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Platelet membrane encapsulated curcumin
nanomaterial-mediated specific thrombolysis and
anti-thrombotic treatment among pregnant women

Lin Xu,†a,c,e,f Yijie Zhou,†a,c,e,f Na Li,†a,c,e Anyu Yang *e and Hongbo Qi*b,c,d

The current treatment for venous thrombosis during pregnancy is ineffective, primarily, due to the unique

physiology of pregnant women. Most clinical medications have fetal side effects when they circulate in

the body. We first synthesized nanomaterials (Cur–PFP@PC) using poly lactic-co-glycolic acid (PLGA) as

the base material, with curcumin (Cur) and perfluoropentane (PFP) as core components. Subsequently,

we encapsulated Cur–PFP@PC into the platelet membrane to synthesize P-Cur–PFP@PC. Under ultra-

sound guidance, in combination with low-intensity focused ultrasound (LIFU), PFP underwent a phase

change, resulting in thrombolysis. The generated microbubbles enhanced the signal impact of ultrasound,

and P-Cur–PFP@PC showed better performance than Cur–PFP@PC. P-Cur–PFP@PC can target throm-

bosis treatment, achieve visually and precisely controlled drug release, and repair damaged blood vessels,

thus avoiding the adverse effects associated with traditional long-term drug administration.

1. Introduction

Venous thromboembolism (VTE) is the third most common
cardiovascular disease, encompassing deep vein thrombosis
(DVT) and pulmonary embolism (PE) and ranges 1–2‰
annually in the general population.1–3 With existing treatment
methods, recurrence rates and complications remain high.4

The adhesion of platelets to an injured vessel wall and platelet
activation are critical events in the formation of a thrombus.5

Pregnancy is a significant high-risk factor for VTE, with a
5-fold higher risk.6 VTE is one of the major cardiovascular
causes of morbidity and mortality in pregnant women.
Pregnancy-related venous thrombosis can result in miscar-
riages, fetal intrauterine growth restriction, gestational hyper-
tension, and placental abruption, posing a severe threat to the

lives of both the mother and the child. Furthermore, the
quality of life in the diagnosed patients is diminished by post-
thrombotic syndrome.1–3,7,8 Clinically, most thrombolytic
drugs have short half-lives, necessitating repeated adminis-
tration within a short period, thereby adding additional risks
to the treatment. Heparin is primarily used for the prevention
and treatment of pregnancy-related venous thrombosis.
However, prolonged use of heparin can lead to miscarriages,
osteoporosis, congenital malformations in fetuses, bleeding,
and neurodevelopmental disorders. Thus, heparin treatment
can introduce additional risks.9 Moreover, it weakens the phys-
iological protective state of pregnancy (hypercoagulable state),
leading to severe bleeding such as cerebral hemorrhage.10

Biomimetic technology has achieved significant success
across various fields. Recently, natural cell membranes have
been widely applied in different cell types.11 In this kind of
design, a nanomaterial is covered by a natural cell membrane
layer, which constitutes a primary structural component of
cells and extracellular vesicles, mimicking the surface func-
tionality of natural cells.12 This enables the nanomaterial to
directly mimic the characteristics of source cells, improving
site-specific accumulation and efficacy, thus eliminating the
need for complicated chemical synthesis modification and
processing. This kind of material often exhibits remarkable
biocompatibility and stealthiness,13–15 even emulating physical
properties, including morphology and flexibility.16 Currently,
this nanobiomimetic technology has made substantial pro-
gress in fundamental research related to cancer and cardio-
vascular and cerebrovascular disease diagnosis and
treatment.17–19 However, its usefulness in the field of preg-

†These authors contributed equally to this work and can be considered as co-
first authors.

aThe Department of Obstetrics, The First Affiliated Hospital of Chongqing Medical

University, Chongqing 400016, China
bWomen and Children’s Hospital of Chongqing Medical University, Chongqing

401147, China. E-mail: qihongbocy@gmail.com
cChongqing Key Laboratory of Maternal and Fetal Medicine, Chongqing Medical

University, Chongqing 400016, China
dJoint International Research Laboratory of Reproduction and Development of

Chinese Ministry of Education, Chongqing Medical University, Chongqing 400016,

China
eInstitute of Ultrasound Imaging, the Second Affiliated Hospital of Chongqing

