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1 | INTRODUCTION

Abstract

Objective: To evaluate the safety and feasibility of a modified poly(L-lactic acid) (PLLA) atrial
septal defect (ASD) occluder.

Methods: Forty-five piglets were divided into two groups: an experimental group (n = 27) and a
control group (n = 18). The experimental group underwent percutaneous implantation of a mod-
ified PLLA ASD device while the control group underwent percutaneous implantation of a
widely used metal ASD device. X-ray imaging, transthoracic echocardiography (TTE), electrocar-
diogram (ECG), histopathology and electron microscopic examination were performed at 7 days,
1, 3, 6, and 12 months after implantation.

Results: Twenty-seven experimental piglets and 18 control piglets were all successfully
implanted with modified biodegradable and metal ASD devices, respectively. While both devices
exhibited very good occluding effects, the modified PLLA ASD devices were completely
endothelialized at 3 months after implantation, and the endothelialization appeared to be more
complete compared to the control group. Degradation of the PLLA devices was noted at
12 months follow-up with no loss of integrity at the atrial septum.

Conclusion: This animal model with implanting of the occluders was effective and not associ-
ated with complications. The modified PLLA ASD devices are more controllable and practical
than our previous devices. The implanted devices demonstrated good endothelialization and
degradability in short and moderate term follow-up. Long-term studies are now underway to
further evaluate the biodegradability of this novel device.
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treatment has become the first option for secundum ASD patients.>?

Atrial septal defect (ASD) is the third most common congenital heart
defect and accounts for about 30% of the congenital heart disease
population. With the development of ASD devices especially nickel-

titanium-alloy double umbrella (DU) occluders and improvement of

[Correction added on 9 Nov, after first online publication: Dr. Zhang's address
was corrected.]

Nevertheless, metal devices are not a perfect solution with signifi-
cant limitations. First, there are several complications reported after
insertion. The potential complications include erosion, thrombus forma-
tion, pericardial effusion, inflammation, valve damage, delayed endothe-
lialization, hemolytic phenomena, nickel allergy and aortic-atrial fistula
among others.>~® Second, the retained device obstructs access for future

trans-septal procedures such as electrophysiology interventions, mitral
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valve interventions, left atrial appendage closure, etc. Finally, some
patients would prefer not to remaining a foreign body in their heart
indefinitely. To address these issues, researchers and clinicians have envi-
sioned a biodegradable septal occluder device.?~1¢

We presented the outcomes of an animal experiment in swine with
our poly(L-lactic acid) (PLLA) biodegradable ASD devices in 2016.%7
Although the outcomes showed the basic feasibility of the PLLA device,
the device was difficult to prepare and fold into a sheath. Additionally,
it was hard to adjust position after deployment in vivo. We also noted
peri-device inflammatory changes at 3 and 6 months follow-up after
implantation although this did not appear to have any recognizable clini-
cal sequelae. In order to address these issues and to enhance its safety
and feasibility, we modified the device and carried out the animal exper-

iments. The outcomes are presented in the present article.

2 | MATERIALS AND METHODS

2.1 | The characteristics of the modified PLLA ASD
device and delivery system

The modified biodegradable ASD is a self-expandable “double-
umbrella” framework made of 0.15 mm PLLA wire meshes. Compared
to the previous devices and delivery systems, we have made six

improvements listed as follows (Figure 1):

1. The number of PLLA wire meshes constituting the device frame-
work is reduced from 72 to 36.

2. The connector between the device and the delivery system is
changed from a nitinol connecting multiwire to a screw connector
that makes releasing devices from the delivery system easier.

3. One more radio-opaque mark is added to the tip of the left disc as
well as two radio-opaque marks at both ends of the discs and two
additional radio-opaque marks to the waist. After the modification,
the left disc can be identified more easily under fluoroscopy so that

the device can be maneuvered into appropriate position in vivo.
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4. One loader with a flare angle was added to the tip of a delivery
system. The loader is designed such that one end dilates like a
horn mouth to allow the PLLA device to be retracted with less
force and the other end is of a regular size which connects with
the delivery system. The loader makes it easier to retract the
device into the delivery sheath, after assembly of the delivery sys-
tem, without damaging the device frame.

