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ABSTRACT
Nowadays, the implantation of occluder is an effective approach for treating patent foramen ovale (PFO); however, the
slow endothelialization poses significant complications associated with occlusion devices. Herein, a 4D-printed intelligent
reconfigurable PFO occluder with pro-endothelialization, anti-thrombosis, and absorbability is designed. The combination of the
occluder implantation and topical drug delivery of anti-thrombosis drugs offers a solution to stroke. The occluder is designed
based on the biomimetic structure, facilitating the integration of mechanical response behavior compatible with cardiac tissue. In
vitro degradation and in vivo histological examination demonstrate the bioabsorbability of the occluder, and the anti-thrombosis
efficacy is preliminarily demonstrated through anti-thrombosis experiments. The effective expression of VWF and CD31 markers
validates the superior pro-endothelial efficacy of the occluder. To summarize, the 4D-printed occluder in this work represents an
accessible strategy to combat PFO through integrated occlusion and topical drug delivery.

1 Introduction

The foramen ovale is a weak area located between the left
and right atria, through which venous blood passes directly
into the left atrium during the embryonic period. Physiological
closure typically occurs postnatally through the establishment
of pulmonary circulation and an increase in left atrial pressure.
Failure of this natural closure process results in patent foramen
ovale (PFO), a highly prevalent congenital cardiac malformation
constituting approximately 25 % of congenital heart defects. PFO
is closely associatedwith a variety of serious, life-threatening clin-
ical diseases, including myocardial infarction and stroke [1–3].

The traditional treatment of PFO is oral anticoagulant drugs, but
increasing studies have shown that implanting an occluder to

close PFO has significant advantages in preventing stroke and
migraine [4]. The implantation of the PFO occluder will lead to
the initiation of the endothelialization process, manifested as the
adhesion and proliferation of surrounding tissues and the final
coating. However, the widely used occluders are made of non-
degradable alloy, and the permanent retention of alloy may lead
to problems such as metal ion allergy, structural erosion, and
displacement thrombosis [5, 6].More notably, in essence, the slow
rate of endothelialization is a core factor that leads to various
complications of the occluder, which is often underestimated
in clinical importance. Therefore, there is an urgent need to
develop a PFO occluder that is highly effective in accelerat-
ing endothelialization, anti-thrombosis, and bio-absorbability,
thus providing effective solutions for various complications
[7–10].
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FIGURE 1 Schematic diagram of the 4D-printed intelligent reconfigurable PFO occluder (DE: dabigatran etexilate, MV: mevastatin, PFO: patent
foramen ovale, HUVECs: human umbilical vein endothelial cells).

In this work, we developed an anti-thrombotic, pro-endothelial,
bioabsorbable, customizable, and 4D-printed intelligent reconfig-
urable PFO occluder, consisting of a multifunctional drug-loaded
occlusion layer and a 4D-printed shape memory framework
(Figure 1). The 4D-printed shapememory framework can achieve
minimally invasive implantation through shape memory-driven
structure reconstruction [11]. A series of biomimetic microstruc-
ture networks was designed to achieve J-shaped stress–strain
behavior, emulating the distinctive mechanical performance
observed in biological tissues [12, 13]. The multifunctional drug-
loaded occlusion layer was equipped with the antithrombosis
drug dabigatran etexilate (DE) and the endothelialization drug
mevastatin (MV) to achieve topical drug delivery of antithrom-
bosis drugs [14–16]. The bioabsorbability and anti-thrombosis
effects of the occluder were evaluated through in vitro and in vivo
degradation studies and coagulation factor inhibition analysis.
The pro-endothelial effect was validated by examining the micro-
morphology of adjacent tissues and assessing the expression
levels of endothelial cell markers VWF and CD31 following
implantation. To sum up, this work opened up an avenue for
synergistic stroke treatment by developing a multifunctional
intelligent PFO occluder that combined PFO occlusion with
targeted anti-thrombosis drugs.

2 Results and Discussion

2.1 Preparation and Characterization of the
Multifunctional Drug-Loaded Occlusion Layer

The occlusion layer of the existing occluder is primarily com-
posed of simple polymer membranes, such as polyethylene (PE),
polycaprolactone (PCL), and polylactic acid (PLA), which only
provide physical occlusion and lack functional properties [17,

18]. To address this limitation, a multifunctional drug-loaded
occlusion layer with anti-thrombosis drug DE and endothelial-
ization drug MV was designed (DE-MV/gPLA) (Figure 2A). As
shown in the Fourier Transform Spectroscopy (FTIR) spectra in
Figure 2B, it can be observed that the C─COO stretching at 960
cm−1 and the COC symmetric stretching at 1090 cm−1, which
were the characteristic peaks of PLA and polyethylene glycol
(PEG), respectively. There was also a CH2 symmetric stretching
at 2882 cm−1, which was associated with PEG. The characteristic
peaks observed at 1752 cm−1 can be attributed to C═O telescopic
vibrations, possibly related to DE. As the drug concentration
increased, the peak intensity of 1752 cm−1 showed an upward
trend.

