Netherlands) was applied to the vessel to measure 
the vascular flow velocity.

In vivo biosafety and bleeding assays
The major soft organs of treated animals, including the 
spleen, lungs, heart, kidneys, and liver, were harvested 
after NIR treatment. The organs were fixed in 10% for-
malin. Fixed tissues were subsequently embedded in par-
affin blocks and cut into sections approximately 8  μm 
thick. Histological sections were stained with H&E and 
examined under a microscope (DFC7000T, Leica). Blood 
serum hematological tests (RBCs), hemoglobin (HGB), 
hematocrit (HCT), mean corpuscular volume (MCV), 
and white blood cells (WBCs)) were performed using a 
hematology analyzer (Procyte Dx, IDEXX Laboratories, 
USA).

For the bleeding test, the about distal 1-cm section of 
a mouse tail was cut off using a scalpel and submerged 
in PBS pre-warmed to 37  °C after administration and 
treatment with DIP-FU-PPy NPs or a similar amount of 
DIP. Animals were observed for 30 min to determine the 
extent of bleeding. Further, blood cells were centrifuged 
for 10 min at 4000 g. Cell pellets were resuspended in 1% 
Triton X-100 (1 mL), and the bleeding volume/extent was 
assessed based on the hemoglobin level in the PBS solu-
tion by determining the absorbance spectra of hemoglo-
bin (n = 6).

The hemostatic ability was also assessed using a mouse 
hepatic hemorrhage model [35]. To perform the experi-
ment, mice were first anesthetized. Pre-weighed filter 
paper was carefully positioned under the liver, and bleed-
ing was induced using a 20-gauge needle. The extent of 
bleeding was assessed, and the total amount of blood loss 
was quantified by weighing the filter paper.

Statistical analysis
Experimental results are presented as the mean plus 
standard deviation (SD). Differences between groups 
were statistically analyzed for significance using Student’s 
t-test or Kruskal-Wallis test. Differences were considered 
statistically significant at p < 0.05.

Results and discussion
Herein, we studied the characteristics of the prepared 
nano-formulation (DIP-FU-PPy NPs). We encapsu-
lated an antithrombotic agent, DIP, into this nanocar-
rier system and evaluated its material properties, such 
as drug-LE, particle size, zeta potential, morphological 
properties, NIR-photothermal properties, in vitro cellular 
interactions, drug-release behavior, and physiochemical 
properties. We also evaluated its functions, such as inhi-
bition of clot formation, antiplatelet aggregation, and clot 
lysis in vitro, effect of P-selectin-mediated cell accumula-
tion of DIP-FU-PPy NPs, and the combined therapeutic 
effect of DIP-FU-PPy NPs. Ferric chloride was used to 
induce fibrin-insoluble mesenteric thrombi in an in vivo 
ICR mouse model. When reaching the target thrombus 
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site after systemic administration, the combined thera-
peutic effect of non-invasive NIR nano-photoablation 
and the release of therapeutic DIP was expected to act 
against the thrombus, resulting in targeted loosening 
with resolution of the formed clot. We hypothesized that 
the targeted therapeutic mechanism of DIP-FU-PPy NPs 
involved precise drug delivery with phototherapeutic 
behaviors, thrombus-targeting and penetration perfor-
mance, and safe and efficient thrombus management, 
which were validated using biochemical, histological, and 
in vivo examinations.

Material preparation and physicochemical characterization
A small size (10–300  nm) of hydrophilic NPs is a com-
mon prerequisite for the successful delivery for biomedi-
cal use [36]. Hydrophobic PPy can be synthesized via 
aqueous chemical oxidative polymerization in the pres-
ence of ferric ions. During PPy polymerization, blending 
FU with an anionic amphiphilic structure stabilizes the 
PPy. As shown in Fig.  1a, under the same feed concen-
trations of 4  mg/mL FU, photographic observation of 
the solution appeared nearly transparent before supple-
mentation with the FeCl3-6H2O group. No particle for-
mation was observed without supplementation of the 
FeCl3-6H2O group, whereas particles were formed with 
increasing average particle sizes (from approximately 187 
to 569  nm) when the FeCl3-6H2O amount increased 
(from 0.9 to 1.3 mg/mL) (Fig. 1b). According to a previ-
ous study, PPy formation increases with increasing con-
centrations of ferric chloride [37]. FU could not stabilize 
the excess PPy in the 1.3  mg/mL FeCl3-6H2O group, 
resulting in hydrophobic interactions of PPy-driven 
aggregation (approximately  569  nm) in the aqueous 
phase. When the amounts of FeCl3-6H2O were relatively 
lower (at 0.7, 0.9, and 1.1 mg/mL), average particle sizes 
were < 300  nm (Fig.  1b). To obtain the smallest nano-
carrier, a given amount of FeCl3-6H2O (0.9 mg/mL) was 
selected for further drug encapsulation.

In the drug-encapsulation study, the added hydro-
phobic DIP was encapsulated during the polymeriza-
tion of PPy through hydrophobic interactions owing 
to its hydrophobicity. Anionic FU may be able to form 
nano-shells around the formed DIP-PPy. During nano-
formation, the core (DIP-PPy)-shell (FU) nanocomplex 
(DIP-FU-PPy NPs) was generated by self-assembly in the 
aqueous phase. The DIP-LE, as determined by spectro-
photometry, showed that the DIP absorbance intensity 
increased in a dose-dependent manner, ranging from 350 
to 460 nm (Fig. 1c). The aromatic structure and π-system 
of DIP were responsible for the high fluorescence and 
absorption [38].

The DIP drug-LE decreased with an increase in the DIP 
dosage because the polymeric payload lacked sufficient 
capacity to encapsulate the excess DIP (Fig. 1d) [39]. The 

DIP/FU/Py/FeCl3-6H2O test groups (0.4/4/80/0.9 and 
0.8/4/80/0.9 (mg) per mL solution) showed acceptable 
LEs [40] (DIP LEs of ca. 60%). Consistent with earlier find-
ings, PPy showed a suitable drug-loading capacity [41]. 
The 0.8/4/80/0.9 DIP/FU/Py/FeCl3-6H2O group exhib-
ited slightly larger particle sizes (~ 220 nm, Fig. 1e) com-
pared to those of 0.4/4/80/0.9 DIP/FU/Py/FeCl3-6H2O 
at ~210  nm, possibly because of the presence of 
more DIP existing in single NPs in the 0.8/4/80/0.9 
DIP/FU/Py/FeCl3-6H2O group. In the 1.6/4/80/0.9 
DIP/FU/Py/FeCl3-6H2O group, its LE was low (49.2%), 
and particle sizes were rather large (344 nm), compared 
to the 0.8/4/80/0.9 DIP/FU/Py/FeCl3-6H2O group. Thus, 
0.8/4/80/0.9 DIP/FU/Py/FeCl3-6H2O was used for sub-
sequent experiments, for which the calculated drug-LC 
was ~10%. The drug-LC reflects the mass ratio of drugs 
to nanomedicines. Considering the recovery result, it was 
noted that not all of the Py had been polymerized in this 
carrier system during the synthesis process.