5. The locking wire and button is replaced by a locking system that
is composed of a PLLA stick. One end of the PLLA stick is
attached to the left disc and the other end has an angled tip and
internal screw connects with the delivery system. Once the
angled tip is removed, the device can be locked so that the left
disc and right disc can be fixed together. When the locking system
is pushed back, the device can be unlocked once again.

6. The diameter of the PLLA baffle membrane is modified from 4 mm
larger than the discs to 2 mm larger. This modification allows the use
of smaller delivery sheaths to deploy the PLLA devices.

2.2 | Animals

Forty-five experimental piglets were divided into two groups. One group
was comprised of 27 piglets (mean weight 26.9 kg), in which biodegradable
ASD devices were implanted. In the other 18 piglets (mean weight
27.9 kg), HeartR nitinol ASD devices (Lifetech Company, Shenzhen, China)
were implanted as a control group. Prior to operation, all animals under-
went clinical examination and transthoracic echocardiography (TTE) scan-
ning to demonstrate that they were healthy with morphologically normal
hearts. All animals were obtained from Mingzhu Experimental Animal Sci-
entific Technology Company (DongGuan city, Guangdong Province,
China). The research was approved by the Research Ethics Committee of

Guangdong General Hospital/Guangdong Academy of Medical Sciences.

2.3 | Procedure and follow-up

All experimental animals were under general anesthesia with intuba-

tion and ventilation. Through the femoral vein, we perforated the

Opaque marks
(B) Sealing tip
Small Left disc
membrane
Waist
ocking syste! Right disc
Screw
a b

Small membrane

SErew | gader with flare angle

Oapque
marks

ocking system
with a angle tip and internal screw

(o

FIGURE1 Schematic drawing of (A) the previous PLLA ASD device and (B) the modified PLLA ASD device. Both A and B present (a) unlocked
state, (b) locked state, and (c) device and delivery system. Six modifications have been made to device A that result in device B: Reduced PLLA
wire meshes, screw connector, one more mark at the sealing tip of the left disc, a loader with flare angle, a locking system, downsized membrane
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atrial septum with trans-septal puncture technique followed by dila-
tion of the septal defect using a 12-15 mm Cristal Balloon to create
ASD models. We then implanted either a biodegradable polymer ASD
device or a nonbiodegradable metal ASD device. The details of the
procedure have been previously described.!” The diameter of the per-
cutaneously created ASD ranged from 4.0 mm to 7.0 mm, with a mean
diameter of 5.5 mm. According to the diameter of created ASD, we
selected one of two sizes of biodegradable and metal devices, either
an 8 mm or a 10 mm with 8F sheath.

The animals were followed up at 7 days, 1, 3, 6, and 12 months
after implantations. All piglets were administered aspirin 3-5 mg/kg/d
for up to 6 months after implantation. The animals were observed by
professionals trained to record general characteristics that included
behavior, eating, sleeping, breathing, the luster of skinny hair and the
body temperature. The laboratory tests included complete blood
count, electrolyte estimation, renal function tests, liver function tests
and blood gas estimations. Laboratory tests were performed pre-
procedure and at 7 days, 1, 3, and 6 months after implantation. Chest
radiography, TTE and electrocardiogram (ECG) were performed at
each follow-up. We also performed gross anatomical examination and
histologic evaluation and scanning electron microscopy (SEM) exami-

nation by sacrificing 13 experimental animals at each group.

2.4 | Statistical analysis

We used t-tests to compare the product performance before and after
design change and the difference between the two experimental
groups. The statistical method of tolerance intervals was employed to
compute a range of values for the product's characteristic, using the

statistical software is Minitab.

3 | RESULTS

3.1 | ASD models and technical success rate

All 45 ASD models were created successfully in both the biodegrad-
able group and the control group. Twenty-eight PLLA ASD devices
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FIGURE 2 Leukocyte counts at pre-procedure and at 1, 3, 6, and
12 months after implantations. No significant difference was found
between biodegradable devices and control group

and 17 metal devices were implanted into 45 piglets. At the first
attempt, 25 of the 28 PLLA devices were implanted. The remaining
three PLLA devices were released in the left atria for retrieval tests
and implanted after the second adjustment. All metal devices were
implanted successfully on the first attempt.