The biodegradability of DE-MV/gPLA constituted a defining fea-
ture, so in vitro degradation experiments were needed to simulate
the performance evolutions of DE-MV/gPLA after implantation.
The morphology analysis showed that micro-pores appeared on
the surface of DE-MV/gPLA after degradation for 14 days (Figure
S2). Over time, the diameter of the micro-pores, the number of
micro-pores, and the weight loss rate all increased. Micropores
were generated by the degradation of the polymer matrix to
produce oligomers and monomers, which escaped from the
polymer surface when the degradation products accumulated to
a certain extent [19]. In addition, weight decreased as degradation
time increased, while 3%DE-MV/gPLA exhibited the highest rate
of degradation weight loss ratio (Figure 2C). The FTIR spectrum
showed that the C─COO stretching at 964 cm−1 and the ─CH2
symmetric stretching at 2909 cm−1 decreased with the prolonged
degradation time, which was attributed to the hydrolysis of PLA
(Figure 2D) [20, 21]. The high-resolution X-ray photoelectron
spectroscopy (XPS) further verified the relationship between the
material properties of DE-MV/gPLA and the concentration and
degradation time. The presence of N element in the survey
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FIGURE 2 Preparation and characterization of the multifunctional drug-loaded occlusion layer. (A) Preparation of the DE-MV/gPLA. (B) FTIR
curves of DE-MV/gPLA at different drug concentrations. (C) Weight loss ratio of DE-MV/gPLA at different drug concentrations. (D) FTIR curves of
DE-MV/gPLA at different degradation times. (E) The XPS survey spectrum of DE-MV/gPLA. (F) C1s XPS spectra at different drug concentrations. (G)
C1s XPS spectra at different degradation times. (H) XRD curves of DE-MV/gPLA at different degradation times. (I) Stress–strain curves of DE-MV/gPLA
at different degradation times. (J) SEM image of the vertical fracture of the DE-MV/gPLA tensile specimen.

spectra of 3 % DE-MV/gPLA further demonstrated the successful
loading of the drugs, and the significant decrease in the peak
of O element after degradation also demonstrated the hydrolysis
progress (Figure 2E). In addition, C─N and O─C═O in 3 % DE-
MV/gPLAwere the characteristic chemical bonds associatedwith
DE and MV (Figure 2F). The C1s spectrum post-degradation
showed a significant reduction in the intensity of C─O and C─H
peaks, indicating the hydrolysis of DE-MV/gPLA, consistent with
FTIR characterization (Figure 2G). Additionally, the effect of

degradation on the crystallization properties of DE-MV/gPLA
was analyzed through X-ray Diffraction (XRD) (Figure 2H). The
(200) and (203) reflections of the α crystal phase in PLA were
observed at 2θ = 16.3◦ and 19.1◦, respectively. Compared with
0 % DE-MV/gPLA, the diffraction peak of 3 % DE-MV/gPLA
was significantly stronger at 16.3◦, which may be due to the
interaction between DE and MV and matrix PLA-PEG during
the preparation process, which improved the crystallinity of PLA.
Compared with the XRD spectra of 21 days of degradation, the
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peak decreased to a certain extent at 16.3◦ and 19.1◦, which was
related to the hydrolysis of the PLA. The thermal properties
of DE-MV/gPLA were analyzed through differential scanning
calorimetry (DSC) (Figure S7). As drug concentration increased,
both the melting temperature and glass transition temperature
peaks shifted toward higher temperatures, whichmay result from
melt recrystallization during heating.

In addition, the effects of drug concentration and degradation
time on the mechanical properties of DE-MV/gPLA were dis-
cussed. The tensile strength of 3 % DE-MV/gPLA was 744.9 kPa
after degradation for 7 days, and decreased to about 703.3 kPa
after degradation for 21 days (Figure 2I). But with the exten-
sion of degradation time, the tensile strength did not fluctuate
significantly in the range of 700–800 kPa. The elongation at
break decreased slightly after degradation, but it was still as
high as about 138.9 % after 21 days of degradation. The excellent
strength and toughness of DE-MV/gPLA provided favorable sup-
port for the effective occlusion of themultifunctional drug-loaded
occlusion layer of the 4D-printed intelligent reconfigurable PFO
occluder. Microscopic morphology of the DE-MV/gPLA tensile
specimens was observed through a scanning electron microscope
(SEM). The vertical fracture surface showed irregular morpho-
logical features (Figures 2J; S8 and S9), which contrasted sharply
with the smooth fracturemorphology of the pure PLAmatrix and
were in accordance with the significantly increased elongation at
break ofDE-MV/gPLA [22]. Additionally, FTIR andXRDanalyses
(Figure 2D,H) revealed no significant changes in characteristic
drug peaks (1752 cm−1 and 2θ = 16.3◦) during degradation. This
confirmed the structural and compositional integrity of the drug
throughout the gradual degradation of the occluder and sustained
drug release process.

2.2 Design and Characterization of the
Biomimetic Microstructure Networks

Collagen fibril-inspired wave microstructures possess a distinc-
tive advantage in design flexibility, enabling the demonstration
of J-shaped stress–strain curves that are compatible with the
mechanical responses of biological tissues (Figure 3A) [23–25].
Therefore, the biomimetic microstructure was designed with
the goal of achieving J-shaped mechanical behavior similar to
that of biological tissues, and was used as the structural basis
of the intelligent PFO occluder to achieve collaborative tissue
deformation and reduce wear. To establish the relationship
between key geometric design variables and the mechanical
response of biomimetic structures, eight networks were devised
by regulating the node configuration, ligament configuration, and
the number of ligaments, including rounded ligament networks
with different node configurations and with different combined
ligament configurations (Figure 3B; Table S1). The wave-shaped
biomimetic microstructure networks were obtained by arraying
the wave-shaped biomimetic microstructure cells, and were
fabricated using 4D printing technology, which can achieve shape
recovery at a temperature slightly higher than body temperature
(Figures 3C; S11).

