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Abstract

Reproducibility of clinical output is important when investigating therapeutic efficacy in pre-clinical animal studies. Due to
its physiological relevance, a swine myocardial infarction (MI) model has been widely used to evaluate the effectiveness of
stem cells or tissue-engineered constructs for ischemic heart diseases. Several methods are used to induce MI in the swine
model. However, it is difficult, using these approaches, to obtain a similar level of functional outcomes from a group of ani-
mals due to interpersonal variation, leading to increased experimental cost. Hence, in order to minimize human intervention,
we developed an approach to use a customized occluder that has dimensional similarities with that of the coronary artery
of animals in the case of the swine model. We carried out angiography to measure the diameter of the middle left anterior
descending artery of each individual animal to fabricate the customized occluder using a 3D-printing system. The fabri-
cated occluder contained a central hole smaller than that of the targeted middle left anterior descending artery to mimic an
atherosclerotic coronary artery that has an approximately 20% blocked condition. Interestingly, the 3D-printed occluder can
provide continuous blood flow through the central pore, indicating a high survival rate (88%) of up to 28 days post-operation.
This method showed the possibility of creating consistent myocardial infarction induction as compared to the conventional
representative closed-chest method (50% survival rate), thus highlighting how our method can have a profound effect on
accelerating reliable experiments for developing new therapeutic approaches to ischemic heart diseases.
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Graphic abstract

Customized 3D occluders for creating
consistent and stable HF models
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Introduction

Myocardial infarction (MI) is globally recognized as a major
cause of mortality and morbidity [1, 2]. In brief, MI involves
the occlusion of coronary arteries, resulting in the attenua-
tion of blood circulation to distal heart muscles and creating
a hypoxic environment within the myocardium. As a result,
nutritional insufficiency occurs in the myocardium, leading
to myocardial necrosis and a loss of cardiac functions. In
order to determine novel therapeutics for the treatment of
ischemic heart diseases, various animal models play a criti-
cal role in investigating mechanistic and systemic responses
in vivo.

Although small rodents (e.g., mice or rats) can provide
significant information at the molecular level, larger animal
models need to be considered when overcoming challenges
in understanding the function, anatomy, and physiology
of diseases at a clinical level. Among large animal mod-
els, swine have been widely used to study the pathogenesis
and treatment of MI due to their similarity to humans in
physiology, anatomical structure, blood lipids, hypertrophic
lesions, and lipoprotein metabolism [3]. Various methods
(e.g., open-chest surgical ligation, closed-chest percutane-
ous catheterization, and chronic total occlusion by artificial
plaque) are employed to induce MI in swine models [4, 5].
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However, each of these is accompanied by serious concerns
regarding increased mortality due to ventricular fibrillation
and ventricular tachycardia, severe infections, pericarditis,
vascular calcification, and inflammation during the surgical
treatment [6, 7]. Because of cost and practical efficiency,
young swine are preferred as typical standard animals for
MI models, given that there exists a bottleneck that induces
fast infarct recovery by collateral artery regeneration [8—11].

Recently, the fabrication of custom-made and anatomi-
cally relevant structures using 3D-printing technology has
been suggested as a new paradigm for medical prosthesis
and grafts. This approach usually utilizes medical images
(e.g., computerized tomography, magnetic resonance imag-
ing, angiography) to facilitate computer modeling and to
create a G-code to develop on-demand and complex struc-
tures with precise dimensional control [12, 13]. In this study,
we designed a customized 3D-printed occluder to mimic a
narrowed internal diameter of the coronary artery—induced
by atherosclerosis—and applied this occluder to create an
animal myocardial infarction model. In addition, we used
an extrusion-based 3D-printing method to fabricate the
occluder with a hole at the center to investigate the effective-
ness of size on blocking blood flow. By modulating print-
ing parameters, we could achieve high structural versatility
to fabricate occluders with various dimensions of the outer
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diameter and inner hole diameter, thereby creating consistent
and stable MI in swine models.

Materials and methods

All animal experiments were approved by the Ethics Com-
mittee of Chonnam National University Medical School
and Chonnam National University Hospital (CNU IACUC-
H-2017-63), Republic of Korea. A series of timelines were
strictly followed to evaluate physiological and functional
changes. Balloon, a representative conventional closed-chest
method to induce MI in swine model, was selected as a con-
trol group (Fig. 1).

