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ABSTRACT: The significant mismatch of mechanical properties
between the implanted medical device and biological tissue is prone
to cause wear and even perforation. In addition, the limited
biocompatibility and nondegradability of commercial Nitinol-based
occlusion devices can easily lead to other serious complications, such
as allergy and corrosion. The present study aims to develop a 4D
printed patient-specific absorbable left atrial appendage occluder
(LAAO) that can match the deformation of left atrial appendage
(LAA) tissue to reduce complications. The desirable bioinspired
network is explored by iterative optimization to mimic the stress−
strain curve of LAA tissue and LAAOs are designed based on the
optimal network. In vitro degradation tests are carried out to evaluate
the effects of degradation on mechanical properties. In addition, 48
weeks of long-term subcutaneous implantation of the occluder shows
favorable biocompatibility, and the 20-cycle compression test demonstrates outstanding durability of LAAO. Besides, a rapid,
complete, and remote-controlled 4D transformation process of LAAO is achieved under the trigger of the magnetic field. The
deployment of the LAAO in an isolated swine heart initially exhibits its feasibility for transcatheter LAA occlusion. To the best of our
knowledge, this is the first demonstration of the 4D printed LAA occlusion device. It is worth noting that the bioinspired design
concept is not only applicable to occlusion devices, but also to many other implantable medical devices, which is conducive to
reducing complications, and a broad range of appealing application prospects can be foreseen.

KEYWORDS: 4D printing, shape memory polymers, left atrial appendage occluders, biodegradable occluders, bioinspired structures,
tailored mechanical properties

1. INTRODUCTION

3D printing is increasingly being used across a wide spectrum of
biomedical fields due to the accuracy and effectiveness of
manufacturing complex structures, such as drug delivery
systems, various implantable scaffolds, organ regenerations,
etc.1−3 Shape memory polymer (SMP) is a type of stimulus-
responsive material that is able to recover from a deformed
temporary shape to the initial shape upon external activations
(e.g., heat, light, magnetic field, etc.).4−6 SMP has aroused
widespread research interest in biomedicine because of the
excellent biocompatibility, biodegradability, and great potential
for minimally invasive therapy.7−11 The combination of active
materials (e.g., SMP) and 3D printing, namely, 4D printing,
enables the structural reconfiguration of 3D printed components
over time. When introduced to medical devices, 4D printing
endows them with customized geometries, as well as dynamic
and transformable capabilities.12−14

Atrial fibrillation (AF) is the most common cardiac
arrhythmia; it increases the risk of stroke 5-fold and is associated
with approximately 15−20% of ischemic stroke.15,16 For
nonvalvular AF patients, over 90% of atrial thrombi originate

from the left atrial appendage (LAA),17 which is a small pouch
protruding from the left atriumwith a complex internal structure
(Figure 1). If the thrombus formed in LAA escapes and blocks
the blood vessels supplying the brain, it will lead to a life-
threatening stroke.18 Long-term use of oral anticoagulants
(OACs) can effectively reduce the risk of stroke associated with
AF.19 However, due to the serious side effects of OACs, such as
endless monitoring, narrow treatment range, multiple food/drug
interactions, and even fatal bleeding, approximately 40% of high-
risk stroke patients are not eligible for OAC anticoagulation
therapy.16,20 Hence, transcatheter closure of LAA is considered
as an improved nonpharmacological alternative to OACs to
prevent stroke from the source, especially suitable for OAC-
ineligible AF patients.21 The earliest left atrial appendage
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occluder (LAAO) was PLAATO (Appriva Medical, USA),
which was first implanted in the human body in 2001.22