The mechanical properties of the biomimetic microstructure
networks were analyzed. As depicted in Figure 4A, the node
configurations of RLN1, RLN2, RLN3, and RLN4 were hollow

circles, solid circles, hollow square and solid squares, respectively.
RLN3 and RLN4 exhibited higher maximum elastic moduli than
RLN1 and RLN2, respectively, indicating that the mechanical
properties of the networks comprised of square nodes were
superior to those formed by circular nodes. Compared with
square nodes, the RLN2 with circular nodes had a better tough-
ness. RLN2 exhibited excellent tensile properties, achieving a
tensile strength of 424.8 kPa at an elongation exceeding 78 %.
Notably, characteristic points on the stress–strain curve sug-
gested the onset of localized microstructural damage within the
biomimetic microstructure network prior to final rupture. On
the whole, the modulus of CLN5-CLN8 was significantly better
than that of RLN1-RLN4. This might be because CLN5-CLN8 had
more ligaments (Figure 4B). CLN5 exhibited the highest tensile
strength, possibly because of more ligamentous junctions and
higher surface coverage. ComparedwithCLN5, CLN6, andCLN7,
CLN8 exhibited significantly superior mechanical properties and
a tensile strength greater than 960 kPa, which may be due to
its more compact structure design and higher curvature of its
combined ligaments. Among various structures, RLN2, CLN5,
and CLN8 exhibited the optimal mechanical properties and were
selected for subsequent analysis. Figure 4C exhibited the weight
loss ratio curves of RLN2, CLN5, andCLN8. After 21 days of degra-
dation, the weight loss ratios of RLN2, CLN5, and CLN8 were
about 28.9 %, 10.6 %, and 11.4 %, which verified the degradability
of the biomimetic microstructure networks. The experimental
testing and finite element analysis were employed to analyze
the deformation process of the biomimetic networks, and the
results showed excellent consistency. As evidenced by the com-
parative analysis between simulation and experimental results,
a consistent deformation pattern was observed (Figure 4D). The
deformation process is initiated with the progressive straighten-
ing of the initially curved ligaments, subsequently transitioning
into the stage dominated by tensile deformation. The cyclic
performance of the biomimetic microstructure networks was
analyzed to explore their post-implantation stability, and the
results showed that they still had outstanding cyclic stability and
durability after 500 cycles (Figure 4E–J). RLN2, CLN5, and CLN8
exhibited similar cyclic behaviors. In the stretching cycle, it can
be seen that the unloading curve lagged behind the loading curve,
indicating that there was residual strain in each cycle, and a
certain energy loss was generated, but the network did not fail
after 500 cycles, indicating that it had good durability [26].

2.3 Preparation and Characterization of the
4D-Printed Intelligent Reconfigurable PFO Occluder

2.3.1 Mechanical Performance

Based on the biomimetic microstructure, the 4D-printed shape
memory framework was designed and fabricated (Figure 5A),
and the number of lumbar ligaments was set according to the
cell structures, including the rounded ligament occluder and
the combined ligament occluder. The 4D-printed shape memory
framework was combined with the DE-MV/gPLA at different
drug concentrations to prepare the 4D-printed intelligent recon-
figurable PFO occluder. Mechanical experiments were carried
out on the eight kinds of intelligent PFO occluders to test
their structural properties. Figure 5B showed an illustration
of the intelligent PFO occluder compression and compression
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FIGURE 3 Schematic diagram of the design and preparation process of the biomimetic microstructure networks. (A) Schematic diagram of
collagen fibril-inspired design. (B) Design parameters of the biomimetic networks. (C) Preparation of the biomimetic networks.

cycle experiment. During the compression process, the height of
the intelligent PFO occluder under compression load gradually
decreased. The stress–strain curve of the intelligent PFO occluder
wasmainly divided into three stages: the linear stage, the serrated
stage, and the ascending stage (Figure 5C,D). The waist of the
intelligent PFO occluder served as the load-bearing component.
As the compression proceeded, the distance between the two
discs reduced, resulting in a gradual increase in strain and an
approximately linear upward trend in stress. Then, a sawtooth
fluctuation stage followed, which was caused by local failure
of the waist due to load bearing. After the sawtooth stage, the
waist completely failed, and the upper and lower surfaces of the
intelligent PFO occluder came into contact, causing the modulus
to rapidly increase. The carrying capacity of RLO2was better than
that of RLO1, RLO3, and RLO4. CLO5, CLO6, CLO7, and CLO8
had similar compressive stress–strain behavior, with maximum

strains ranging from 127.7 % to 147.7 %. The maximum strain
of CLO5 was lower than that of CLO6, CLO7, and CLO8, but
the equivalent stiffness was the largest, which may be due to its
relatively closed structural design, thus enabling it to withstand
compressive loads more effectively.