The particle size was reduced from the range of 
1.2/4/80/0.9 to 3.6/4/80/0.9 particles (Fig. 1e). Zeta poten-
tials of the prepared nano-formulations slightly increased 
with an increase in the DIP feed amount (Fig. 1f ) owing 
to contributions from the faintly cationic DIP [42]. 
Compared to when FU was present (in the 0.8/4/80/0.9 
DIP/FU/Py/FeCl3-6H2O group, approximately 220  nm 
and − 20 mV), the group lacking FU (0.8/0/80/0.9 
DIP/FU/Py/FeCl3-6H2O) showed an increased par-
ticle size to the micro-size range (above 1000  nm) and 
no available zeta potential (N/A) (Fig.  1e, f ). In some 
experimental groups (4/80/1.3 FU/Py/FeCl3-6H2O and 
0.8/0/80/0.9 DIP/FU/Py/FeCl3-6H2O), their large extents 
of standard deviation of the average particle size and 
higher PDI values (> 0.3, as per the left side distribution 
data) indicated colloidal instability during formulation. 
These findings confirmed that excess DIP or a lack of Fu 
stabilization in the carrier system resulted in an aggrega-
tion or precipitation phenomenon.

This indicates that FU, as an anionic and amphiphilic 
surfactant, allows cationic PPy and DIP to quickly co-
assemble into stable NPs driven by hydrophobic ionic 
forces. This prevented aggregation and enhanced the dis-
persive stability of NPs by increasing the surface charge 
and electrostatic repulsion or by reducing the interfacial 
energy between the solvent and particles. The molecular 
dynamic simulation suggested that the binding energy 
(-257.55 ± 3.36  kcal/mol) between Fu and PPy and the 
binding energy (-43.57 ± 2.64 kcal/mol) between DIP and 
PPy could be the reason behind the self-assembly mecha-
nism (Fig.  1g, h). The molecular level analysis further 
suggested that NPs functionalized with PPy plus Fu were 
structurally stable. The molecular dynamic simulations 
and calculated Fu-PPy binding free energy confirmed the 
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experimental results, showing better binding of the drug 
to the copolymer.

Nano-formation, morphological change, and photothermal 
responsiveness assessments
A UV-Vis spectroscopic method [43] was used to confirm 
the mechanism of PPy formation in the FU-PPy NP sys-
tem. Figure 2a displays the UV-Vis spectroscopic data of 

the Py monomer (0.2 mg/mL, red), solution (green) of FU 
(0.2 mg/mL) with ferric chloride (0.2 mg/mL), and solu-
tion (blue) of Py monomer (0.2 mg/mL) with FU (0.2 mg/
mL). The UV-Vis spectroscopic data showed no obvi-
ous absorption at 600 − 800 nm (FU + ferric chloride, and 
FU + Py group) in the spectrum, suggesting the absence 
of Py monomer polymerization [43]. Aqueous solutions 
(black) containing the Py monomer (0.2 mg/mL) and FU 

Fig. 1 (a) Photographic observations showing that different ratios of pyrrole (Py)/ferric chloride (FeCl3-6H2O) reacted with fucoidan (FU) to optimize the 
formulation (FU/Py/FeCl3-6H2O 4/80/0.9 mg per mL). (b) Size distributions of FU-polypyrrole (PPy) formulations (including FU/Py/FeCl3-6H2O 4/80/0.9 mg 
per mL) as measured by dynamic light scattering (DLS, Malvern Zetasizer, Nano-ZS, ZEN 3600). (c) Spectrophotometric data measured by an UV-Vis spec-
trophotometer (EPOCH2, BioTek) revealing optical properties of dipyridamole (DIP), whose absorbance intensity increased in a dose-dependent manner, 
ranging from 350 to 460 nm. (d) Drug-loading efficiency (LE) and DLS data showing (e) the size distribution and (f) zeta potential of different formulations 
(under a fixed component of FU/Py/FeCl3-6H2O at 4/80/0.9 (mg) per mL). DIP data showed that the loading efficiency of DIP decreased with an increase 
in the DIP dosage because the polymeric payload lacked a sufficient capacity to encapsulate the excess DIP. (g and h) Molecular dynamic simulation data 
showing the binding energy between FU and PPy or DIP and PPy
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(0.2  mg/mL) were mixed with ferric chloride (0.2  mg/
mL), and we found a stronger intensity at 600 − 800 nm. 
This could be characteristic of the π − π* transition of PPy 
materials with higher molecular weights (polymerization 
of Py monomers) [43]. These findings confirmed that fer-
ric chloride was involved in the oxidative polymerization 
of the Py monomer in this FU-PPy NP system. Similar 
findings support this oxidative method for Py polymer-
ization using ferric chloride [31]. In the case of NPs, it 
might not be pure absorption, but extinction (absorption 
plus scattering), which is detected by UV-Vis spectros-
copy. Fourier transform IR (FTIR, Fig. 2b) spectroscopy 
provided resolvable chemical structural information 
of test samples. The existing FU polymer, including its 
nano-construction, displayed characteristic peaks, rep-
resenting a hydroxyl group (OH, ca. 3352  cm− 1) with 
an S = O group (ca. 1220  cm− 1). PPy revealed peaks at 
C = C (ca. 723  cm− 1). DIP revealed its structure at CH2 
(ca. 2931 cm− 1) and at C-N (ca. 1352 cm− 1). The resul-
tant DIP-FU-PPy NPs indicated similar positions as men-
tioned (C–N at ca. 1352  cm− 1, N-H at ca. 3391  cm− 1, 
CH2 at ca. 2931 cm− 1, S = O at ca. 1220 cm− 1, C = C at ca. 
723 cm− 1, and an OH functional group near 3352 cm− 1). 
The FTIR and UV-Vis absorption spectroscopic analyses 
confirmed that DIP-FU-PPy NPs had been synthesized.

The photothermal effect of the tested nano-formula-
tions after NIR irradiation showed that the PPy-based 
NPs produced hyperthermia in subsequent applica-
tions (Fig.  2c). The temperature of the DIP-FU-PPy NP 
or FU-PPy NP group increased upon NIR irradiation 
and reached a plateau after 5 min. The efficiency of pho-
tothermal conversion of DIP-FU-PPy NPs or FU-PPy 
NPs was ca. 25%, which was higher than that of FU or 
water alone. Gold-based NPs (AuNPs) have been inves-
tigated as photoablation agents for cancer treatment. 
However, NIR-absorbing AuNPs have limited photo-
stability because their absorption peaks and structures 
may degrade after prolonged laser exposure [20]. Among 
NIR-absorbing nanomaterials, PPy-based materials are 
particularly important as photoablation substances for 
regional PTT. According to previously published litera-
ture, NIR-conducting polymeric-based nanomaterials 
showed a similar rate of elevated temperature (ca. 10 °C/
min) that produced biocompatible mild hyperthermia for 
biomedical applications [31].