Medical University, Chongqing 400010, China
fGuiyang Maternal and Child Health Care Hospital, Guiyang 550002, Guizhou,

China

This journal is © The Royal Society of Chemistry 2024 Biomater. Sci., 2024, 12, 3163–3174 | 3163

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 7
:0

8:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-4911-7942
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm00149d&domain=pdf&date_stamp=2024-06-06
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00149d
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012012


nancy-related venous thrombosis remains unexplored.
Presently, targeted treatment for pregnancy-related venous
thrombosis faces two significant challenges: safety and target-
ing. The drug components used by pregnant women during
pregnancy must be safe and should not cross the placental
barrier. The drugs also need to exhibit strong targeting abil-
ities for achieving localized drug release and avoiding
maternal and fetal damage resulting from systemic circulation.

Curcumin (Cur) is one of the major components in the rhi-
zomes of turmeric and is known for its anti-inflammatory and
antioxidant properties. Cur can directly neutralize free radicals
(e.g., reactive oxygen species (ROS) and reactive nitrogen
species (RNS)) both in vitro and in vivo. It can also maintain
various antioxidant enzyme activities, such as superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GSH), which play a crucial role in regulating oxidative stress
in various diseases.20–22 However, suboptimal sample prepa-
ration and analysis methodologies often hamper the accurate
evaluation of bioactivities and their clinical efficacy.23 Poly
(lactic-co-glycolic acid) (PLGA) is a United States Food and
Drug Administration (FDA) approved polymer. With its biode-
gradability, excellent biocompatibility, structural modifiability,
and controllable drug release speed, PLGA is widely used in
the drug delivery field.24–27 However, it is difficult to control
the intracellular delivery to target organelles.28

In our study, we designed biomimetic platelet membrane-
loaded nanomaterials, mimicking nanoscale platelets, with
robust innate targeting capabilities.29 We encapsulated curcu-
min (Cur) and perfluoropentane (PFP) into PLGA, followed by
coating with a platelet membrane. Then, we enhanced the
delivery of therapeutic agents to venous thrombosis using the
phase transition of PFP under the guidance of ultrasound (US)
and stimulation with low-intensity focused ultrasound (LIFU).
PFP, which is a novel ultrasound contrast agent, undergoes a
liquid-to-gas transition and creates microbubbles when sub-
jected to external stimuli.30 This leads to acoustic droplet
vaporization (ADV), exploiting the cavitation effect to dissolve
venous thrombi, resulting in a significant diagnostic and
therapeutic effect31 (Fig. 1). The early diagnosis of thrombus is
restricted by the inherent shortcomings of traditional imaging
techniques in clinic.32 US has decreased diagnostic reliability

in the cases of obese pregnant women, significant limb swell-
ing, small thrombus volumes, and deep vascular locations.
However, the nanomaterials we designed underwent a phase
transition and generated high-echo microbubbles, enhancing
ultrasound signals and further improving the accuracy and
sensitivity of venous thrombosis diagnosis. Based on this, we
aim to establish a multifunctional molecular imaging therapy
that integrates superior biocompatibility and targeting capa-
bility for early diagnosis, precise treatment, and efficacious
monitoring of pregnancy-related venous thrombosis.
Moreover, the therapy is a targeted drug delivery system. It is
possible to detect specific molecular changes at the organ, cel-
lular, and even subcellular levels in a living state, while also
guiding disease treatment at the molecular level.33–35

The vascular endothelium has several important functions,
including hemostasis.36 In the process of thrombus formation
and thrombolysis, endothelial damage occurs, leading to plate-
let activation and an excessive generation of ROS, intensifying
oxidative stress. This further promotes platelet activation and
aggregation and triggers the overexpression of inflammatory
factors, worsening the condition of damaged blood vessels
and increasing the risk of recurrent venous thrombosis.37 To
improve the microenvironment of damaged blood vessels, our
nanomaterials release curcumin directly to the site of vascular
lesions, clearing ROS. Curcumin reacts with hydrogen peroxide
(H2O2) in the thrombotic area to produce oxygen (O2) while
inhibiting pro-inflammatory mediators, cytokines, and inflam-
matory signaling pathways. This improvement in the vascular
microenvironment prevents the reformation of thrombi,
further enhancing the efficacy of thrombosis treatment.