Currently, LAAOs for clinical applications include the Watch-
man device (Boston Scientific, Marlborough, USA), Amplatzer
Amulet Device (Abbott, Abbott Park, USA), LAmbre device
(Lifetech Scientific, Shenzhen, China), etc. Although these
clinically used Nitinol-based occlusion devices are effective in
isolating LAA, their limited biocompatibility and nondegrad-
ability can easily result in complications such as allergy and
corrosion.23,24 More seriously, the significant mismatch of the
mechanical properties between the metal device and the

surrounding tissue will cause severe tissue wear and even
perforation.25 Therefore, it is of great significance to develop
biocompatible and absorbable LAAOs that can match the
deformation of biological tissues.
Ideally, the implanted LAA occluder provides a temporary

platform for the closure of the LAA, allowing the surrounding
tissue to grow into the occluder. After endothelialization, a “self-
closing” will be achieved; thus, the occluder is no longer needed.
An absorbable transcatheter patch made of polyurethane foam
was developed to occlude different heart defects including
LAA.26,27 However, the patch had to be inflated with a balloon

Figure 1. (a) Schematic of LAA with thrombi. (b) LAA tissue of swine. (c) LAA tissue for tensile testing. Scale bar = 10 mm.

Figure 2. Three-point bending tests of PLA-MNCs degraded for (a) 0 months, (b) 1 month, (c) 2 months, and (d) 4 months. (e) Flexural strength
retention rate (the ratio of the flexural strength of the degraded specimen to that of the nondegraded specimen) of PLA-MNCs at different degradation
months. (f) Maximum strain retention rate (the ratio of the fracture strain of the degraded specimen to that of the nondegraded specimen) of PLA-
MNCs at different degradation months.
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and secured with surgical adhesive to prevent migration, which
increased the complexity of the procedure. No other reports on
absorbable LAAOs have been found, indicating that the
investigation and exploration of absorbable LAAOs are far
from enough.
The purpose of the present study was to develop a 4D printed

bioinspired absorbable LAAO with tailored mechanical proper-
ties, enabling it to provide mechanical support for LAA
sufficiently and deform cooperatively with LAA tissue. Inspired
by collagen fibrils, network materials with wavy microstructure
were developed and employed to explore the desirable LAAO
structure, because the materials were able to mimic nonlinear “J-
shaped” stress−strain curves of biological tissues and exhibit
synergistic deformation with tissues.28−32,37 Iterative optimiza-
tion was carried out through finite element analysis (FEA) to
determine the optimal bioinspired structure, and two types of
LAAOs were devised based on the optimal structure. LAAOs
were fabricated by 4D printing using shape memory PLA-based
magnetic nanocomposites (PLA-MNCs), in which magnetic
nanoparticles were added to ensure the self-heating and remote-
controlled 4D transformation of LAAOs. The mechanical
properties of the shape memory PLA-MNCs during degradation
were investigated and the morphologies were examined. In
addition, long-term in vivo biocompatibility, compression test,
shape memory performance, and the in vitro feasibility
demonstration of transcatheter LAA occlusion of the bio-
inspired LAAO were systematically investigated.

2. RESULTS AND DISCUSSION
2.1. Effects of Degradation on Mechanical Properties.

To investigate the flexural properties of shape memory PLA-
MNCs, three-point bending tests were performed. The flexural
strength σf and maximum strain ε of the midspan outer surface
were calculated using the following formulas:33

σ =
PL
wt

3
2

s
f 2 (1)

ε δ= t
L
6

s
2

(2)

where P, Ls, w, t, and δ represent the maximum load, span
distance, specimen width, specimen thickness, and midspan

displacement, respectively. Figure 2a displays the stress−strain
behaviors of PLA-MNCs under flexural loading conditions. The
shape memory PLA-MNCs with different contents of Fe3O4
magnetic nanoparticles (5, 10, 15, and 20 wt %) were
abbreviated as 5PLA-MNC, 10PLA-MNC, 15PLA-MNC, and
20PLA-MNC. The flexural strengths of 5PLA-MNC and
10PLA-MNC were about 68 MPa, while the flexural strengths
of 15PLA-MNC and 20PLA-MNC were decreased due to the
agglomeration of nanoparticles, and the flexural strength of
20PLA-MNC was approximately 34 MPa.
Absorbable medical devices will undergo degradation after