3D-printing of the occluder

To fabricate the occluder, we selected polycaprolactone
(PCL; MW 43,000, Polyscience Inc., Taiwan, China)
because it is a Food and Drug Administration-approved,
biocompatible and biodegradable thermoplastic material. A
3D-bioprinting system (3DXPrinter, T&R Biofab, Repub-
lic of Korea) equipped with multiple extrusion-based print-
ing heads was used to fabricate the occluder. The PCL was
loaded into a 10-cc metal syringe and was heated to 70 °C
to reach its melting point, thereby allowing its extrusion
(Fig. 2a). The molten PCL was extruded through a metal
needle (nozzle diameter: 150 pm) on a substrate maintained
at 18 °C in a layer-by-layer method as per the programmed
code using a pneumatic pressure of 550 kPa and a deposition
speed of 60 mm/min. Subsequent layers were deposited at an
angle of 90° to the underlying layer to fabricate the occluder
with structural integrity and reproducibility. The central
inner hole was designed to mimic the narrow diameter of an
atherosclerotic coronary artery, with an approximately 20%
smaller inner diameter compared to healthy vessels. The

Fig. 1 Flowchart showing
experimental timelines of func-
tional assessments for inducing
myocardial infarction. Repre-
sentative experimental timelines
comparing a group using a
closed-chest method utilizing a
balloon catheter (balloon), and a
3D-printed occluder (occluder) st
group 60 min
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customized occluder was fabricated based on measurements
obtained for the luminal size of the left anterior descending
(LAD) artery using an angiographic system.

Preparation of swine

Yorkshire X Landrace F1 crossbred castrated male swine
(20-25 kg; n=22) were randomly allocated. Of these, 19
swine were divided into two groups: the balloon and occluder
groups, and the remaining three were selected as the sham
treatment group. Aspirin (100 mg/day) and clopidogrel
(75 mg/day) were administered as pre-treatment three days
prior to surgery. On the day of the surgery, all swine were
anesthetized with zolazepam-tiletamine (2.5 mg/kg; Virbac,
France), xylazine (3 mg/kg; Bayer AG, Germany), and azap-
erone (6 mg/kg; Janssen-Cilag, Germany). A rebreathing circle
system (Multiplus MEVD Anesthesia Machine; Royal Medi-
cal, Republic of Korea) was used to maintain stable breathing
during the surgical procedure. All animals were sacrificed via
intravenous injection of potassium chloride post-anesthesia for
the required characterization at a defined time period.

Quantitative coronary angiography

Based on angiography, the luminal diameter of the LAD
artery was measured through a cardiovascular angiographic
analysis system (CAAS, version 7.0, Pie Medical BV, Maas-
tricht, the Netherland) for evaluating LAD luminal diameter.

Induction of Ml using a conventional method
(balloon)

To induce MI using a closed-chest method, the left carotid
artery (LCA) was surgically exposed, and a 7-F introducer
sheath was placed near the incision site. After the infusion
of 10,000 units of heparin, a 7-F guiding catheter was placed
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Fig.2 Customized occluder

fabricated using 3D-printing AN
system that can induce partial
blockage of the LAD artery.

a Images of the 3D-printing
system, b front and side views
of the occluder inserted into
the guide wire, and ¢ occlud-
ers that are size-controllable
by changing design parameters
(0.D.—outer diameter, .D.—
inner diameter)
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into the LCA under fluoroscopic guidance by using a mobile
fluoroscope (BV Pulsera, Philips Medical Systems, Ando-
ver, MA, USA). The catheter was located at the mid-LAD
artery and the balloon (3.0 X 20 mm, Terumo Co., Tokyo,
Japan) was inflated for a complete blockage of blood flow.
The occlusion was continued for 60 min with the condition
of 7-8 atmospheres. As a pre-treatment, lidocaine (10 mg/
kg) was injected intravenously to prevent ventricular fibrilla-
tion [12], and diclofenac sodium (2 mL, Dong Kwang Pharm
Co., Republic of Korea) was intramuscularly injected pre-
and postoperatively to reduce pain.

Induction of Ml using the proposed method
(occluder)

The luminal diameter of the LAD artery was measured from
the baseline to the middle LAD position using an angio-
graphic system (Supplementary Fig. S1), and a properly
sized occluder was selected for the delivery. After the deliv-
ery of the occluder at the mid-LAD artery of the pig heart,
the guidewire was removed.
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Transthoracic echocardiography

The cardiac functions of swine were monitored at the
baseline (before the procedure), post-MI (days 7-14), and
28 days postoperative day (POD) (from the post-MI) using
two-dimensional transthoracic echocardiography (Vivid S5,
GE medical systems, Vingmed Ultrasound, Horten, Nor-
way). Parasternal long- and short-axis images were obtained
by placing the transducer at the right parasternal echo win-
dow with subjects slightly tilted to the right side. Apical
view images were also obtained by placing the transducer
at the lower right chest with subjects tilted more to the right
side. The functions of the left ventricle (LV) were measured
by volumetric calculation through the biplane method of
disk summation (modified Simpson’s method). LV volumes
were measured from the apical 4- and 2-chamber views by
tracing the interface between the compacted layer of the
endocardium and blood. All apical views were obtained
without foreshortening of the LV and without losing the
tracing of any LV segments. Based on the modified Simp-
son’s method, left ventricular ejection fraction (LVEF), LV
end-systolic volume (LVESV), and LV end-diastolic volume
(LVEDV) were measured [14].
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Triphenyltetrazolium chloride staining