To evaluate the stability of the DIP-FU-PPy NPs in 
vitro, the NPs were incubated with a PBS solution and 
PBS containing 10% serum (10% FBS) for 7 days at 37 °C. 
The PDI of DIP-FU-PPy NPs remained close to 0.15 
in PBS for 7 days, indicating that colloidal stability was 
maintained (Fig.  2d). The particle size and PDI of DIP-
FU-PPy NPs slightly increased in these media, but the 
PDI was still less than 0.27 up to 7 days, indicating that 
no obvious aggregation had occurred (Fig. 2d). The TEM 

analysis revealed changes in the morphology and size of 
the NPs before and after NIR irradiation (Fig.  2e). The 
NPs were spherical with a core-shell structure prior to 
laser irradiation, and possessed an inner core PPy struc-
ture and an outer FU shell made of different components. 
After laser irradiation, the particle size and PDI (up to 
0.6) significantly increased, as revealed by the TEM and 
PDI analyses (Fig. 2d, e).

In vitro drug-release studies
The drug-release behavior of DIP was investigated by 
dialysis, both with and without external stimuli. As 
shown in Fig. 2f, less than approximately 10% of DIP was 
released from the NPs in the dialysis buffer over a period 
of 10 h (black). DIP was released from DIP-FU-PPy NPs 
in a more-sustainable manner in a PBS solution, and that 
release was steady for up to 20  h (approximately  10% 
lower DIP was released), suggesting that DIP-FU-PPy 
NPs could retard the DIP release rate (Fig.  2f ). The ini-
tial burst release of DIP was thus reduced after being 
encapsulated in FU-PPy NPs. The effect of retardation 
can be attributed to stable interactions between DIP and 
the FU-PPy NPs, which should be similar to electrostatic 
interactions between the anionic FU and cationic DIP. 
Furthermore, PPy, with its hydrophobic domains, can 
easily bind to DIP. Thus, the DIP-FU-PPy NP complex 
formed was responsible for the decreased DIP release 
rate. However, the cumulative release percentage of free 
DIP increased rapidly to ca. 70% after 10 h (blue).

The hyperthermic temperature generated by the 
embedded conductive PPy under NIR light triggered the 
release of DIP (Fig.  2f, red). The FTIR analysis revealed 
that no structural changes occurred between the hyper-
thermia-treated DIP group and the no hyperthermia-
treated DIP group, indicating the chemical stability of 
DIP (Fig. 1S). After initial NIR irradiation, the cumulative 
release percentage of DIP sharply increased by ca. 4-fold 
compared to that in the non-NIR-treated DIP-FU-PPy 
NP group, representing a notably accelerated DIP release 
process (Fig.  2f ). Upon irradiation with NIR light, the 
NIR-photothermal effect of DIP-FU-PPy NPs triggered 
a morphological transformation of the polymeric carrier 
and increased the PDI value to 0.6, as per DLS and TEM 
data (Fig. 2d, e). This allowed the therapeutic DIP to be 
released from the NPs and affect the thrombotic vessel. 
These data indicated that the constructed DIP-FU-PPy 
NPs with a core-shell structure could avoid random leak-
age of the laden DIP into the blood circulation but then 
hasten drug release at the lesion site under NIR stimuli, 
thus generating maximum therapeutic efficacy and mini-
mal side effects. Despite the promising applications of 
this developed drug nanocarrier, its metabolism and 
potential toxicity remain to be fully elucidated, and fur-
ther investigations are needed.
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In vitro clot-lysis activity
To verify the bioactivity of the DIP-FU-PPy NPs at dif-
ferent doses (LD, MD, and HD), an in vitro blood clot-
lysis assessment was performed using fluorescent fibrin 
clot microscopic and Drabkin’s [23] methods (Fig. 3a, b). 
Without 808-nm NIR (Fig. 3a), the LD, MD, and HD of 
DIP-FU-PPy NPs (0.1, 0.3 and 0.5  mg/mL) of the fluo-
rescent fibrin clot were respectively approximately 1.34-, 
1.98-, and 2.15-fold lower than those of the PBS group, 
indicating that the FU-decorated nano-formulation 
partially aided in vitro clot lysis. Upon irradiation with 
808-nm NIR (Fig.  3a), clot absorbances of the LD, MD, 
and HD of DIP-FU-PPy NPs were respectively approxi-
mately 1.68-, 4.99-, and 5.54-fold lower than those of the 
PBS group, indicating that NIR irradiation-driven hyper-
thermia with NIR-triggered DIP release further facili-
tated in vitro clot lysis. These fluorescent data suggested 
that NIR-driven hyperthermia strengthened the ability 
of the DIP-FU-PPy NPs to perform in vitro thromboly-
sis. The thrombolytic activity of MD DIP-FU-PPy NPs 
was significantly superior to that of the LD. Neverthe-
less, no significant differences were found between the 
MD and HD of DIP-FU-PPy NPs (Fig. 3a). The thrombo-
lytic performance was further examined using Drabkin’s 
method to colorimetrically assess the release of RBCs 
from the prepared clots (Fig.  3b). Generally, when the 
extent of thrombolysis increases, more RBCs are released 
from the clot, thereby increasing the absorbance of the 
supernatant. Here, the absorbance of the red superna-
tant at 540 nm intensified as the extent of thrombolysis 
increased; this increase was proportional to the color 
change.

Without 808-nm NIR irradiation (Fig.  3b), the clot 
absorbances given for the LD, MD, and HD of DIP-
FU-PPy NPs (0.1, 0.3, and 0.5  mg/mL) were approxi-
mately  3.56-, 4.33-, and 4.67-fold greater, respectively, 
than those of the PBS group, indicating that FU deco-
ration of the nano-formulation partially aided in vitro 
clot lysis. The clot + PBS control group showed a lower 

absorbance at 540  nm, indicating fewer released RBCs. 
According to previously published findings, FU possesses 
antiatherosclerotic and antithrombotic effects [44, 45], 
which support our results. Upon irradiation with 808-nm 
NIR (Fig.  3b), the clot absorbances of the LD, MD, and 
HD of DIP-FU-PPy NPs were approximately 2.37-, 3.21-, 
and 3.74-fold greater, respectively, than those of the PBS 
group, indicating that NIR irradiation-driven hyperther-
mia with NIR-triggered DIP release further facilitated 
in vitro clot lysis. The clot + PBS plus NIR control group 
showed a lower absorbance at 540  nm, indicating that 
fewer RBCs had been released. These findings proved 
that localized NIR-driven hyperthermia augmented 
thrombolysis by DIP-FU-PPy NPs in vitro. The throm-
bolytic activity of MD DIP-FU-PPy NPs was significantly 
higher than that of the LD. However, no significant dif-
ferences were observed between the MD and HD of DIP-
FU-PPy NPs (Fig.  3b). Therefore, the MD simulation of 
DIP-FU-PPy NPs was selected for further experiments.