implantation; thus, it is necessary to investigate the effects of
degradation on mechanical properties.34 Figure 2b−d shows the
stress−strain behaviors of PLA-MNCs after different degrada-
tion times under flexural loading conditions. In general, the
flexural strength and strain at break of PLA-MNCs decreased
with the increase of degradation time (Figure 2e,f), which was
attributed to the scission of the PLA-MNCs backbone.35 After 2
months of degradation, the flexural strength of MNCs was
maintained at 96.5% on average, and the strain at break of PLA-
MNCs was maintained at 69.5% on average. After the fourth
degradation month (Figure 2d), the flexural strengths of 5PLA-
MNC, 10PLA-MNC, 15PLA-MNC, and 20PLA-MNC were
approximately 50, 45, 38, and 18MPa, respectively. The strain at
break of PLA-MNCs decreased to approximately 33% on
average (Figure 2f). For 10PLA-MNC, the flexural strength
retention rate and themaximum strain retention rate were 75.5%
and 34.0%, respectively. In addition, the tensile tests of 10PLA-
MNC specimens before and after degradation showed similar
results to the three-point bending tests, that is, the strength and
strain at break decreased due to degradation (Figures S1−S2).
Figure 3 shows the fracture surface morphologies of the PLA-

MNCs flexural specimens. The overall surface morphologies
showed the shape of a brick wall, and the printing process of
layer-by-layer deposition can be seen (Figure 3a1,b1). The
formation ofmassive crazing is a way to toughen polymers,36 and
crazes on the surface of the undegraded specimen can be
observed in Figure 3a (indicated by the yellow arrows and
square). After degradation for 4months (Figure 3b), the fracture
surface morphologies of the degraded specimen became much
smoother, and the decrease of crazes meant reduced toughness.
This phenomenon was in agreement with the three-point

Figure 3. Fracture surface morphologies of 10PLA-MNC three-point bending specimens (a) before degradation and (b) after degradation for 4
months.
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bending test results in Figure 2f, in which strain at break was
decreased visibly after 4 months of degradation. Similar results
can be obtained from the fracture surface morphologies of the
tensile specimens (Figure S4).
2.2. Structure Exploration of Bioinspired LAAOs. The

network material with wavy filament microstructure is able to
exhibit nonlinear “J-shaped” stress−strain behavior similar to
skin and blood vessels, and can accurately reproduce the
mechanical properties of the biological tissues, showing
attractive application prospects in wearable electronics and
tissue engineering.30 The “J-shaped” stress−strain response is
characterized by a low modulus response under small strains,
followed by a transition zone in which the modulus slowly rises,
and finally a sharp rise under large strains. Therefore, the
material with “J-shaped” stress−strain behavior can conform to
the deformation of biological tissue under small strains, which
can greatly reduce the tissue wear and even perforation caused
by the huge difference in mechanical properties between the
implant and biological tissue; under large strains, the high elastic
modulus of the material endows it with a natural “strain limiting”
ability, which can prevent excessive deformation of tissue and
the implanted device, thus reducing the risk of mechanically
induced device failure and further protecting the tissue.28−32

The repeating unit of the bioinspired network is composed of
a hexagonal central node and four ligaments, each of which
consists of two identical arcs (Figure 4a). The repeating units are
arranged in four in the stretching direction and five in the width
direction to form a 2D bioinspired network. The dimensionless
geometric parameters (2Ø, L2/L1, W/L1, t/L1) of the
bioinspired network determine its macroconfiguration and
mechanical performance. 2Ø is the arc angle, L2 is the arc
span,W is the width, L1 is the length of the hexagon node, and t is
the thickness of the network. The diversity of geometric

parameters allows the mechanical properties of the bioinspired
network to be widely adjustable, which provides the possibility
for the customization of mechanical properties.
Iterative optimization was performed through FEA (ABA-