Eight 10-mm and seventeen 8-mm PLLA devices (with molecular
weights of the polymer 56 kDa and 30 kDa, respectively) were
implanted into the experimental group animals. As a comparison, six
10 mm and twelve 8 mm metal devices were implanted into the ani-
mals of the control group.

There was no significant difference in the procedure time between
the experimental group and the control group (11.2 vs. 10.8 minutes).
So, the introduction of the biodegradable polymer into our novel occlu-
der has not led to complication of operation in our experiments.

The modified platinum-iridium radio-opaque markers were clearly
visible under X-ray images. TTE evaluation showed no shunting, mitral
regurgitation or tricuspid regurgitation in all 45 piglets. ECGs con-

firmed that there were no arrhythmias during the procedures.

3.2 | Postoperative follow-up study

All animals survived in good physical condition with normal behavior, and
no clinical evidence of limb ischemia, dyspnea or infection. There was no
difference in the total number of leukocytes between the two groups at
preprocedure and 1, 3, and 6 months after implantations (Figure 2).

At 7 days, 1, 3, 6, and 12 months after implantation, good position
and shape of implanted PLLA ASD devices were confirmed by X-ray imag-
ing (Figure 3). TTE showed that there was no residual shunting, thrombo-
sis, pericardial effusion, mitral regurgitation or tricuspid regurgitation after

device implantation (Figure 4). No arrhythmias were observed by ECG.

33 |

Animals from each group were sacrificed at the following time points:
7 days (n = 1), 1 month (n = 3), 3 months (n = 3), 6 months (n = 3),

and 12 months (n = 3) after implantation. All sacrificed piglets demon-

Macroscopic examination of cardiac anatomy

strated a normal heart shape, cardiac chamber volume and myocardial
wall thickness. The position of each device was appropriate, and no
vegetation or thrombus was observed. There was no evidence of
injury to the mitral or tricuspid valves.

Macroscopic examination showed that the biodegradable occlu-
ders were partially covered with a layer of new endothelial tissue at
1 month after implantation and were covered completely at 3 months.
In comparison, the surfaces of the metal occluders were partially cov-
ered with a layer of new endothelial tissue only at 3 months and the
metal wires were still visible at 12 months. It appeared that the biode-
gradable device encouraged a greater extent of endothelial growth
than the metal device. At 6 months, the biodegradable remained com-
plete and in a good shape. At 12 months, the PLLA devices were par-
tially degraded but still in a stable formation (Figure 5).

We also evaluated the gross inspection of other important organs,
and did not find any abnormalities in the appearance of the lungs,

liver, spleen, kidneys, or heart.
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FIGURE 3 The X-ray images before (A) and after (B) releasing the PLLA device. The arrows indicate marks. Seven marks were shown clearly after

releasing the polymer device

331 |

At 3, 6, and 12 months after implantation, the PLLA devices were sur-

Histopathological examination

rounded by a large number of collagen fibers and fibroblasts, while a
moderate number of inflammatory cells including neutrophils, lympho-
cytes, plasma cells, and multinuclear giant cells could also be observed.
No necrotic tissue was noted. At 12 months, the PLLA wires were partly
degraded. Similarly, a large number of collagen fibers and fibroblasts sur-
rounded the metal device. A small number of inflammatory cells were
also observed. The inflammatory cells surrounding the PLLA device were
not significantly more numerous compared with the metal device at 3, 6,
and 12 months follow-up (Figure 6).

HE staining also showed that there were no anomalies in the lung,
liver, spleen, or kidney, and no infarction of these organs was

observed in either of the groups.

3.4 | SEM observations

At 3 and 6 months after implantation, the PLLA occluder was covered
by a layer of fibrous tissues. In contrast, the metal occluder was cov-
ered not only by a layer of fibrous tissues but also by many endothelial
cells at 3 and 6 months. At 12 months after implantation, the PLLA
device was covered by a large number of endothelial cells similar to

the metal device (Figure 7).
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4 | DISCUSSION

So far, some biodegradable ASD occlusion devices have been devel-
oped such as partially biodegradable devices including BioSTAR, Bio-
disk, and Double Biodisc devices, which have been discarded,” 111314
and fully biodegradable devices including the Chinese Lantern (CL), the
DU, PLGA/collagen membrane, and the polydioxanone (PDO), which