In order to analyze the performance evolution of the intel-
ligent PFO occluder after implantation, in vitro degradation
was conducted to evaluate the correlation between degradation
progress andmechanical property evolution.With the progress of
degradation, theweight loss ratio gradually increased (Figure 5E).
After 21 days, theweight loss rates of CLO2,CLO5, andCLO8were
25.9 %, 20.2 %, and 14.4 %, respectively, which once again proved
the degradable properties. Figure 5F–H showed the stress–strain
curves of the intelligent PFO occluder after degradation. The
compression modulus showed an overall decreasing trend after
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FIGURE 4 Characterization of the biomimetic microstructure networks. (A,B) Tensile curves of the biomimetic microstructure networks. (C)
The weight loss ratio of RLN2, CLN5 and CLN8. (D) The deformation process of RLN2, CLN5, and CLN8 was analyzed by finite element methods and
experimentally. (E–G) The tensile cyclic curves of RLN2, CLN5, and CLN8. (H–J) The 10th, 100th, 300th and 500th cyclic curves of RLN2, CLN5 and
CLN8.
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FIGURE 5 Characterization of the 4D-printed intelligent reconfigurable PFO occluder. (A) Schematic diagram of the intelligent PFO occluder. (B)
Schematic diagram of the intelligent PFO occluder experiencing compression and cyclic compression. (C,D) The compression curve of the intelligent
PFO occluder. (E) The weight loss ratio of the intelligent PFO occluder. (F–H) The compression properties of RLO2, CLO5, and CLO8 degraded at
different times. (I–K) The compression behavior of RLO2, CLO5, and CLO8. L-N) The 10th, 200th, 500th, and 1000th compression cycles of RLO2,
CLO5, and CLO8.
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degradation, and the sawtooth fluctuation increased significantly.
The post-degradation photograph of the occluder demonstrated
the absence of macroscopic structural defects, confirming struc-
tural continuity after degradation (Figure S19). In addition, 1000
compression cycles were performed to analyze the stability of
the intelligent PFO occluder (Figure 5I–K). Remarkably, the
intelligent PFO occluder maintained its structural integrity after
enduring up to 1000 cycles, preliminarily demonstrating its ability
to serve effectively in the body for a long time. Representative
single-cycle curves from the 10th, 200th, 500th, and 1000th cycles
(Figure 5L–N) were selected to comprehensively elucidate the
characteristic features of each stage. It was evident that the single-
cycle curves for RLO2, CLO5, and CLO8 across different stages
exhibited a minimal hysteresis area, suggesting that energy loss
per cycle was relatively low.

2.3.2 Reconfigurable Shape Memory Performance and
Occlusion Effect

CLO8was selected as the final structure for the preparation of the
occluder. By combining CLO8 with 0 % DE-MV/gPLA, 3 % DE-
MV/gPLA, and 4.5 % DE-MV/gPLA, the 4D printed intelligent
reconfiguration occluder with anti-thrombosis and endothelial-
ization effect was obtained (named 0 %CLO8, 3 %CLO8, and
4.5 %CLO8). Taking 0 % CLO8 as a representative case, the
reconfigurable shape memory behavior of the reconfiguration
occluder was analyzed (Figure 6A). In order to better characterize
the shape memory performance, the area to be calibrated was
selected first.

The 0 % CLO8 was programmed into a temporary shape of a
small volume, and its shape recovery ability was assessed under
thermal stimulation (Figure S21). D1, D2, and D3 represented
the disc areas at distinct stages of shape recovery (Table S2).
In comparison to the undeformed shape, the disc area of the
temporary shape was reduced to 65.9 % of the initial shape. 0
% CLO8 underwent shape recovery during the reconfigurable
deformation,with the disc area of the reverted shape recovering to
95.3 % of its initial shapewithin 20 s. The intelligent PFO occluder
exhibited shape-memory properties, enabling successful recon-
figurable deployment at the defect site and achieving effective
occlusion.

Cyclic shape-memory testing across 10 iterations revealed no
substantial decline in recovery rate (cycle 10:96.2 % of the disk
while cycle 1:97.9 % of the disk, Figure S22 and Table S3). Given
that clinical application necessitates just one transformation, this
durability suffices for practical requirements.

2.3.3 Biocompatible and Pro-Endothelial Performance

In vivo characterization was conducted to assess the biocom-
patibility of the intelligent PFO occluder, a critical determinant
for its clinical functionality. The intelligent PFO occluder was
implanted and can be clearly observed under X-rays (Figures 6B;
S23) due to the presence of barium sulfate, which was of vital
importance for precise positioning during the surgical procedure
and effectively averted the issue of inaccurate positioning result-