QUS software package) to determine the necessary parameters
of the bioinspired network to control the “J-shaped” stress−
strain behavior. The specific process was as follows. A
bioinspired 2D network model library was built based on
various design parameters. The stress−strain curves of the 2D
networks with different parameters were calculated by FEA and
compared with the stress−strain behavior of LAA tissue. Under
the guidance of searching for a bioinspired 2D network similar to
the deformation behavior of LAA (to deform cooperatively with
LAA) but with higher stiffness (to provide sufficient support for
LAA), the scope of the bioinspired 2D network model library
was gradually reduced. Finally, four bioinspired 2D networks
were selected as the candidate structures of LAAOs (Figure 4b),
where the deterministic parameters of networks were L2/L1 =
4.2,W/L1 = 0.4, t/L1 = 0.53, and Ø = 55°/66°/77°/88°. Figure
4c is the visual demonstration of the four candidate 2D networks
manufactured by fused deposition modeling (FDM) 3D
printing, and the flexibility of the printed network is shown in
Figure 4d. In addition, the stress and displacement distributions
of the 2D hex88 network predicted by FEA during the uniaxial
tensile process are shown in Figure 5a,b, and the experimental
deformation process is shown in Figure 5c. It can be seen that
the tensile deformation behavior obtained by experiments and
simulations showed good consistency. The entire stretching
process of hex88 was recorded and provided as Movie S1. The
deformation sequences of three other 2D networks with
different ligament curvatures (hex77, hex66, and hex55) are
depicted in Figures S5, S6, and S7.

Figure 4. Bioinspired 2D networks. (a) Geometric parameters. (b) 3D models of four candidate bioinspired 2D networks. (c) 3D printed four
candidate bioinspired 2D networks. (d) Flexibility demonstration of the 2D network.
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Figure 6a shows the stress−strain curves of four printed 2D
networks (hex55, hex66, hex77, and hex88) and LAA tissue
under tensile load. Like many other biological materials, such as
blood vessels and skin,32,37 the LAA tissue exhibited a “J-shaped”
stress−strain response, and the four printed bioinspired 2D
networks showed similar responses. The response of bioinspired
networks to uniaxial tensile load was mainly expressed in three
stages, during which the ligaments became flat gradually. The
representative repeating units of the three stages are shown in
the insets of Figure 6a. At the initial stage, the deformation was
dominated by bending, leading to a very low modulus. Then,
with further stretching (second stage), the ligaments rotated and
were parallel to the stretching direction. The nodes also rotated
with the deformation of the ligaments. In the second stage, the
deformation mode of the network gradually changed from
bending dominated to stretching dominated, and the modulus
exhibited a slow increase. In the final stage, the nodes and flat
ligaments parallel to the stretching direction were directly
stretched without rotational deformation as a buffer, resulting in
a sharp increase in modulus. The details of the three stages can
be observed through Movie S1. As shown in Figure 6a, the
stress−strain response of the hex88 network was the closest to
LAA, with a modulus slightly higher than that of the LAA tissue,
satisfying the requirements of providing sufficient mechanical
support for LAA while matching LAA deformation. Therefore,
hex88 was selected as the optimal bioinspired structure.

Based on the bioinspired hex88 network, two kinds of LAAOs
(single-layer LAAO and double-layer LAAO) were developed.
Figure 6b,c shows the 3D models of single-layer and double-
layer LAAOs. 10PLA-MNC filaments were used to manufacture
LAAOs through 4D printing technology due to the superior
mechanical properties. To improve the occlusion capabil-
ity,38−41 blocking membranes prepared by electrospinning
were sewn to the printed LAAOs with biodegradable PGA
sutures. As displayed in Figure 6d, the uniform nanofiber
distribution of the electrospun membrane can be observed with
a scanning electron microscope (SEM). Figure 6e,f displays the
printed single-layer and double-layer LAAOs, while Figure 6g,h
shows the visual demonstrations of LAAOs with blocking
membranes.
The compressive behaviors of LAAOs were investigated, as