Several studies demonstrated that DIP and FU exhibit 
antiplatelet properties and inhibit clot formation [46, 
47]. In turbidimetric assays, we verified the generation of 
fibrin clots by supplementing PPP-PRP with CaCl2 and 
thrombin. Next, FU or DIP at various doses was supple-
mented with PPP-PRP together with agonists and CaCl2 
to examine the corresponding effects on inhibiting clot 
formation. As shown in Fig.  3c, FU and DIP decreased 
the rate of fibrin-clot formation, according to the fibrin 
clot absorbance at 340 nm [48]. The lower absorbance of 
the FU- and DIP-containing samples in a dose-dependent 
manner signifies that FU and DIP had inhibitory effects 
against the formation of fibrin clots. To inhibit platelet 
aggregation, FU or DIP was added to PPP-PRP together 
with agonists and CaCl2 to examine the corresponding 
effects on the inhibition of platelet aggregation.

Platelet aggregation is a method employed to evaluate 
platelet activation levels and the extent of platelet-platelet 
binding in response to agonists [49]. Spectrophotometric 
assessment is a common technique used to determine the 
aggregation activity of platelets in vitro [50]. As shown 
in Fig.  3d, FU and DIP increased the inhibition rate of 
platelet aggregation according to the platelet aggregation 
absorbance at 595  nm [51]. A higher (platelet aggrega-
tion) percent inhibition of the FU- and DIP-containing 
samples than that of the PBS group was observed, indi-
cating that FU and DIP had inhibitory effects against 
platelet aggregation. These results are consistent with 
studies reporting that inhibition of activated platelet 
aggregation and clot formation are bioactivities of FU 
and DIP [46, 47]. DIP was demonstrated to exert its anti-
thrombotic effects through various mechanisms. These 
include inhibiting platelet activation, affecting platelet 
function, inhibiting the reuptake of adenosine by eryth-
rocytes (which can lead to vasodilation), influencing the 

Fig. 2 (a) UV-Vis (300 to 1000 nm) absorption spectroscopic analysis of 
the formation of polypyrrole (PPy) using ferric chloride. (b) Fourier trans-
form infrared (FTIR) results showing the chemical structure of the prepared 
samples. (c) Results of temperature changes of the test liquid formulation 
after NIR treatment showing quantitative analysis with a thermocouple 
(TM-925, Lutron) until the temperature reached 25 °C, and a qualitative 
image of these aqueous formulations with a thermal camera (A-BF, RX300, 
China) at 808 nm and 2.0 W/cm2 (scale bar: 6 mm). (d) Polydispersity 
index (PDI) and (e) TEM (scale bar: 100 nm) results showing morphologi-
cal changes of the spherical core-shell structure of the nano-formulation 
with colloidal stability (PBS or PBS plus 10% FBS at pH 7.4 for 7 days). After 
laser irradiation, the TEM image shows particle disruption and aggregation 
(scale bar: 1000 nm). (f) Spectrophotometric analysis showing the release 
of dipyridamole (DIP) from the nanoparticles (NPs) under PBS. Under ir-
radiation with NIR light, the photothermal effect of the DIP-fucoidan (FU)-
PPy NPs triggered the morphological transformation of the polymeric 
carrier, which allowed the DIP to be released from the NPs
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expression of endothelial activation markers such as von 
Willebrand factor antigen, and potentially having anti-
coagulant effects by reducing peak and total thrombin 
generation after a transient ischemic attack or ischemic 
stroke [52]. According to previously published findings, 
FU was shown to inhibit platelet activation through 
mechanisms such as reducing the concentration of endo-
thelial microparticles and von Willebrand factor, as well 
as inhibiting the flow of extracellular calcium ions [53].

A significant increase in absorbance at 540  nm was 
observed after the in vitro clots were treated with the 
FU-decorated nano-formulation (MD DIP-FU-PPy NPs 
upon NIR irradiation; Fig.  3b), suggesting that the lytic 
performance significantly increased owing to the NIR-
photothermal responsive FU-decorated DIP nanocarrier. 
FU has high binding affinity toward P-selectin. Therefore, 
an improvement in the therapeutic effect of DIP-FU-PPy 
NPs (Fig.  3) could also have been due to the increased 
accumulation of therapeutics in the thrombus by target-
ing P-selectin-overexpressing cells (activated platelets).

P-Selectin delivery and activated platelet interactions
Binding capacities of DIP-FU-PPy NPs to non-activated 
and activated platelets were assessed using fluorescence 
microscopy. Non-activated platelets treated with DIP-
FU-PPy NPs displayed weak DIP fluorescence signals 
(blue). However, the DIP intensity considerably increased 
in activated platelets compared to that in non-activated 
platelets treated with DIP-FU-PPy NPs or activated plate-
lets treated with DIP. The fluorescence intensity (verified 
using ImageJ software) of DIP-FU-PPy NPs in activated 
platelets was higher than those of DIP in non-activated 
and activated platelets, respectively (Fig. 3e-h). The fluo-
rescence intensity indicated that FU affected the specific 
binding of DIP-FU-PPy NPs to activated platelets, fur-
ther verifying the ability of Fu-decorated NPs to precisely 
deliver therapeutics to the thrombus site. Fluorescence 
microscopic data confirmed that the P-selectin level in 
activated platelets had increased 20-fold compared to 
that in non-activated platelets (Fig. 3f, g).

In addition to activated platelets, LPS-treated endothe-
lial cells exhibit inflammation similar to that seen during 
the progression of thrombosis [54] and induce intracel-
lular P-selectin [55]. As shown in Fig.  3i, LPS-treated 
cells indeed yielded a significant increase in intracel-
lular inflammatory markers (ROS, approximately  1.65-
fold stronger than in the control group) and P-selectin 
(approximately  2.17-fold stronger than in the control 
group), suggesting that inflamed endothelial cells had 
developed in vitro [56]. DIP [57] can inhibit blood clot 
formation when administered at higher doses over a 
short period owing to its hydrophobicity. Conventional 
drug delivery cannot cause its specific accumulation in 
thrombotic regions, possibly resulting in adverse side 

effects. Our developed nano-formulation, DIP-FU-
PPy NPs, showed highly targeted accumulation toward 
inflamed endothelial cells (Fig. 3e, DIP signal) compared 
to that in the normal cell group (without LPS) treated 
with DIP-FU-PPy NPs. The fluorescence intensity of 
LPS-treated cells treated with DIP-FU-PPy NPs was 
approximately  2.38-fold higher than that of non-LPS-
treated cells. FU allowed the DIP-FU-PPy NPs to attach 
to the plasma membrane of target LPS-induced cells, 
according to a magnified image (Fig. 3i). Thus, this nano-
development could achieve further therapeutic efficacy 
in thrombotic conditions.