2. Results and discussion
2.1 Synthesis and characterization of P-Cur–PFP@PC
nanomaterials

We synthesized Cur–PFP@PC using the emulsion solvent evap-
oration method, combining platelet membrane vesicles (PMV)
with Cur–PFP@PC to create platelet membrane-coated nano-
material named P-Cur–PFP@PC. Transmission electron
microscopy (TEM) revealed the spherical nature of the pre-
pared nanomaterials, with P-Cur–PFP@PC displaying a notice-
able core–shell structure compared to Cur–PFP@PC (Fig. 2A).
Dynamic light scattering (DLS) showed that the average hydro-
dynamic diameter of Cur–PFP@PC was 234.3 ± 8.63 nm while
that of P-Cur–PFP@PC was 267 ± 2.61 nm, indicating an
increase in particle size upon PMV coating (P < 0.0001)
(Fig. 2B). Additionally, the zeta potential changed from −5.86
± 0.97 mV to −17.95 ± 1.98 mV (P < 0.0001) (Fig. 2C). The
above TEM size and zeta potential results indicate successful
outer membrane coating, consistent with previous reports.

To confirm that the outer membrane was platelet mem-
brane, we validated the presence of functional proteins on the
nanomaterials. The results showed that the protein bands of
P-Cur–PFP@PC were consistent with PLT protein bands, indi-
cating that P-Cur–PFP@PC inherited protein components

Fig. 1 Scheme for P-Cur–PFP@PC nanodroplet synthesis and illus-
tration of P-Cur–PFP@PC-mediated specific therapy.
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from the platelet membrane while the PLGA had no PLT
protein (Fig. 2D). Meantime, SDS-PAGE gel electrophoresis ver-
ified the retention of platelet membrane proteins on P-Cur–
PFP@PC nanomaterials, revealing that, although P-Cur–
PFP@PC showed weaker protein bands, it shared identical
protein components with platelet membranes, while Cur–
PFP@PC had no protein components (Fig. 2E). These results
further confirmed that the outer transparent membrane of
P-Cur–PFP@PC nanomaterials was the platelet membrane.

Next, we characterized the material’s particle size, stability,
drug loading capacity, and long circulation period in vivo. The
P-Cur–PFP@PC was placed in PBS and fetal bovine serum for 7
days, and the particle size remained at approximately 250 nm,
with no significant changes, demonstrating excellent stability
(Fig. 2F). The encapsulation efficiency of Cur was 70.87 ±
0.15% and the drug loading was 8.50 ± 0.02%. We compared
the metabolic rates of Cur–PFP@PC and P-Cur–PFP@PC in
pregnant mice: P-Cur–PFP@PC had longer circulation than
Cur–PFP@PC. The two nanomaterials showed an obvious
difference in metabolic rate starting at 6 hours (Fig. 2G). In
summary, we successfully prepared biomimetic platelet mem-
brane-loaded curcumin nanomaterials (P-Cur–PFP@PC) which
exhibited advantageous stability and drug-loading capabilities
and superior circulation.

2.2 Phase transition characteristics and imaging evaluation
of P-CUR–PFP@PC nanomaterials

In order to further observe the ADV effect of PFP, we con-
ducted observations under an optical microscope (Fig. 3A).

With increasing LIFU irradiation time, the volume began to
significantly increase at 5 minutes, reaching its maximum at
10 minutes. After 15 minutes, it gradually decreased and rup-
tured. This change in morphology clearly exhibited the LIFU-
induced phase transition of the nanomaterials. Furthermore,
we observed the ultrasound signals of P-Cur–PFP@PC in both
brightness-mode ultrasound (B Mode) and contrast-enhanced
ultrasound (CEUS) (Fig. 3B). The microbubbles gradually
increased, and the ultrasound signal progressively strength-
ened. At 10 minutes, the signal reached its peak, providing the
clearest imaging. Based on this, we hypothesized that the
application of LIFU irradiation induced phase transition and
released microbubbles when P-Cur–PFP@PC effectively tar-
geted the thrombus and accumulated. Then, it resulted in an
increased ultrasound signal at the thrombus site, compensat-
ing for the shortcomings of traditional imaging, which can be
compromised by external conditions. We injected saline, Cur,
Cur–PFP@PC and P-Cur–PFP@PC separately into mice with
venous thrombosis. After LIFU irradiation, the results dis-
played a significantly enhanced ultrasound signal in the
P-Cur–PFP@PC group, as expected, and the other groups
showed weaker ultrasound signals (Fig. 3C).