shown in Figure 6i. The single-layer LAAO can withstand a
maximum compression load of approximately 4.3 N. The
double-layer LAAO showed a more flexible response and its
deflection was much higher than the single-layer LAAO under
the same load. Interestingly, the compression behavior of the
double-layer LAAO also exhibited a bioinspired “J-shaped”
curve, which was conducive to conforming to the deformation of
LAA tissue under small strains and preventing device damage
caused by excessive deformation under large strains. In addition,
the durability of the double-layer LAAO was remarkable. It
remained intact even after 20 compression cycle tests with a

Figure 5. Uniaxial tensile deformation sequences of 2D hex88 network under different strains. Deformations predicted by FEA (a) stress distribution
and (b) displacement distribution. (c) Experimental deformation process. Scale bar = 20 mm.
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maximum load of 15 N (Figure 6j). More importantly, the load-
deflection curves showed no significant difference between the
first and the 20th cycles, implying the double-layer LAAO
maintained its mechanical properties throughout the cycle tests.
2.3. Biocompatibility Evaluation. To evaluate the in vivo

biocompatibility, sterilized 10PLA-MNC occluders were
subcutaneously implanted in male Sprague−Dawley mice.47,48

Long time observation of tissue responses after implantation can
better examine the biocompatibility, thus occluders were
collected after 48 weeks of implantation. Figure 7a−c shows
the hematoxylin-eosin (H&E) stained images of occluders and
surrounding tissues.Mature fibrous tissues and blood vessels can
be observed in Figure 7a, with a slight inflammatory response
due to degradation and fragmentation of the implanted
bioabsorbable occluder.42 Denser connective tissues can be
seen in Figure 7b, and the black part in the upper left corner was
the occluder.43 Figure 7c is a tissue section with longitudinally
cut and evenly distributed muscle fibers at the edge of the
implanted occluder. The major organs, including the heart, liver,
spleen, lung, and kidney, were harvested to further investigate
the biocompatibility,49 and the results manifested that no
significant histopathological damage or abnormality was found
in the major organs (Figure 7d).
2.4. 4D Transformation of LAAOs and Feasibility

Demonstration of Transcatheter LAA Closure. The heat-
induced 4D transformation processes of single-layer LAAO and

double-layer LAAO are displayed in Figure 8. The 4D printed
LAAOs were programmed to straight temporary shapes with
small cross-section areas to facilitate interventional delivery and
implantation (Figure 8a1,b1). Dynamic, rapid, and complete 4D
transformation processes of the two LAAOs were exhibited
(Figure 8a1−a5, Figure 8b1−b5), demonstrating excellent
shape memory properties. Figure 8a6,b6 shows side views of
the final state of the single-layer and double-layer LAAOs after
4D transformation, almost maintaining their original config-
urations. The recovery time of single-layer LAAO was slightly
longer than that of double-layer LAAO, which might be due to
the fact that the higher content of shape memory MNCs in
double-layer LAAO endowed it with greater recovery force. In
addition, the degree of freedom of the double-layer LAAO
structure was lower than that of the single-layer LAAO, and the
overall coordinated deformation of the double-layer LAAO
structure led to less entropic strain energy loss during the 4D
transformation. The video capturing the 4D transformation
process of double-layer LAAO is provided as Movie S2.
The possibility of remotely controlled 4D transformation was

verified by an alternating magnetic field. The magnetic field
provides an efficient actuation method for remote control in
biomedicine, especially in closed and inaccessible places, and its
safety and effectiveness have been widely studied.44−46 As
shown in Figure 9, the straight temporary shape gradually
recovered to the original bioinspired structure within half a

Figure 6. (a) Stress−strain curves of four printed candidate 2D networks (hex55, hex66, hex77, and hex88) and LAA tissue under tensile load. 3D
models of (b) single-layer and (c) double-layer LAAOs. (d) SEM image of the electrospinning blocking membrane. Scale bar = 50 μm. Printed (e)
single-layer and (f) double-layer LAAOs. Visual demonstration of (g) single-layer and (h) double-layer LAAOs with blockingmembranes. (e−h) Scale
bar = 5 mm. (i) Compressive behaviors of single-layer and double-layer LAAOs. (j) 20-cycle (c1-c20) compression test of double-layer LAAO.
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Figure 7.H&E staining of tissue sections 48 weeks after occluder implantation. (a−c) Occluder and its surrounding tissues. (d) Major organs of mice.
Scale bar = 100 μm.