ing from the current few developer points for visualization. The
peripheral tissues and major organs of rats were collected for
histological analysis. Figure 6C shows the physical diagram of the
intelligent PFO occluder implanted subcutaneously at different
times. After implantation, the tissue gradually adhered to the
intelligent PFO occluder, and by 14 days post-implantation, the
tissue had fully covered the disc surface. Compared with 0 %
CLO8, the tissue covered by 3 % CLO8 and 4.5 % CLO8 on the
disc surface was significantly increased, which proved the pro-
endothelial effect of the intelligent PFO occluder. After 56 days
of implantation, more tissue grew, and a significant increase
in blood vessels appeared. After being completely covered by
tissue, “endothelialization” was relatively complete to achieve
autologous tissue repair. Despite changes in the material itself,
the overall morphology and structural integrity of the device were
maintained throughout the observation period. This indicated
that the biological process of tissue ingrowth was well synchro-
nized with the controlled degradation of the material, together
ensuring long-term closure of the defect, rather than relying
solely on the mechanical strength of the implant itself. This
phenomenon aligned with the design rationale of biodegradable
cardiovascular implants, wherein the device served as a tempo-
rary scaffold to guide tissue regeneration, with its mechanical
function gradually transferred to the neotissue over time. In order
to further analyze the mechanism of rapid endothelialization
after implantation, the surface morphology of HUVECs was
analyzed. As shown in Figure 6D, HUVECs were distributed
within the tissue, exhibiting a prominent porous filamentous fib-
rin network and demonstrating exceptional adhesion properties,
which served as an indicator of endothelialization [27, 28]. With
the increase in implantation time, the number of HUVECs in
tissues increased, and the coverage, density, and fiber diameter
of the filamentous fibrin network increased significantly. After
56 days of implantation, the density of the porous filamentous
fibrin network was higher. Compared with 0 % CLO8, the 3 %
CLO8 and 4.5 % CLO8 formed a more complex network structure
under the action of MV at a faster rate and with a higher density,
further verifying the pro-endothelial effect of the intelligent PFO
occluder.

Systematic histological analysis of the tissues surrounding the
intelligent PFO occluder was performed. 14 days after implanta-
tion, a large number of inflammatory cells and a small number of
newly formed blood vessels were revealed in the Hematoxylin-
Eosin (H.E.) staining, with thin red lines on the inner surface
of the vessels and ill-defined endothelial cells (Figure 7A) [29].
28 days after implantation, the inflammatory response subsided,
blood vessels continued to grow, degradation products appeared,
and connective tissue increased. After 56 days, the fibrous tissue
was dense, the neovascularizationwasmature, the connective tis-
sue was directionally distributed, and the neo-endothelial tissue
was clearly visible. As the concentration of the drug increased, the
rate of endothelialization also accelerated significantly.

Masson stainingwas used for the revalidation of histological anal-
ysis. As shown in Figures 7B and S26, the collagen extracellular
matrix was blue, the cytoplasm was purple, and the purplish
red was the neo-vasculature. Over time, blue collagen signals
progressively intensified, with scattered thin collagen deposits
observed at 14 days, the collagen area significantly increased with
more continuous fiber bundles at 28 days, and densely packed,
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FIGURE 6 The reconfigurable and pro-endothelial performance of the intelligent PFO occluder. (A) Physical diagram of the reconfigurable shape
memory performance and occlusion effect of the intelligent PFO occluder. (B) Schematic of the repair of the intelligent PFO occluder. (C) Physical
diagrams of the intelligent PFO occluder at various implantation times. Scale bar = 8 mm. (D) Morphological characterization of the endothelialization
function of the intelligent PFO occluder. Scale bar = 20 µm.
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FIGURE 7 Analysis of H.E. and Masson staining of surrounding tissues after implantation of the intelligent PFO occluder. (A) H.E staining of the
intelligent PFO occluder at different drug concentrations and implantation times. Red arrows: blood vessels; Blue arrows: inflammatory cells; Green
arrow: connective tissue; Black arrows: degenerated tissue. Scale bar = 50 µm. (B) Masson staining of the intelligent PFO occluder at different drug
concentrations and implantation times. Red arrows: blood vessels; Green arrow: connective tissue. Scale bar = 50 µm. (C) H.E staining of major organs
of rats with 4.5 % CLO8 after implantation at 56 days. Scale bar = 50 µm.

continuous, and oriented collagen matrices formed locally after
56 days. At matched time points, the 3 % and 4.5 % CLO8 groups
exhibited higher collagen area ratios than the 0 % CLO8 group,
for example, the collagen area of the 3 % group increased by
about 1.4 times compared with the 0 % group in 28 days, and
the collagen area in the 4.5 % group was about 1.5 times that
of the 0 % group. In summary, Masson staining analysis further

revealed that the collagen area showed a trend of accelerated
collagen deposition and matrix remodeling with the increase of
drug concentration. The biocompatibility was further assessed
by histological analysis of major organs (Figures 7C; S27–S31).
Histological analysis showed that the intelligent PFOoccluder did
not cause an obvious inflammatory response after implantation in
the body, and showed good biocompatibility.
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Immunofluorescence staining was employed to identify
the expression of endothelial cell markers CD31 and VWF
(Figure 8A–D). Both CD31 and VWF were stained yellow-green,
and endothelial nuclei were blue. CD31 is a specific endothelial
marker that reflects endothelial cell density and functional
activity by mean fluorescence intensity (MFI). In the 0 %
CLO8 group, MFI values were approximately 0.7 at 14 days,
1.0 at 28 days, and 1.5 at 56 days. The 3 % CLO8 group showed
values of 0.8 (14 days), 1.2 (28 days), and 1.9 (56 days), while
the 4.5 % CLO8 group exhibited 1.2 (14 days), 2.0 (28 days),
and 2.3 (56 days). Statistically significant differences existed
across time points and CLO8 concentrations. Higher intensities
indicated superior endothelial coverage and endothelialization
efficacy, confirming that the 4D-printed PFO occluder effectively
promoted endothelial regeneration over time. The 4.5 % CLO8
group demonstrated the most substantial effect at 56 days (about
2.3), corresponding to high endothelial coverage.