14-16.18 The “Chinese Lantern” device made of fully bio-

are in progress.
degradable polymers (copolymer of caprolactone and lactate) consists
of a soft portion and a structural skeleton.?® Although the animal
experiment showed that the devices were in satisfactory position and
stable after 1-month follow-up, this version of CL device may not be
suitable for closure of a larger defect with insufficient anchorability and
less coverage. The DU device was also made of polycaprolactone and
polylactide, and is comprised of double self-expandable umbrellas with
a stem. The DU device was easy to prepare and fold into a 9F sheath
and also easy to deploy and anchor.}? However, because the stem of
the DU device is longer than septum, the DU device leaves a consider-
able gap between the umbrella discs and the septum, giving rise to
potential thrombosis formation within the gap. The PLGA/collagen
membrane was developed with a nanofiber matrix of blend of poly(pL-
lactide-glycolide) and type | collagen which has mechanical properties
comparable to those of commercial metallic occluders.*® PLGA starts

significant bioresorption after 6 months of postimplantation, and thus
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FIGURE4 Echo images at 6 months follow-up. (A) Four chamber view; (B) short axis view. The arrows indicate the biodegradable device. The
device exhibited an appropriate shape and no residual shunting
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FIGURE5 Gross appearances of a PLLA device (A-C) and a metal device (D-F) taken from the pigs at indicated follow-up spots. (A) At 3 months,
the left disc (arrow) of a PLLA device was completely covered by new endothelial tissue, and PLLA wires were not visible; (B) at 6 months, the left
disc of the PLLA device was completely covered; (C) at 12 months, the left of the PLLA device was partially degraded, and the rest was still in a
firm formation; (D) at 3 months, the left disc of the metal device was covered partially by new endothelial tissues; (E and F) at 6 months (E) and
12 months (F), the left disc was almost covered by new endothelial tissue, and the metal wires were still visible

FIGURE 6 HE staining of a PLLA occluder (A-C) and a metal occluder (D-F) at different follow-up points (3 months for a and D, 6 months for B
and E, and 12 months for C and F). At all of the three time points after implantation, the PLLA device (blue arrows) was surrounded by a large
amount of collagen fibers (black arrows) and fibroblasts (green arrows). A moderate number of inflammatory cells and multinuclear giant cells
could be observed; yet no necrotic tissue observed. The PLLA wires were partly degraded at 12 months. For the nonbiodegradable occlude, a
large number of collagen fibers (black arrows) and fibroblasts (green arrows) surrounded the metal device (red arrows). A small number of
inflammatory cells was also observed
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FIGURE 7 Scanning electronic microscopic images of the PLLA occluder (A-C) and metal occlude (D-F) at different time points after
implantation (x400). At 3 months (A) and 6 months (B), the PLLA occluders were covered by a layer of fibrous tissues. At 3 months (D) and

6 months (E), the metal occluders were not only covered by a layer of fibrous tissues, but also by many endothelial cells. At 12 months, both the
PLLA occluders and the metal devices were covered by a large amount of endothelial cells

degraded faster than PLLA.Y*?° The PDO ASD occluder made from
biodegradable materials is a self-expandable double-disc device, similar
in construction to the Amplatzer septal occlude.*® Animal experiments
confirmed its effectiveness and biological compatibility. However, due
to low elastic modulus, low tensile strength, the limited shape-memory
function of PDO, and the large diameter of PDO monofilament fibers
(0.298 mm) compared with the nickel-titanium wire (0.1 mm), the pro-
duction of a larger occluder may be restricted.

We used PLLA as the matrix of the biodegradable occluder. PLLA is a
semicrystalline polymer. The fibers are of high tensile strength, good flexi-
bility, heat resistance, and good thermal stability.?* Due to its bioresorb-
ability and biocompatibility in the human body, lactic acid-based polymers
have been used for resorbable sutures and prosthetic devices.?2 Our ini-
tial PLLA occlude is a fully biodegradable device composed of a self-
expandable double-disc weaved by seventy two 0.15 mm PLLA wires,
three PLLA baffle membranes, a locking piece and two platinum-iridium
radio-opaque markers at both ends of the discs. We implanted percutane-
ously 17 PLLA ASD devices into piglets during the first animal experi-
ment.}” The outcome was inspiring and 1-year follow-up studies showed
ASD closure. We also identified some issues with the device such as diffi-

culty in assembly and folding into a sheath before deployment, and

difficult adjustment once the device is released in vivo. Additionally, there
was some inflammation around the device at 3 and 6 months after
implantation although this caused no harm to the main organs.