Figure 8.Heat-induced 4D transformation. Temporary shapes of (a1) single-layer LAAO and (b1) double-layer LAAO. 4D transformation processes
of (a1−a5) single-layer LAAO and (b1−b5) double-layer LAAO. Side views of (a6) single-layer LAAO and (b6) double-layer LAAO after 4D
transformation.
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minute under the trigger of the magnetic field, showing the
outstanding magnetic response performance of LAAO.
Compared with the heat-induced recovery process, the
magnetism-induced recovery process took longer. This might
be because magnetic Fe3O4 particles acted as self-heaters during
the recovery process, and the heat was transferred only within
the LAAO structure, while the entire LAAO structure was
immersed in water during the heat-induced recovery process,
leading to larger heating area and much faster heat transfer
speed.
The in vitro feasibility test of transcatheter LAA closure was

performed using a 13 Fr. catheter to deliver the double-layer
LAAO to the LAA of a freshly isolated swine heart. As displayed
in Figure 10, the LAAO can be smoothly pushed out of the
catheter, which indicated that minimally invasive implantation
was accessible. LAAO was released close to the LAA orifice, and
a complete LAAO deployment process can be observed,
indicating the effectiveness of LAAO for LAA occlusion.

3. CONCLUSIONS
In summary, this work was dedicated to exploring bioinspired,
patient-specific, and absorbable LAAOs. The introduction of the

wavy ligaments improved the design freedom of the bioinspired
structure and enabled customization of the mechanical proper-
ties to conform to LAA deformation and reduce tissue wear. 4D
printing endowed LAAO with patient-specific geometry, and
transformability between temporary and permanent config-
urations, thus ensuring perfect fit with LAA and enabling
minimally invasive implantation. The results revealed that the
mechanical properties of the developed double-layer LAAO
were maintained even after 20 cyclic compression tests with a
maximum load of 15 N, showing distinguished durability.
Histological results at 48 weeks after implantation demonstrated
that the occluder was biocompatible. The heat-induced 4D
transformation process showed remarkable shape memory
properties of LAAO. Besides, LAAO exhibited excellent
magnetic response performance, which enabled a remote-
controlled magnetism-induced 4D transformation. In addition,
the deployment of the LAAO in isolated swine heart
preliminarily verified its feasibility for transcatheter LAA closure.
Although the shape memory transition temperature of LAAO

is a little high and needs further modification,50,51 this work plays
an irreplaceable role due to the lack of similar concepts and
results in the professional literature. This work may contribute

Figure 9. (a) Magnetism-induced 4D transformation process of double-layer LAAO. Scale bar = 10 mm.

Figure 10. Feasibility demonstration of transcatheter LAA closure. Scale bar = 10 mm.
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to the development of state-of-the-art occlusion devices with
patient-specific geometry, absorbability, and tailoredmechanical
properties to reduce tissue wear and other severe complications.
More importantly, the bioinspired design approach for searching
the desired device configuration is generic and flexible, and can
be extended to many other implantable devices to obtain a wide
range of appealing applications.