2.3 Safety evaluation of nanomaterials

To assess the cell viability, HUVECs cells were incubated with
different concentrations of P-Cur–PFP@PC and Cur–PFP@PC
nanomaterials, separately, for 12 hours. Cell viability remained
nearly 100% at all concentrations (Fig. 4A), indicating that

Fig. 2 Design of nanodroplet and its characterization. (A) TEM images of Cur–PFP@PC and P-Cur–PFP@PC. (B) The sizes of Cur–PFP@PC and
P-Cur–PFP@PC. (C) The zeta potentials of Cur–PFP@PC and P-Cur–PFP@PC. (D) Western blot analysis of CD41 and GAPDH in platelets, Cur–
PFP@PC and P-Cur–PFP@PC. (E) SDS-PAGE gel electrophoresis of platelets, Cur–PFP@PC and P-Cur–PFP@PC. (F) The stability of P-Cur–PFP@PC
in PBS and FBS. (G) Fluorescence microplate analysis of the metabolic rate in pregnant mice, ****P < 0.0001 (n = 3).
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these nanomaterials are benign to normal cells, even at higher
concentrations (20 000 mg L−1).

In addition, we conducted a hemolysis rate test in vitro. A
2% red blood cell suspension in PBS was collected, and

different concentrations of P-Cur–PFP@PC and Cur–PFP@PC
nanomaterials (0.25 mg mL−1, 0.5 mg mL−1, 1 mg mL−1, 2 mg
mL−1) were co-incubated for 4 hours. Hemolysis rates were
measured using an enzyme-linked immunosorbent, and the

Fig. 3 Phase transition of nanomaterials in vitro and US images in vivo. (A) Optical microscopy images of P-Cur–PFP@PC after LIFU irradiation at
different timepoints. Scale bar = 50 µm. (B) US images (B-mode and CEUS) of P-Cur–PFP@PC at different timepoints with LIFU irradiation in vitro.
(C) US images (B-mode and CEUS) of the saline, Cur, Cur–PFP@PC and P-Cur–PFP@PC before and after LIFU irradiation in vivo (n = 3).

Fig. 4 The safety of nanomaterials. (A) Effects of Cur–PFP@PC and P-Cur–PFP@PC on HUVEC cells at the indicated drug concentration. (B and C)
Hemolysis rates of different concentrations of Cur–PFP@PC and P-Cur–PFP@PC. (D) Platelet aggregation rates of saline, Cur–PFP@PC and P-Cur–
PFP@PC. (E) H&E staining of the heart, liver, spleen, lung, and kidney of ICR rats after different treatments. Scale bar = 100 µm (n = 4).
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results are shown in Fig. 4B and C. Hemolysis rates at different
concentrations remained within the normal range, demon-
strating that these nanomaterials possess excellent biocompat-
ibility and absence of hemolysis in vitro.

After incubating mouse whole blood with P-Cur–PFP@PC
and Cur–PFP@PC nanomaterials, platelet aggregation testing
was performed (Fig. 4D). In comparison to the saline control
group, neither of these nanomaterials activated platelets, miti-
gating the risk of thrombus formation.

To confirm the safety of the nanomaterials in vivo, P-Cur–
PFP@PC and Cur–PFP@PC nanomaterials were intravenously
injected into mice at three times the therapeutic doses. Mice
in the control group received saline. After 7 days, the organs
(heart, liver, spleen, lung and kidney) were harvested, and
their HE-stained sections indicated no structural changes in
the nanomaterial-treated groups compared to the control
group, suggesting that these nanomaterials are safe in vivo
(Fig. 4E).

2.4 Targeting capability evaluation of the nanomaterials

To evaluate the targeting capability of the nanomaterials
in vitro, HUVEC cells were incubated with Dil-labeled P-Cur–
PFP@PC (Dil-P-Cur–PFP@PC) and Cur–PFP@PC (Dil-Cur–
PFP@PC). The Dil-P-Cur–PFP@PC with red fluorescence
exhibited excellent co-localization with platelets under a con-
focal fiber optic microscope, significantly outperforming Dil-
Cur–PFP@PC, indicating that the platelet membrane on the
surface of P-Cur–PFP@PC displayed remarkable targeting
capability (Fig. 5A).