VWF is a critical endothelial functional marker that indicates
endothelial secretory capacity via MFI. In the 0 % CLO8 group,
VWF MFI measured 0.6 (14 days), 0.9 (28 days), and 1.9 (56
days). For the 3 % CLO8 group, values were 1.0 (14 days),
1.3 (28 days), and 2.2 (56 days), while the 4.5 % CLO8 group
registered 1.5 (14 days), 1.9 (28 days), and 2.6 (56 days). Significant
intergroup differences were observed. Elevated VWF intensity
reflected enhanced endothelial secretory function, which was
crucial for maintaining vascular homeostasis and preventing
thrombosis. Both time and CLO8 concentration positively reg-
ulated VWF expression, with the 4.5 % CLO8 group achieving
peak intensity at 56 days (about 2.6), indicating robust endothelial
activity.

In summary, CD31 and VWF expression all increased with
prolonged implantation (from 14 to 56 days) and higher CLO8
concentrations (from 0 % to 4.5 %), demonstrating that the 4D-
printed PFOoccluder effectively promotes endothelialization and
sustains endothelial function. These findings provide compelling
evidence for the device’s biocompatibility and potential clinical
benefits in PFO therapy.

2.3.4 Anti-Thrombosis Performance

The anti-thrombosis effect of the intelligent PFO occluder was
preliminarily proved, and the physical images of the device
implanted in the body were observed, with no obvious thrombus
found. The plasma prothrombin time (PT), thrombin time (TT),
and activated partial thromboplastin time (APTT) of 0 % CLO8
were 15.73 ± 0.24 s, 35.55 ± 3.40 s, and 41.25 ± 1.04 s, respectively.
The PT, TT, and APTT times of 3 % CLO8 were 738.79 ± 36.27
s, 1272.05 ± 49.24 s, and 443.45 ± 11.66 s, respectively. PT, TT,
and APTT times of 4.5 % CLO8 were 1186.71 ± 18.23 s, 1657.83
± 65.70 s, and 591.48 ± 19.94 s, respectively (Figure 8E). It can
be seen that there is an increase in DE concentration correlated
with an increase in clotting time. In comparison to the 0 % CLO8
group, the clotting time was extended by more than tenfold,
indicating remarkable anti-thrombosis properties. In addition,
PT increased rapidly with increasing DE concentration, possibly
because DE can reduce the thrombin activity of related clotting
factor inhibitors, leading to a decrease in clotting factor, thereby
prolonging PT.

H.E. staining results showed that thrombus complexes were
observed on the 0 % CLO8, while fewer blood cells were observed
on the 3 % CLO8 and 4.5 % CLO8 (Figure 8F). DE demon-
strated hematological safety and potent thromboresistance, char-
acterized by its capability to suppress platelet activation and
aggregation. This translates to enhanced thrombosis prevention
within the intelligent PFO occluder and a substantial lowering of
thrombotic complications risk following device placement.

It should be noted that although coagulation time tests are
standardized methods widely used internationally and are often
used as common indicators to evaluate the hemocompatibility
and antithrombotic properties of biomaterials, they cannot fully
simulate the complex hemodynamic environment and platelet
function in the body, which is a limitation of this study. Future
research will undoubtedly progress to large animal cardiac
PFO models that more closely approximate the physiological
environment to comprehensively validate their hemodynamic
performance and long-term sealing efficacy.

3 Conclusion

In summary, the 4D-printed intelligent reconfigurable PFO
occluder was developed, which possessed the advantages of
pro-endothelial, efficient anti-thrombosis, bio-absorbability, and
personalization. A series of biomimetic microstructural networks
had been designed to achieve J-type stress–strain response
characteristics that match the mechanical response of biologi-
cal tissues, thereby helping to reduce wear and other related
complications. Remarkably, the occluder demonstrated excep-
tional durability, maintaining structural integrity even after
1000 pressure compression cycles. Microscopic morphologi-
cal analysis of in vitro degradation and in vivo histological
studies confirmed the bioabsorbability of the intelligent PFO
occluder, with a weight loss ratio increasing over time. The
simulated occlusion experiment highlighted the excellent recon-
figurability of the intelligent PFO occluder, effectively closing
the PFO defect. Furthermore, the intelligent PFO occluder
exhibited significant reductions in thrombin activity, providing
preliminary evidence of its anti-thrombosis efficacy. Notably,
the intelligent PFO occluder demonstrated encouraging out-
comes in enhancing endothelialization, which was a critical
step for tissue repair and remodeling. The multifunctional
drug-loaded occlusion layer facilitated complete tissue encap-
sulation, as evidenced by immunofluorescence staining show-
ing increased expression of CD31 and VWF markers. There-
fore, a 4D-printed intelligent reconfigurable PFO occluder was
highly beneficial for accelerating tissue repair and remodeling,
and can be an excellent candidate for bioabsorbable, per-
sonalized, rapid endothelialization, and anti-thrombotic repair
devices.