In vivo thrombosis induction and in vivo vascular fluorescent 
assessment
To better understand the enhanced efficacy of DIP-FU-
PPy NPs in the ferric chloride-induced mouse mesenteric 
thrombus model (Fig.  4a), thrombus targeting and the 
penetration ability were examined by IVIS and fluores-
cence microscopic imaging assays. As shown in Fig.  4b, 
after administration of DIP-FU-PPy NPs, a strong DIP 
fluorescent signal was detected at the thrombus site, 
indicative of its effectual thrombus targeting because of 
selective binding to P-selectin around the surface of acti-
vated platelets at the thrombus site. However, only weak 
fluorescent signals were detected for the vessel in the free 
DIP group with expression in the thrombus or the group 
in normal mice (Fig. 4b).

Figure  4c shows that for the free DIP-treated group 
(MD, 3  mg/kg), very weak fluorescence was detected 
only at the edge of the thrombosis, suggesting a negli-
gible affinity toward the thrombotic site and inefficiency 
in penetrating the vessel structure and the thrombus 
center. The HD of free DIP (5  mg/kg) demonstrated 
slightly enhanced blue fluorescent signals at the edge of 
the thrombus, with a low signal within its core (Fig. 4c). 
Treatment with DIP-FU-PPy NPs (MD, 3 mg/kg) caused 
a remarkably greater and deeper-blue fluorescent signal 
across the thrombus from the edge to the core compared 
to that of free-DIP (Fig. 4c). According to earlier findings 
[58], a FU-functional supramolecular DDS was reported 
to favor deeper tissue penetration into vascular lesions, 
with the hypothesis that such nanoscale carriers possess 
increased hemodynamic behavior that to some extent, 
mimic the migration of leukocytes to vascular lesions. 
The deep penetration of the formulations may have 
been promoted by the nano-size of the prepared car-
riers. As previously reported, a network of fibrin forms 
pores smaller than 1 μm in thrombus clots [59], and the 
nanosized carrier range can penetrate deep into the inte-
rior of a clot. These nanocarriers can release drugs in 
response to NIR inside the clot and facilitate intra-clot 
lysis, which is consistent with the higher thrombolytic 
activity observed below. This could be attributed to the 



Page 13 of 22Liu et al. Journal of Nanobiotechnology          (2023) 21:260 

Fig. 3 Thrombolysis and in vitro clot-formation assay. Thrombolytic effect: supplementation with a low dose (LD), moderate dose (MD), and high dose 
(HD) of dipyridamole (DIP)-fucoidan (FU)-polypyrrole (PPy) nanoparticles (NPs) to in vitro clots. The quantitative thrombolytic activity of formulations was 
evaluated using (a) a microscopic assay (DFC7000T, LEICA) and (b) a colorimetric assay to assess the release of red blood cells (RBCs) from blood clots via 
Drabkin’s method. (c) Inhibition of in vitro clot formation using colorimetric assays: the addition of LD, MD, and HD of DIP or FU to platelet-poor plasma 
(PPP)-platelet-rich plasma (PRP) (inhibition of in vitro clot formation) before CaCl2 was added (ECHO CHEMICAL, 2.5 mM) and thrombin (Sigma-Aldrich, 
1 U/mL). (d) Platelet aggregation using colorimetric assays: the addition of the MD of DIP or FU to PPP-PRP in the presence of CaCl2 and thrombin. (e) 
Fluorescence microscopic (DFC7000T, LEICA) images of non-activated and activated platelets (induced by TRAP-6, 10 µM) treated with MD DIP and DIP-
FU-PPy NPs (scale bar: 50 μm). (f ) Cellular P-selectin levels assessed by microscope. Quantitative (g) P-selectin and (h) DIP levels of non-activated platelets 
or activated platelets using a microscopic assay. (i) Fluorescent microscopic data showing a fluorescence image of the nano-formulation interacting 
with or without LPS-induced bovine aortic endothelial cells treated with 4’,6-giamidino-2-phenylindole (DAPI, Biotium #40,043, 1:1000, 30 min, 23 °C), 
propidium iodide (PI, ThermoFisher, 1.5 µM, 30 min, 23 °C), or 2ʹ,7ʹ-dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich, 40 µM, 30 min, 37 °C) for ROS, 
and NB100-65392 (1:500, 1 h, 37 °C) as a P-selectin marker (scale bar: 100 μm). Control group: cells without LPS treatment. (* p < 0.05; NS, non-significant 
at p > 0.05)
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effective thrombus targeting of DIP-FU-PPy NPs owing 
to the enhanced penetration of nanosized particles along 
the systemic circulation with selective binding through 
P-selectin interactions. These in turn facilitated the effec-
tive penetration of therapeutics toward the thrombus site 
and triggered the release of DIP therein.

In vivo efficacy, biodistribution, and biosafety studies
Hyperthermia can be achieved once the region of the 
thrombotic site/vessel is irradiated with NIR, implying 
that precise and sufficient accumulation of NIR-photo-
thermal switchable DIP-FU-PPy NPs occurred in vivo 
(Fig. 4d). The histological data (Figure S2) and previously 
published findings [60–62] indicated that a NIR or mild 
photothermal hyperthermic effect does not cause ves-
sel injury. For in vivo safety assessments, H&E staining 
revealed that DIP-FU-PPy-NP treatment, similar to the 
other treatment groups (untreated healthy control and 
free DIP), did not cause inflammation or notable toxic-
ity in major tissues (liver, heart, spleen, kidneys, or lungs, 
Fig.  4e). The hematological data proved that treatment 
with DIP-FU-PPy NPs (MD, 3 mg/kg) resulted in negli-
gible changes in blood indices (Fig.  4f ). The major bio-
chemical indices were similar to normal levels in healthy 
animals. These findings suggest that DIP-FU-PPy NPs 
are biologically safe in vivo. Numerous investigations 
have provided biocompatible NIR technology at about 
2  W/cm2 for precision treatment in several biomedi-
cal uses [63, 64]. Thus, the use of an NIR source can be 
applied in biomedicine.