In order to address these issues, we modified the device and
made some improvements as follows: We reduced the profile of the
device including downsizing baffle membranes, reducing PLLA wires,
so that a smaller sheath can be used to deliver the biodegradable
device (12 mm device with an 8F sheath). We used a new locking sys-
tem to replace the previous locking wire and button which is hardly
unlocked after being locked. The retrieval tests demonstrated that the
new locking system is more scientific and has more ability to tolerate
operators making mistakes. We added one more radio-opaque marks
at the tip of the left disc and two more radio-marks at the waist. After
the modification, the three radio-marks form a triangle. When the left
disc is opened, the marks can help operators identify more accurately
the shape of the left disc under radiography. Other modifications
including using a screw connector and adding a flare loader enable
releasing devices more easily in vivo and inserting a device into a
delivery sheath without damaging the device frame. We also com-
pared the operations time between the two groups, and the outcome

showed no difference.
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Biodegradable ASD devices require two special functions to heal
atrial septal heart defects: endothelialization and degradability. If a
biodegradable device has degraded and deformed before complete
endothelialization, there will be a risk of residual shunt. As a result, it
is imperative that biodegradable devices facilitate complete endothe-
lialization prior to biodegradation. Although some reports showed
most ASD devices fully endothelialize within 3 months in animal

experiments,23'24

there are very few reports in human. One study in
humans, in which the Clamshell device was deployed showed that
endothelialization with complete coverage of the device can be
expected as early as 2.7 months.?> However, some cases reported
that there was still incomplete endothelialization at 12 months after
the implantation of metal ASD occluder devices.24=%° In the present
study, the PLLA ASD device was completely covered by neointima at
3 months after implantation. The endothelialization of the PLLA
device appeared to be superior to the metal device.

The previous animal experiment with the PLLA ASD device
showed severe inflammation around the device at 3 and 6 months
after implantation.?” Although the inflammatory reaction caused no
harm to main organs in that experiment, we hope to decline the
reaction and reduce the potential risk as much as possible. To
address that, we reduced the quantity of the PLLA wire meshes to
half with the number of the wires from 72 to 36. The tensile
strength of the device discs was kept through a new weave tech-
nique, although the quantity of the wires reduced. Hematoxylin and
eosin staining showed only moderate inflammation at 3, 6, and
12 months. The inflammatory cells around the PLLA device were a
little more prominent but not significantly increased compared to
the metal device.

PLLA degrades through the hydrolysis of backbone ester groups
and the degradation rate depends on the PLLA crystallinity, molecular
weight, molecular weight distribution, morphology, water diffusion
rate into the polymer, and the stereoisomeric content.3! The degrada-
tion rate is often considered to be an important selection criterion for
biomedical applications.®? The expected time to mostly degrade a
PLLA device is about 3 years. Gross anatomical examination and histo-
logic evaluation illustrated that the PLLA devices still kept a stable for-
mation in vivo at 12 months follow-up. This outcome thus meets the
criterion that the PLLA device was degraded after complete endothe-
lialization. We will continue to evaluate the long-term degradation of
the PLLA device in vivo.

5 | LIMITATIONS

The present study has a few limitations. As we were unable to create
a larger ASD animal model by trans-septal puncture, this study was
designed to implant small and medium biodegradable devices. Fur-
thermore, the experimental piglets were only followed-up for only
12 months. Nevertheless, this study was aimed to test the feasibility
of our modified biodegradable device and to progressively evaluate
the efficacy and safety of this device in swine. Thus, the present study

did achieve its objectives.

6 | CONCLUSION

Our modified PLLA biodegradable device was operable. Compared to
the common metal device, the polymer device allows improved endo-
thelial growth. At 12 months after implantation, the PLLA devices
started to be degraded and still kept a stable formation. Long-term
studies are now under way to evaluate the biodegradability of the

novel device.
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