4 Experimental Section

4.1 Materials

Unless otherwise stated, all solvents and chemicals were acquired
commercially and used as received. PLA (90 % purity), PEG
(PharmPure grade), methylene chloride (99.9 % purity), barium
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FIGURE 8 Characterization of anti-thrombosis and endothelial function of the intelligent PFO occluder. (A,B) Expression of CD31 and VWF. (The
brightness of this image was uniformly enhanced for optimal visualization. Note that all measurements and analyses were conducted using the original,
unprocessed image files.) Scale bar = 300 µm. (C) The average fluorescence intensity of CD31 at 0 % CLO8, 3 % CLO8, and 4.5 % CLO8 after different
implantation times (n = 3, ***p < 0.001, pink: 0 %CLO8, blue: 3 %CLO8, purple: 4.5 %CLO8). (D) The average fluorescence intensity of VWF at 0 %
CLO8, 3 % CLO8, and 4.5 % CLO8 after different implantation times (n = 3, ***p<0.001, pink: 0 %CLO8, blue: 3 %CLO8, purple: 4.5 %CLO8). (E) Effect
of different concentrations of PT, TT, and APTT on the intelligent PFO occluder at different concentrations and implantation times. The left coordinates
are 0 % CLO8, the right coordinates are 3 % CLO8 and 4.5 % CLO8 (n = 3, ***p < 0.001, purple: 0 %CLO8, green: 3 %CLO8, orange: 4.5 %CLO8). (F)
Distribution of thrombus of the intelligent PFO occluder at different concentrations and implantation times, with red aggregates representing blood
cells. Scale bar = 400 µm.
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sulfate (99.9 % purity), DE (97 % purity), MV (96 % purity),
glutaraldehyde (70 % purity), and paraformaldehyde (95 % purity)
were all purchased from Aladdin. H.E. staining kit was obtained
from Sangon Bioengineering (Shanghai, China). PT, TT, APTT,
and Masson staining were purchased from Solarbio Life Sci-
ences (Beijing, China). CD31 polyclonal antibody and VWF
polyclonal antibodywere obtained fromThermo Fisher Scientific
(Massachusetts, USA).

4.2 Preparation of Multifunctional Drug-Loaded
Occlusion Layer

PLA particles were used as the matrix, and PEG particles were
mixed with PLA in the proportions of 10 %, 20 %, 30 % and 40 %,
followed by stirring at 33◦C for 3 h until fully dissolved. MV and
DE were added at the ratios of 0 %, 3 %, 4.5 %, 6 %, and 7.5 %, and
stirred for another 3 h to prepare themultifunctional drug-loaded
occlusion layer.

4.3 Preparation of the Intelligent
Reconfigurable PFO Occluder

PLA particles and PEG particles were thoroughly mixed by a
twin-screw extruder at a ratio of 2:8, and 0.2 % BaSO4 was also
added as a developer. Composite filamentswere fabricated using a
twin-screw extruder with a nozzle diameter of 1.75 mm, extrusion
speed of 50 rpm, and barrel temperature of 170◦C–190◦C. The
biomimetic microstructure network and the 4D printed shape
memory framework were printed on Siemens PLM Software UG
NX 1980 and printed with the composite filament on the 3D
printer (TENLOG HANDS2). The 4D printed shape memory
framework was combined with the multifunctional drug-loaded
occlusion layer, and the 4Dprinted intelligent reconfigurable PFO
occluder was fabricated.

4.4 Characterization of the Multifunctional
Drug-Loaded Occlusion Layer

The chemical bond characterizationwas performed byFTIR spec-
troscopy (Nicolet iS50, Thermo-Fisher Scientific). The scanning
rangewas 4000–400 cm−1. Crystal propertieswere analyzed using
anXRD (SmartLab SE,Rigaku). The scanning speedwas 5◦min−1,
and the angle range was 5◦–50◦. The thermal performance was
obtained by DSC (Netzsch STA 449 F5 Jupiter, Selb). The sample
was heated to 180◦C at a rate of 15 Kmin−1. The microscopic mor-
phology of the samplewas observed by SEM (MIRA4, Tescan), the
sample size was 5 mm × 5 mm, and the gold spraying time was 60
s. Sample tensile and compression experiments were performed
using the Zwicke 010 mechanical machine. The multifunctional
membrane was prepared as 10 mm × 70 mm strip samples and a
test speed of 5 mm min−1. In the tensile cycle test, the maximum
and minimum loads for cycles were set at 1 and 3 N, respectively,
and the number of cycles was set at 500. In the compression
cycle test, the maximum and minimum loads for cycles were
set at 1 and 2 N, respectively, and the number of cycles was set
at 1000.

4.5 Drug Release Experiment

Drug release was profiled by immersing 0.4 g of DE-MV/gPLA
membranes at varying drug loading concentrations (0 %, 3 %, and
4.5 %) in 20mL of PBS solution (pH 7.2–7.4) under light-protected
conditions at 37◦C. At predetermined intervals, 3 mL aliquots of
supernatant were collected for UV spectrophotometric analysis of
drug release rates. The formula for the cumulative release of the
drug is as follows:

𝑄𝑛 =
𝑛−1∑
𝑖=1

(
𝐶𝑖 × 𝑉𝑠 ×

𝑉total

𝑉𝑟,𝑖

)
+ 𝐶𝑛 × 𝑉𝑟,𝑛

where Ci is the drug concentration at the ith sampling, Vs is the
sampling volume, Vtotal is the initial volume, Vr, i is the remaining
volume before the ith sampling, andVr, n is the remaining volume
before the nth sampling.