Once the nanomedicine is administered in vivo, a host 
of inherent immunological mechanisms begin to iden-
tify and collect these foreign particles/substances and 
direct them toward the major elimination pathways from 
the body. There is thus always competition between the 
desired distribution of nanomedicines in specific tis-
sues and the highly bioactive clearance mechanisms. The 
extent and distribution pattern of a nanomedicine in dif-
ferent tissues and organs, during a clinical therapeutic or 
diagnostic application, are usually considered the biodis-
tribution. The rate of their recognition and removal by 
the immune system, excretion, and metabolism from the 
body is generally referred to as pharmacokinetics. Deter-
mining the biodistribution and pharmacokinetic charac-
teristics is vital to augmenting the expected functionality 
of a nanomedicine in any selected region or tissue of the 
body and minimizing toxicological side effects because of 
any undesirable pharmacokinetic behaviors or biodistri-
butions [65]. To the best of our knowledge, studies con-
ducted to investigate PPy-based nanocarrier metabolic 
and biodistribution behavior are rare.

To study the metabolic effect behaviors and biodistri-
bution of DIP-FU-PPy NPs, test mice were administered 
free DIP or DIP-FU-PPy NPs. As shown in Fig.  5, free 

DIP was quickly eliminated from body at 1 day, and most 
DIP signals were found in the liver and kidneys. On the 
contrary, relatively low signals in the liver and kidneys 
were found in DIP-FU-PPy NP-treated mice. The pro-
longed circulation was attributed to the small particle 
size, colloidal stability, and negative charge of DIP-FU-
PPy NPs. It seemed that DIP-FU-PPy NPs exhibited sig-
nificant retention capabilities.

DIP-FU-PPy NPs showed an absolute advantage over 
free DIP in the battle of thrombus targeting, avoidance of 
clearance, and retention effects, which was evidenced by 
fluorescence images. More importantly, the fluorescence 
of DIP and the Cy5 carrier in excised liver and kidneys 
lasted as long as 7 days and was gradually eliminated 
through the kidneys (Fig.  5). The higher drug targeting, 
retention, eventual degradation, and elimination abilities 
may result in better biocompatible, therapeutic, and met-
abolic responses. These findings suggested that DIP-FU-
PPy NPs showed good nanosystem circulation, biosafety, 
and enhanced bioavailability, retention, and metabolic 
abilities.

In vivo analysis on the effectiveness of P-selectin targeting/
inhibition, its antithrombotic efficacy, and possible effects
P-Selectin is expressed on the surface of activated plate-
lets and is a thromboinflammatory biomolecule engaged 
in platelet aggregation and activation. In addition, FU 
has a high affinity for P-selectin and is, therefore, suit-
able for specific therapeutic delivery and diagnoses of 
bioactivities associated with P-selectin expression, such 
as pathological thrombotic organs. Data obtained from 
a microscopic evaluation of vessel thrombosis after fer-
ric chloride exposure are shown in Fig.  6a. Exposure to 
ferric chloride caused large, compact thrombi, which 
closely resembled the thrombus phenotype. Ferric chlo-
ride-induced thrombus formation and increased in vivo 
P-selectin expression are known to be connected [66]. 
An immunofluorescent histological analysis revealed that 
P-selectin was highly expressed in thrombotic vascular 
clots (higher than that in the control group; Fig. 6a). The 
FU nanocarrier specifically accumulated in thrombotic 
clots. The vessel surface at the ferric-treated vascular 
thrombosis site expressed P-selectin, leading to fibrin clot 
formation, as observed in our histological data (Fig. 6a).

As shown in Fig.  6b, a plugged thrombus was clearly 
retained in the control group (thrombosis + NIR). Treat-
ment with free DIP (MD, 3  mg/kg BW) resulted in a 
slight decrease in the thrombus size. It was found that 
the retained thrombus after the free-DIP treatment 
under NIR irradiation had a smooth surface, caused by 
poor penetration (Fig. 6b), and the resultant antithrom-
botic bioactivity was limited to the surface of the throm-
bus. In contrast, treatment with DIP-FU-PPy NPs (MD, 
3  mg/kg BW) with NIR irradiation led to significant 
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thrombus dissolution (with only around 17% of the clot 
area remaining), further confirming that the antithrom-
botic efficacy was substantially higher than that of the 
control (with around  95.73% of the clot area remain-
ing) and free-DIP groups (with around  75.03% of the 

clot area remaining). Histological data from test animals 
administered DIP alone with subsequent NIR treatment 
showed an anticlotting effect at the induced throm-
bus site. This finding suggests that a considerable dose 
of DIP is required to achieve an anticlotting effect. Test 

Fig. 4 (a) Photographic observations demonstrating the creation of a thrombosis model using a ferric chloride filter paper method (filter paper was 
soaked in a 35% FeCl3-6H2O solution and positioned on the identified vessel). (b) IVIS (IVIS Lumina III XRMS) data showing a qualitative image and 
qualitative analysis of fluorescent dipyridamole (DIP) levels along the dotted lines of different formulations (moderate dose (MD) DIP or MD DIP-fucoidan 
(FU)-polypyrrole (PPy) nanoparticles (NPs)). (c) Fluorescence intensity of DIP in clot in fluorescence images of thrombus sites as analyzed by ImageJ 
software. The biodistribution results indicated that thrombi treated with free-DIP were unable to explicitly accumulate DIP or allow it to penetrate at the 
thrombus site. The thrombus site of the group given DIP-FU-PPy NPs exhibited deeper penetration and greater accumulation of DIP. (d) Thermal imaging 
(A-BF, RX300) showing that locally applied NIR (808 nm, 2.0 W/cm2 for 10 min) could induce hyperthermia in the group that received DIP-FU PPy NPs. (e) 
Representative photomicrographs of H&E-stained soft tissues (liver, heart, lungs, spleen, and kidneys) after treatment with DIP-FU-PPy NPs. H&E-stained 
microscopic and hematological data indicated that treatment with DIP-FU-PPy NP had in vivo biological safety (scale bar: 250 μm). (f) Hematological 
studies and biochemical indexes (red blood cells (RBCs), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), and white blood cells 
(WBCs)) assessed using a blood serum hematological analyzer (Procyte Dx, IDEXX Laboratories). Experimental results are presented as the mean ± SD 
(n = 6). * p < 0.05; NS (non-significant) at p > 0.05). (Moderate dose (MD) DIP equivalent: 3 mg/kg body weight; high dose (HD) DIP equivalent: 5 mg/kg 
body weight)
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animals administered the mixed formulation of DIP and 
PPy without FU but with NIR irradiation showed negli-
gible thrombus dissolution (with around 90% of the clot 
area remaining). Test animals administered DIP-FU-PPy 
NPs without NIR irradiation revealed a limited thrombus 
dissolution efficacy (with around 79.18% of the clot area 
remaining, Fig.  6b). Test animals administered FU-PPy 
NPs with NIR irradiation revealed a partial thrombus 
dissolution outcome (with 67% of the clot area remain-
ing). These findings suggested that hyperthermia, FU and 

DIP were involved in the antithrombotic action. There-
fore, animals administered FU-based NPs with subse-
quent NIR treatment exhibited considerable reductions 
in clots in the vascular lumen compared to thrombotic 
animals administered systemic DIP or thrombosis alone 
with subsequent NIR. This implies that the administered 
DIP-FU-PPy-NPs specifically accumulated at the FeCl3-
induced P-selectin-expressing thrombotic site to facili-
tate the anticlotting efficacy of the combined therapy 
(DIP and photothermal ablation) (Fig. 6b).