4. EXPERIMENTAL SECTION
4.1. Specimen Fabrication. PLA (Nature Works LLC. Ingeo

4032D, Mw ≈ 200,000 g mol−1) was completely dissolved in
dichloromethane and Fe3O4 nanoparticles (Aladdin, Shanghai, China,
98%) were added with different mass fractions (5, 10, 15, and 20 wt %).
Homogenized PLA-Fe3O4 suspension was obtained by continuous
stirring for 24 h. After evaporating the solvent, the cured composites
were cut into small pieces, and then the small pieces were extruded into
filaments (diameter: ∼1.75 mm) through an extruder at 200 °C.
The printed models were created using NX 10.0 software and then

converted to .stl files. The .gcode format files were generated by slicing
software and the models were printed using FDM 3D printer (Allcct).
The print orientation, speed, and nozzle temperature were set to 45°, 5
mm s−1, and 195 °C, respectively. After printing, the post-treatment
process of polishing LAAOs was carried out.
4.2. Mechanical Properties Characterization. Three-point

bending tests of PLA-based shape memory MNCs were conducted
following the ASTM D790. The tensile tests of the bioinspired
networks and LAA tissue were performed with a loading rate of 1 mm
min−1 and a preload of 0.2 N. The size of the LAA tissue for tensile tests
was approximately 50 mm × 18 mm × 6.5 mm (Figure 1c). In addition,
the compression tests of LAAOs were carried out at a loading rate of 1
mmmin−1. All specimens were prepared by FDM 3D printer and tested
with Zwick 010 machine at room temperature.
4.3. In Vitro Degradation Test. In vitro degradation tests were

performed by incubating the printed specimens in phosphate-buffered
saline solution (PH = 7.4) at 37 °C. The specimens were removed
periodically, washed with distilled water, and dried in a vacuum to
prepare for testing. The solution was replaced every 7 days.
4.4. Electrospinning of Blocking Membranes. The polymer

solution with a concentration of 8 wt % was prepared by dissolving PLA
in dichloromethane and stirred for 24 h at 25 °C. The injection rate was
1.5 mL h−1 and the voltage was maintained at 15 kV. A flat sheet of
aluminum foil 170 mm from the tip served as a collector.
4.5. Morphological Observation. The fractured specimens were

collected after mechanical tests, and the surface morphologies of the
fractured specimens perpendicular to the tensile direction were
examined by SEM (VEGA3 TESCAN) with an accelerating voltage
of 10 kV. The morphologies of the blocking membranes were also
observed under the same accelerating voltage.
4.6. In Vivo Biocompatibility Evaluation. In vivo biocompati-

bility was conducted under the guidance approved by the Ethics
Research Committee of the Harbin Institute of Technology. The
occluders were sterilized and placed subcutaneously in male Sprague−
Dawley mice. 48 weeks later, the occluders and major organs were
collected from euthanized mice. Next, formalin-fixed paraffin-
embedded tissue slices (5 μm) were stained by H&E staining kit and
analyzed via light microscope (DP73, OLYMPUS, Japan).
4.7. Shape Memory Performance (4D Transformation)

Characterization. The glass transition temperature (Tg) of the
10PLA-MNC was 62.7 °C.52 The printed LAAO was first placed in a
water bath at a temperature of Tg +10 °C for 10 min, and then
programmed into a straight temporary shape. The LAAO with straight
temporary shape was immediately cooled to room temperature and
maintained for an additional 5 min to fix the configuration. The heat-
induced 4D transformation process was carried out in the same hot
water bath as the programming process, while the magnetism-induced
4D transformation process was performed in an alternating magnetic
field (intensity: 4 kA m−1).
4.8. In Vitro Feasibility Demonstration of Transcatheter LAA

Closure. Freshly isolated swine hearts were used to evaluate the

feasibility of the LAAO. To show the shape recovery of the double-layer
LAAO more clearly, the cardiac tissue near the orifice of LAA was
partially excised. After trans-septal puncture with a Brockenbrough
needle,53 the double-layer LAAO was delivered to the LAA using a 13
Fr. catheter (Starway Medical Technology, Inc.). Once the optimal
position was identified, a small amount of hot physiological saline (Tg
+10 °C) was injected from the other side of the catheter and the
recovery of the occluder can be observed.
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