To detect the phagocytosis of HUVECs on Dil-P-Cur–PFP@PC
and Dil-Cur–PFP@PC, 2 × 105 HUVEC cells were seeded in each
well of a 6-well plate and cultured for 24 hours. Dil-P-Cur–
PFP@PC and Dil-Cur–PFP@PC nanomaterials were added, with
PBS as the control. The cells were incubated for 1, 2, 4, and
6 hours, followed by flow cytometry analysis after digestion. The
cell phagocytic capacity strengthened over time until reaching its
peak at 4 hours before gradually declining. The ability of cells to
phagocytize Dil-P-Cur–PFP@PC was significantly superior to
that for Dil-Cur–PFP@PC (Fig. 5B). These results were consistent
with the confocal microscopy results, indicating the superior tar-
geting capacity of the Dil-P-Cur–PFP@PC nanomaterial.

We conducted a targeting evaluation of these nanomaterials
in ICR mice on the 13.5th day of pregnancy. Damage to endo-
thelial cells in the inferior vena cava was induced using FeCl3,
resulting in thrombus formation (thrombus group).
Subsequently, Dil-P-Cur–PFP@PC and Dil-Cur–PFP@PC were
injected into the tail vein. After 5 minutes, frozen sections of
venous thrombi were stained with CD42. The targeting nano-
materials (in red in Fig. 5C) exhibited excellent co-localization
with fibrin (in green) within the thrombus, while the Dil-Cur–
PFP@PC group displayed significantly weaker co-localization
than Dil-P-Cur–PFP@PC group (Fig. 5C). These findings demon-
strated the effective targeting of thrombi by the targeting nano-
material, indicating its potential for targeted thrombolysis.

2.5 Thrombolysis assessment of nanomaterials

Rat venous blood was collected and allowed to form clots at
room temperature. Six experimental groups were established

Fig. 5 Targeting of nanomaterials in vivo and in vitro. (A) Confocal microscopy analysis of the targeting of Cur–PFP@PC and P-Cur–PFP@PC to
activated platelets. Nuclei were stained with DIPA (blue), Cur–PFP@PC and P-Cur–PFP@PC were labeled with Dil (red), while platelets were labeled
with Calcein-AM (green). Scale bar: 10 µm. (B) The flow cytometry test results of Cur–PFP@PC and P-Cur–PFP@PC at different timepoints, ****P <
0.0001. (C) Frozen section analysis of the targeting of Cur–PFP@PC and P-Cur–PFP@PC to thrombus in vivo. Nuclei were stained with DIPA (blue),
Cur–PFP@PC and P-Cur–PFP@PC were labeled with Dil (red) and thrombi were labeled with CD42 (green). Scale bar: 500 µm (n = 3).
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(PBS group, Cur group, Cur–PFP@PC group, P-Cur–PFP@PC
group, Cur–PFP@PC + LIFU group, P-Cur–PFP@PC + LIFU
group). The clot weight was measured every 5 minutes and,
after 60 minutes, confocal laser scanning microscopy was per-
formed. As shown in Fig. 6A and B, the weight of clots in the
LIFU irradiation groups was reduced compared to the non-
LIFU groups. Among the LIFU groups, the thrombolysis effect
of P-Cur–PFP@PC + LIFU was superior to that of Cur–PFP@PC
+ LIFU. There was no significant change in clot weight among
the non-LIFU groups, and the results were consistent with the
measurements. The differences among the non-LIFU groups
were not statistically significant, while the differences among
the LIFU groups were statistically significant (P < 0.0001).
Additionally, a significantly loose fibrin mesh was observed in
the LIFU groups by confocal scanning electron microscopy
(Fig. 6C).