Fig. 5 In vivo imaging and biodistribution study. Real-time in vivo fluorescence images of free-form dipyridamole (DIP) and DIP-fucoidan (FU)-polypyr-
role (PPy) nanoparticles (NPs) conjugated with Cy5 in test mice at 1, 3, 5 and 7 days, assessed by IVIS. Semiquantitative fluorescence results of kidney and 
liver tissues. The representative organs in each group of IVIS images (for DIP or Cy5 distribution) may be either the same or different in vivo
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Fig. 6 (a) In vivo histological results of fluorescent microscopy showing the expression of P-selectin in vessels. (b) In vivo results of light microscopy show-
ing vascular H&E histological changes (scale bar: 50 μm), thrombus treatment, and prevention of thrombus regeneration in animals treated with different 
formulations. The antithrombotic efficacy was analyzed using the following method: (histologically microscopic vascular clot area/lumen area) × 100%. 
The calculated areas or microscopic fluorescence intensities were analyzed using ImageJ software. (c) Schematic illustration depicting the tail bleeding 
test. (d) For the tail bleeding test, after administration and treatment with dipyridamole (DIP)-fucoidan (FU)-polypyrrole (PPy) nanoparticles (NPs) or the 
same amount of DIP (moderate dose (MD), 3 mg/kg body weight), the distal 1-cm section of a mouse tail was cut off using a scalpel and submerged in 
PBS prewarmed to 37 °C. Animals were observed for 30 min. To calculate the bleeding quantity, the bleeding extent was assessed based on the hemoglo-
bin level in the PBS solution by determining the absorbance spectra of hemoglobin. (e) For another bleeding test, filter paper was used to absorb blood 
from the bleeding liver of test animals. Blood-diffused areas on the filter paper were measured using ImageJ software. Microscopic and biochemical data 
confirmed that the DIP-FU-PPy NPs possessed antithrombotic efficacy and avoided clot reformation and bleeding risk in vivo. Experimental results are 
presented as the mean ± SD (n = 6). (* p < 0.05; NS (non-significant) p > 0.05)
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Fig. 7 In vivo therapeutic mechanism. Microscopic data and semiquantitative fluorescence results of vascular (a) reactive oxygen species (ROS), (b) anti-
heat shock protein (HSP), and (c) anti-plasminogen activator inhibitor (PAI)-1 levels of test mice (normal, thrombotic animals that received near infrared 
(NIR) irradiation, and thrombotic animals that received dipyridamole (DIP)-fucoidan (FU)-polypyrrole (PPy) plus NIR). (d) Ultrasonic data of vascular blood 
flow velocities of test mice (normal, thrombotic animals that received NIR, and thrombotic animals that received DIP-FU-PPy plus NIR). * p < 0.05; NS (non-
significant) at p > 0.05)
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Histological and quantitative results showed that after 
animals were administered DIP-FU-PPy-NPs and sub-
jected to sequential irradiation with NIR, regeneration 
of the thrombosis was prevented for 1 day (Fig. 6b). The 
superior antithrombotic efficiency and prevention of 
thrombus regeneration were attributed to augmentation 
of the antithrombotic effectiveness of the NIR-triggered 
release of DIP and hyperthermia. The incorporation of 
FU-decorated P-selectin-targeting NPs precisely deliv-
ered these therapeutics to the thrombus clot.

A rodent tail-bleeding assay was used to assess the risk 
of hemorrhaging with DIP-FU-PPy-NPs (Fig.  6c, d). In 
this assay, a greater tail-bleeding volume was associated 
with a higher hemorrhage risk [67]. As shown in Fig. 6d, 
the distal 1-cm segment of the tail of a mouse was excised 
using a medical scalpel to induce bleeding, and the extent 
of bleeding was determined at 1 h after administration of 
free-DIP (NIR) or DIP-FU-PPy-NPs (NIR) (MD, 3 mg/kg 
BW). The bleeding quantity induced with free DIP (MD, 
3  mg/kg BW) remarkably increased compared to that 
induced by DIP-FU-PPy-NPs. As shown in Fig.  6d, the 
bleeding extent assessed by the hemoglobin absorbance 
assay in animals treated with free DIP was significantly 
greater than that in the DIP-FU-PPy-NP-treated group 
(as the absorbance increased around  1.78-fold relative 
to that in the DIP-FU-PPy-NP-treated group). A com-
parison between the normal animals and thrombotic 
animals treated with DIP-FU-PPy NPs and NIR yielded 
no statistically significant differences in the bleeding 
assay results (Fig.  6d). This suggests that FU-modified 
NPs localized the therapeutics toward the thrombotic 
region and then initiated precise delivery of DIP upon 
NIR treatment to initiate site-specific therapeutic/pho-
tothermal thrombolytic effects with great therapeutic 
efficiency. Thus, adverse events due to therapeutic-gen-
erated hemorrhaging in normal organs were avoided. 
The extent of bleeding from the liver as assessed using 
blood absorption onto filter paper in animals treated 
with free DIP (NIR)  was significantly greater than that 
in the DIP-FU-PPy-NP-treated group (blood absorption 
onto filter paper increased about 2.3-fold relative to the 
DIP-FU-PPy-NP-treated group) (Fig. 6e). These findings 
indicated that DIP-FU-PPy-NPs can remarkably reduce 
nonspecific hemorrhagic side effects of free DIP used for 
thrombus treatment. As previously reported, the clinical 
use of DIP in thrombotic treatment increases the risk of 
severe bleeding [68]. Massive hemorrhaging attributed to 
the uncontrolled release of thrombolytic drugs is a cru-
cial issue in thrombus treatment in clinical practice [69]. 
The enrichment provided by DIP-FU-PPy-NPs resulted 
in augmented DIP delivery, increased thrombolytic effi-
cacy, and a reduced risk of hemorrhaging.