The formula for calculating the cumulative release rate of the
drug is:

Rn (%) =
𝑄𝑛

𝑀𝑡𝑜𝑡𝑎𝑙

× 100 %

where Mtotal is the total mass of the drug in the drug loading
matrix, Qn is the cumulative release of the drug.

4.6 In Vitro Degradation Experiments

The samples were submerged in phosphate-buffered saline (PBS,
pH 7.2–7.4) and incubated at 37◦C incubator to evaluate the
degradation behavior. The sample was removed at a preset time,
followed by washing and drying until the weight of the sample
remained unchanged. The bioabsorbability of the sample was
assessed by regularly testing the weight loss.

4.7 Reconfigurable Shape Memory Performance

The porcine heart represents the most widely used analog for
the human heart in experimental cardiology, exhibiting high
similarity in atrial septal thickness, atrial chamber dimensions,
and hemodynamics. A 5mm tunnel-like PFO-mimetic defect was
surgically created in the right atrial septum of the in vitro porcine
heart to replicate the clinical PFO anatomy. The sample was
placed in a heated temperature chamber so that it rose from room
temperature to the conversion temperature above the conversion
temperature, and then the temperature was maintained for 5
min. The external force was applied to the sealer to produce
the desired temporary configuration; the external force was
kept constant, and the cooling setting was quickly removed for
5 min. The occluder was delivered via a 10F catheter to the
defect site and subsequently activated by thermal stimulus to
achieve shape recovery. When the temperature of the sample
was raised again above the transition temperature, the sample
automatically returned to its permanent configuration, exhibiting
reconfigurable properties. The specific formula for calculating the
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recovery rate of shape memory is as follows:

𝑅𝑟 (%) =
𝐿𝑡 − 𝐿1
𝐿𝑡 − 𝐿0

× 100

where Lt was the length of the temporary shape disk, L1 was the
length after shape memory stimulation, and L0 was the length of
the initial shape.

4.8 Verification of Occluding Function

The PFO model was established in a fresh pig heart using
needles for puncture, and the intelligent PFO occluder was
programmed to a temporary configuration of small volume.
The intelligent PFO occluder in the temporary configuration
was transported to the PFO and automatically returned to the
permanent configuration under thermal stimulation.

4.9 In Vivo Histocompatibility Analysis

The animal experiments were approved by the Ethics Committee
of the First Affiliated Hospital of Harbin Medical University
(2023113). Given the ethical complexities, resource requirements,
and technical challenges associated with large animal heart
model experiments, the Sprague–Dawley (SD) rats were chosen.
The intelligent PFO occluder was implanted into sterilized male
rats using SD rats for in vivo histocompatibility evaluation. The
core biological processes of artificially constructed defects and
physiological PFO repair in this process are highly similar, includ-
ing endothelial migration, collagen deposition, and angiogenesis.
SD rats are widely used in the evaluation of cardiovascular
devices. By analyzing the effects of occluder implantation on
endothelial migration, collagen deposition, angioproliferation,
etc., during the defect repair process, the validation of the defect
repair function of the occluder can be effectively reflected, so as
to evaluate the curative effect of PFO. SD rats were sacrificed at 14
days, 28 days, and 56 days postoperatively, and the intelligent PFO
occluder and adjacent tissues were collected at each time point.
The important organs and the intelligent PFO occluder wrapped
in the new intima were removed and fixed with paraformalde-
hyde for 2 days. Tissue sections were stained with H.E. and
observed under light microscopy. The intelligent PFO occluder
was fixed with 5 % glutaraldehyde overnight, washed with 0.9
% ice saline, gradient dehydrated, and dried in a 4◦C freezer.
One part was observed by SEM, and the other part was frozen
for mason staining. SEM and staining were used to evaluate
the relationship between the degree of endothelialization and
implantation time and drug concentration.

4.10 In Vivo Immunofluorescence Staining

SD rats were sacrificed at 14, 28, and 56 days after surgery, and
sectioned after fixation, gradient dehydration, and embedding.
After washing and freezing, add primary antibodies and incubate
overnight. The next day, the fluorescent secondary antibody was
washed and incubated at 37◦C for 2 h, and the microscopic mor-
phology of the samples was detected with confocal fluorescence
microscopy.

4.11 Anti-Thrombosis Tests

The multi-functional drug-loaded occlusion layer was prepared
and fixed on a 24-well culture plate. The diluted 2mL of rat whole
blood was incubated with the layer at 37◦C for 1 h, and 200 µL
of platelet-free plasma was collected. The adhesion of platelets
was evaluated using a scanning electron microscope. Activated
partial thromboplastin, prothrombin, and thrombin were used to
determine APTT, PT, and TT values.

4.12 Statistical Analysis

Each experiment was repeated at least three times. Quantitative
results are expressed as mean ± standard deviation. Student’s t-
test was used to compare groups, and significance was marked as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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