We conducted a thrombolysis ability assessment in pregnant
ICR mice, successfully modeling inferior vena cava thrombosis.
The mice were injected with 200 μL of saline, Cur (5 mg ml−1),
Dil-Cur–PFP@PC (5 mg ml−1, 200 μL) or Dil-P-Cur–PFP@PC
(5 mg ml−1, 200 μL) through tail veins. Then, the mice were
given 10 minutes of LIFU radiation, and the thrombus volume
of each group was detected by B mode. The control group and
Cur group exhibited a gradual increase in thrombus volume
over time, the Dil-Cur–PFP@PC group showed a slight reduction
in thrombus volume compared to before LIFU radiation, and
the Dil-P-Cur–PFP@PC group displayed a significant reduction
in thrombus size (Fig. 7A). Comparing the HE stained thrombus
from each group, the non-LIFU groups exhibited relatively
poorer thrombolysis compared to the LIFU groups, while the
Dil-P-Cur–PFP@PC + LIFU group displayed the best effect of

thrombolysis (Fig. 7B), consistent with observations made by
the ultrasound imaging system.

2.6 ROS clearance effect assessment of nanomaterials

To validate the ROS clearance effect of Cur in vitro, we used
PBS as a control group to assess the ability of Cur to clear
superoxide radicals, singlet oxygen, and hydroxyl radicals. As
shown in Fig. 8A–C, Cur exhibited a noticeable ROS clearance
effect compared to PBS. We incubated HUVEC cells with
different groups as previously mentioned, detected intracellu-
lar ROS, and observed the fluorescence signal by fluorescence
microscope (Fig. 8D). The LIFU groups exhibited a stronger
ROS clearance ability within the cells compared to the non-
LIFU groups. Quantitative analysis using a fluorescence micro-
plate reader showed a significant ROS clearance effect in the
LIFU groups compared to the non-LIFU groups (Fig. 8E). There
was no statistically significant difference between P-Cur–
PFP@PC + LIFU and Cur–PFP@PC + LIFU. Notably, despite
the lack of strong targeting in the Cur–PFP@PC group, all the
nanomaterials were dissolved in the cell culture medium and,
constrained by the space of six-well plate, underwent phase
transition under LIFU radiation, achieving acoustic droplet
vaporization (ADV) and allowing Cur to enter the cells for ROS
clearance. In contrast, the lower dissolution of free Cur limited
its efficiency in entering the cytoplasm for ROS clearance. This
further validated the hydrophobicity and instability of Cur
directly impacting its clinical trials, and the nanomaterials we
prepared successfully address these issues, making them suit-
able for clinical trials.

Moreover, we evaluated the ROS clearance of nanomaterials
in successfully modeled ICR pregnant mice. From the 13.5th

Fig. 6 Thrombolysis in vitro. (A) The appearance of a thrombus (digital photograph) after incubation with PBS, Cur, Cur–PFP@PC, P-Cur–PFP@PC,
Cur–PFP@PC + LIFU and P-Cur–PFP@PC + LIFU (7 W cm−2 LIFU irradiation) at different timepoints. (B) The weight of thrombus clots of each group
(values are means ± sd, ****P < 0.0001). (C) SEM analysis of fibrin mesh in each group. Scale bar: 10 µm.
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day of pregnancy, daily tail vein injections of saline, Cur, Cur–
PFP@PC, or P-Cur–PFP@PC (5 mg ml−1, 200 μL) were adminis-
tered. The last two groups received 5 minutes of LIFU radiation
at the site of the thrombus. After 4 days of treatment, the

thrombus was extracted from the sudden death mice, and
parts of the thrombus were subjected to tissue ROS testing
using a detection kit. The results indicated that the P-Cur–
PFP@PC + LIFU group exhibited the most prominent ROS

Fig. 7 Thrombolysis in vivo. (A) Thrombolytic effect in US images (B-mode) of the saline, Cur, Cur–PFP@PC, and P-Cur–PFP@PC before and after
LIFU irradiation in vivo. (B) H&E staining of the postcava after different treatments (n = 4 ).

Fig. 8 Clearance of ROS in vivo and in vitro. (A–C) The scavenging effect of PBS and Cur on ROS. (D) Fluorescence microscopy analysis of free
clearance of oxygen from the cell. Scale bar: 200 µm. (E) Quantitative analysis of intracellular ROS clearance, ****P < 0.0001. (F) Detection kit ana-
lysis of ROS clearance in vivo, ****P < 0.0001.
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clearance effect (Fig. 8F), suggesting that the Cur loaded in
nanomaterials can successfully reach the site of the thrombus,
undergo targeted release, and effectively eliminate oxygen
radicals.