Oxidative stress is a vital event under both patho-
logical and physiological situations. As no single genetic 

biomarker or test precisely predicts the extent of vascu-
lar health, phenotyping for biomarkers of inflammation 
should identify individuals at risk for vascular illnesses. 
Reactive oxygen species (ROS) are important mediators 
of signaling pathways that cause vascular inflammation 
in thromboses [70]. In this study, we quantified oxida-
tive stress by measuring cellular ROS using DCFH-DA 
staining of vascular tissues. Microscopic data showed 
that thrombotic vessels had the greatest ROS levels, 
compared to normal vessels of healthy animals (Fig. 7a). 
Various animal thrombosis models support the notion 
that enhanced vascular ROS production from a dys-
functional mitochondrial respiratory chain plays a caus-
ative role in thromboses and other vascular diseases 
[70]. Anti-inflammatory approaches can prevent throm-
botic events [71]. The vascular ROS level of thrombotic 
animals that received DIP-FU-PPy NPs plus NIR after 
long-term treatment showed similar outcomes as normal 
vessels. The microscopic data indicated that the vascular 
HSP expression level of thrombotic animals that received 
DIP-FU-PPy NPs plus NIR after long-term treatment was 
higher than those of the untreated thrombus and normal 
control groups (Fig.  7b). According to previously pub-
lished findings, hyperthermia-induced HSP prevents or 
arrests inflammatory damage [72]. Along with the deliv-
ered anticoagulant, DIP, the phototherapeutic DIP-FU-
PPy NPs produced a vascular anti-inflammatory effect 
plus HSP expression which was involved with restora-
tion of vascular damage and avoidance of rethrombosis. 
Microscopic data indicated that the expression level 
of vascular plasminogen activator inhibitor (PAI)-1 of 
thrombotic animals that received DIP-FU-PPy NPs plus 
NIR after treatment was lower than that of the untreated 
thrombus group (Fig. 7c). We verified vascular blood flow 
velocities with different treatments (Fig. 7d). The vascu-
lar blood flow velocity was measured using ultrasound. 
Compared to the normal control group, the vascular 
blood flow velocity at the thrombotic site was reduced, 
while the vascular blood flow velocity in the DIP-FU-PPy 
NPs plus NIR treatment group was basically unchanged. 
These findings revealed that the fibrin clot was lysed due 
to dissolution of the thrombus after DIP-FU-PPy NPs 
plus NIR treatment, and the vascular blood flow velocity 
had returned to normal.

In previous studies [61, 73], we developed PPy-based 
carrier systems using the NIR-photothermal effect for 
thrombus treatment. A fibrin-targeting peptide-engi-
neered nanoassembly of photothermal agents and the 
antiplatelet, ticagrelor, was prepared for thrombus-tar-
geting delivery with a high thrombolysis efficacy [60]. 
However, the lack of the ability to avoid clot recurrence, 
bleeding risk, and knowledge regarding the underly-
ing mechanisms of the inhibitory effect of rethrombo-
sis, restoration of damaged vessels, biodistribution, and 
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carrier degradability limited its performance in thrombus 
management. In this study, we designed DIP-FU-PPy-
NPs that possessed thrombus-homing capabilities and 
NIR-phototherapeutic properties (refer to Figs. 1, 2 and 
3). DIP-FU-PPy NPs demonstrated an amplified throm-
bolysis efficacy, and the ability to prevent clot recurrence, 
minimize the bleeding risk, and inhibit rethrombosis 
through well-understood mechanisms (refer to Figs. 4, 5, 
6 and 7). Furthermore, the DIP-FU-PPy NPs promoted 
restoration of damaged vessels, exhibited favorable bio-
distribution, and demonstrated carrier degradability.

Precise medicine necessitates accurate early diagno-
ses and remote noninvasive and individualized proper 
treatments, and phototheranostics are considered to be 
the frontier for providing safe and quick disease localiza-
tion and effective therapies. Semiconducting nanoma-
terials, such as organically conjugated polymers, small 
molecules, and inorganic semiconductors with pho-
tonic features, are being explored in medical imaging 
and phototherapy (photodynamic, photothermal, and 
photo-controlled combination therapies). In practical 
clinical applications, semiconducting organic materials 
are favored over inorganic materials for phototheranos-
tics owing to their natural metabolism and biocompat-
ibility. The supramolecular self-assembly technique is 
thought to be a significant means of preparing multi-
functional and organic detachable phototheranostics 
with supramolecular interactions, such as hydrophobic 
effects, electrostatic and π–π interactions, and hydrogen 
bonding, which are dynamic and noncovalent.

In clinical experience, laser phototherapy was proven 
to be safe, effective, and valid for thrombolysis [74–77]. 
Biocompatible NIR technology takes advantage of the 
low absorption spectrum of biological tissues in the NIR 
range (650–950  nm) and can penetrate deep tissues. 
Studies confirmed that NIR plays a vital role particularly 
in clinical applications where deep tissue organ penetra-
tion (for tendons, bones, ligaments and cartilages) is 
required [78]. In clinical practice, NIR laser ablation has 
been well reported as a minimally invasive method to 
treat thrombotic diseases, such as varices of the lower 
extremities [79]. Due to strong optical absorption by 
thrombi, lasers can be used to dissolve clots and, there-
fore, can serve as an emerging option in patients with 
complicated thromboses who fail to respond to throm-
bolytic drugs and exhibit thrombotic lesions that are 
deemed unsuitable for standard balloon angioplasty [75]. 
Targeted nano-DDSs have shown great potential as clini-
cally translatable phototheranostic agents for treating 
thromboembolisms. Overall, there is a strong prerequi-
site for further improvements and development of photo-
thrombolysis, leading to its clinical translation [18]. As 

to future prospects, the use of NIR combined with mini-
mally invasive angiographic technologies can realize pho-
totherapy in deep vascular lesions [80].

Conclusions
A practical co-delivery strategy was created in this 
research to intend to address several difficulties in 
thromboembolism therapy, including (i) insufficient 
active substance accumulation in thrombotic lesions, 
(ii) uncontrolled release of medications, (iii) insufficient 
permeability into deep thrombi, and (iv) low antithrom-
botic efficacy with bleeding vulnerability. It was interest-
ing to observe how PPy, FU, and DIP co-assembled into 
stable nano-vehicles (DIP-FU-PPy NPs) that were stable 
in physiological condition. The multipurpose actions of 
DIP-FU-PPy NPs were as expected, including high DIP-
loading efficiency, facile fabrication procedures, good 
thrombus-targeted biodistribution, remote NIR-photo-
thermal responsiveness, and efficient thrombolytic activ-
ity. In a ferric chloride-induced mouse model of thrombi, 
the effect promoted substantial NIR-photothermal-aug-
mented in vivo thrombus therapeutic effectiveness by 
causing thrombotic clots to disintegrate.
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