2.7 Detection of inhibition of inflammatory cell infiltration
of nanomaterials

To detect the inhibition of inflammatory cell infiltration, endo-
thelial cell damage was induced in HUVEC cells by culturing
in a hypoxia incubator for 24 hours. Cells were divided into
6 groups as mentioned previously, with PBS as the control
group. The cell supernatant was collected after 24 hours incu-
bation, and the expression levels of the inflammatory factors
of each group, IL-1, IL-6, and TNF-α, were measured by ELISA
kit (Fig. 9A–C). The control group had the highest expression
levels of inflammatory factors, while the P-Cur–PFP@PC +
LIFU group had the lowest expression levels, followed by the
Cur–PFP@PC + LIFU group. The inter-group differences were
statistically significant (P < 0.0001).

2.8 Assessment of promotion of HUVEC migration

HUVEC cells were cultured in the condition of hypoxia for
24 hours and subjected to a scratch test using a 200 μL
pipette tip. Cells were divided and treated in 6 groups, as
described previously, and the migration was observed at
24 hours by inverted microscope (Fig. 9D and E). The
P-Cur–PFP@PC + LIFU group demonstrated a superior
migratory effect, facilitating the repair of damaged endo-

thelial cells and promoting the healing of damaged blood
vessels.

2.9 Post-treatment safety assessment in vivo

After the formation of inferior vena cava thrombosis in preg-
nant ICR mice, 3-fold treatment doses of P-Cur–PFP@PC
and Cur–PFP@PC nanomaterials were administered to preg-
nant ICR mice starting on the 8.5th day of pregnancy, and
the control group consisted of non-thrombotic pregnant
mice injected with saline. The LIFU group received daily
5-minute LIFU radiation treatment until the 16.5th day of
pregnancy. Eye blood samples were collected for hematologi-
cal, biochemical, and coagulation function tests, and all
groups exhibited results within the normal range (Fig. 10A–
F). The weights of the fetal mouse and placenta were
recorded (Fig. 10G). The P-Cur–PFP@PC + LIFU group had a
significantly greater increase in fetal mouse weight com-
pared to the other groups, with statistically significant inter-
group differences (P < 0.0001), but the results of placental
weight showed no difference. We speculate that the basal
weight of the placenta is light, while the change is
expressed at the molecular level. Additionally, the HE
stained organs from the fetal mouse fed until 4 weeks
showed no abnormalities (Fig. 10H). In summary, our nano-
material not only has a therapeutic effect on thrombosis but
also has a high level of safety, with no adverse effects on
pregnant mice and their offspring.

Fig. 9 Expression of inflammatory factors after therapy and cell repair. (A–C) Elisa kit analysis of IL-1, IL-6, and TNF-α in cells in each group, ****P <
0.0001. (D) Images and healing rates from the wound healing assay after separate incubation with PBS, Cur, Cur–PFP@PC, P-Cur–PFP@PC, and the
last two groups with added LIFU (7 W cm−2 LIFU irradiation) for 24 h. Scale bar: 20 µm. Values are mean ± sd, ****P < 0.0001 (n = 3). (E) Quantitative
analysis of wound healing rates (100%) in different groups.
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3. Conclusions

The main factors contributing to venous thrombosis during
pregnancy are elevated estrogen levels, heightened blood
coagulation state, advanced maternal age, cesarean section,
prolonged bed rest, reduced blood flow, multiple pregnancies,
uterine compression, obstructed inferior vena cava return, pre-
eclampsia, the release of coagulation enzymes, and increased
coagulation activity. Currently, there are no non-invasive, safe,
and reliable clinical trials available for this condition.
Moreover, traditional imaging methods have limitations in
diagnosing venous thrombosis in pregnant women.

In our study, we developed a novel approach by involving
the encapsulation of nanomaterials with platelet membranes.
This allowed the nanomaterials to directly mimic the charac-
teristics of source cells, replicating highly complex biological
functions on their surface. As a result, they exhibited pro-
longed circulation in the bloodstream, excellent biocompatibil-
ity, and precise targeting, thus resolving the issues of previous
molecular probes, such as inadequate binding and targeting
abilities in the context of venous thrombosis. Once the throm-
bus was specifically captured by the platelet membrane-encap-
sulated nanomaterials and exposed to LIFU irradiation, the
cavitation effect was utilized to damage the internal structure
of the thrombus, increasing its sensitivity to dissolution, and
enabling profound thrombus resolution. Moreover, LIFU
exhibited thrombus-specific characteristics, allowing for loca-
lized thrombus treatment without the requirement for sys-
temic anticoagulant therapy, thereby reducing the side effects

of prolonged medication.31 Furthermore, the microbubbles
generated during this process enhance ultrasound imaging
signals, facilitating visual thrombolysis, ensuring precise local-
ization, controlling drug release, improving the damaged vas-
cular microenvironment, repairing injured vessels, and redu-
cing the risk of recurrent thrombosis.

This nanomaterial exhibited excellent safety and offered a
solution to the systemic side effects associated with the treat-
ment of venous thrombosis during pregnancy. However, the
microenvironment of thrombotic diseases is unknown.37 We
have designed a safe and thrombin-free material, guided by
B-ultrasound imaging, to destroy thrombus under LIFU
irradiation, while generating bubbles that can increase ultra-
sound imaging contrast and solve the difficult problem of
imaging obese pregnant women. Precise drug release at the
thrombus site to repair damaged blood vessels and highly
localized treatment of venous thrombosis during pregnancy is
very beneficial, perfectly avoiding the long-term systemic drug
treatment that can cause maternal and infant injury.

4. Experimental section
4.1 Synthesis of Cur–PFP@PC

50 mg of PLGA powder and 10 mg curcumin were weighed and
dissolved in 2 ml of dichloromethane with sonication. Then,
200 μl of PFP was added, and sonication was performed on ice
at a frequency of 5/5 seconds with a power of 45% using a soni-
cator for 4 minutes. Subsequently, 8 ml of 4% PVA and 10 ml

Fig. 10 Security detection in vivo. (A–F) Biochemical detection of WBC, RBC, PLT, liver function and renal function in ICR mice after therapy. (G)
The weight of fetal mouse and placenta in each group. Values are means ± sd, ****P < 0.0001. (H) H&E staining of the offspring mice in heart, liver,
spleen, lung and kidney after different treatments (n = 4 ).
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of 2% isopropanol were added, followed by sonication at a fre-
quency of 5/5 seconds and 30% power for 2 minutes and 30
seconds. Magnetic stirring was conducted in a 4 °C ice bath
for 3 hours, followed by centrifugation at 10 000 r in a 4 °C
low-temperature centrifuge for 5 minutes.

Synthesis of P-Cur–PFP@PC: 1 ml of 5 mg ml−1 prepared
Cur–PFP@PC was taken and mixed with the extracted platelet
membrane. Sonication was performed at 30% power and a fre-
quency of 5/5 seconds for 2 minutes and 30 seconds.

Characterization of P-Cur–PFP@PC Nanomaterial: TEM
(Hitachi H-7600, Japan) was used to obtain the morphology of
the prepared P-Cur–PFP@PC, while SEM (scanning electron
microscopy) was used to examine the structure of the platelet
membranes. Platelet membrane extraction was confirmed
using western blot (WB) and Coomassie blue staining. The
zeta potential and average particle size of Cur–PFP@PC and
P-CUR–PFP@PC were measured using a dynamic light scatter-
ing instrument (DSL, Brookhaven Instruments ZEN3600, USA).

Mice and Cells: ICR mice (6 weeks old) were purchased
from Chongqing Enbi Biological Technology Co., Ltd. All mice
were fed under IVC-level conditions in the Chongqing Medical
University animal facility, and all animal experiments strictly
adhered to the compliance standards of the Institutional
Animal Care and Use Committee.

All animal-handling procedures were performed according
to the Guide for the Care and Use of Laboratory Animals of the
Chinese Association for Laboratory Animal Sciences and fol-
lowed the guidelines of the Animal Welfare Act. This animal
study was approved by the Ethics Committee of the First
Affiliated Hospital of Chongqing Medical University (approval
number: 2020-790)

HUVEC cells were provided by the Maternal-Fetal
Laboratory of the First Affiliated Hospital of Chongqing
Medical University, the parameters for the hypoxic culture
chamber were set at 37 °C, 1% O2, 5% CO2, and 94% N2.

4.2 Phase transition properties and in vitro release of
nanomaterials

2 ml of P-Cur–PFP@PC was added to a gelatin model and irra-
diated with LIFU at an acoustic power of 7 W cm2. Ultrasound
images were collected at different time intervals post-
irradiation, using B-mode and CEUS (n = 3).
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