Triphenyltetrazolium chloride (TTC) staining (Sigma-Aldrich,
USA) was conducted to identify the area of necrosis in the
infarcted myocardium. After completing the experiment, the
isolated heart was vertically sliced from the apex to the LV at
every 2 cm in thickness. Then, the tissue sections were incu-
bated in 1% TTC diluted in PBS (pH 7.4) for 15 min at 37 °C.

Histology and immunohistochemistry

Isolated hearts were collected and fixed in 4% paraformalde-
hyde for 48 h and were sectioned (4 um) in thickness by using
a microtome (Accu-Cut®, SRM™ 200, Sakura®, CA, USA).
Hematoxylin (Muto, Japan) and eosin (Merk, USA) (H&E)
staining and picrosirius red staining (Abcam, USA) were per-
formed to investigate the area of ischemic myocardium and
collagen deposition, representing scar formation. Immunohis-
tochemistry was performed by using anti-hypoxia-inducible
factor 1-alpha (HIF-1a) (1:100; Abcam, USA) as the primary
antibody and goat anti-mouse IgG H&L (1:1,000; Abcam,
USA) as the secondary antibody. 3—-3’-Diaminobenzidine
(DAB) was detected using a peroxidase substrate kit (Vector
Laboratories, USA) and subsequently imaged with an upright
microscope (Eclipse 80i; Nikon, Tokyo, Japan). In order to
evaluate the quantitative collagen deposition, the samples
stained with picrosirius red solution (n=3 in the normal
region; n=38 in the infarct region induced by the occluder)
were analyzed with ImageJ (version 1.48v; National Institutes
of Health, USA). Two independent pathologists evaluated
the immunohistochemically stained sections through blind
testing and scored the stained images for assessing HIF-1a
intensity. The immunoreactive score (IRS) was selected as
the system of scoring and was calculated by multiplying the
intensity of stained cells with the percentage of positively
stained cells (n=3 in the normal region; n=38 in the infarct
region induced by the occluder) [15-17].

Statistical analysis

We used the Statistical Package GraphPad Prism 6.0 (Graph-
Pad Software, La Jolla, CA, USA) for all analyses. All numeri-
cal variables were presented as mean +standard deviation (SD)
and were compared by an independent sample #-test or log-
rank test. A p <0.05 was considered as statistically significant.
Results

Induction of Ml using the 3D-printed occluder

The customized occluder (Fig. 2b and 2c) was fabricated
based on the size of the middle LAD artery and was inserted

into the carotid artery through a 9-F introducer sheath and
a 9-F guiding catheter (Fig. 3a and 3b). In brief, the tip of
a guide wire that was fixed at the top of the catheter was
inserted into the hole of the occluder to be placed prop-
erly in the LAD artery (Fig. 3c and 3d). Once the catheter
was inserted into the mid-LAD position, it was immediately
removed with only the occluder left inside the LAD artery
(Fig. 3e). The customized occluder remained at the site of
the LAD without any positional inaccuracy for 28 days. The
left coronary angiogram showed partial blood flow through
the occluder, highlighting the increased survival rate of
swine during the experimental period (Fig. 3f).

Profound effect of the occluder on creating stable
MI condition in swine models

During the observation period, collaterals and neovas-
cularization due to 3DBO occlusion were not detected in
coronary angiography. In order to validate the occurrence
of MI in the swine model by using 3DBO, echocardiog-
raphy of the balloon method was used as a control. From
the baseline to post-MI, LVEF significantly decreased in
both groups ((62.37 +2.77)% to (47.49 +3.44)% for bal-
loon and (61.68 +2.30)% to (41.23+6.16)% for occluder).
Although the LVEF decline was observed in the acute phase
from baseline to post-MI, the balloon group failed to demon-
strate a consistent decline in LVEF to the later phase (POD
28) ((47.49 +3.44)% to (55.44+2.77)%). In contrast, the
occluder induced a gradual and consistent LVEF decline
throughout the experimental timeline, thereby maintaining
a stable and consistent swine MI model ((41.23 +6.16)% to
(39.49+4.19)%) (Fig. 4). In addition, measured LVEDV and
LVESYV during the 28 days of follow-up showed a gradual
increase, suggesting the effectiveness of the occluder in
inducing a stable MI (Supplementary Figs. S2 and S3).

Functional evaluation post-myocardial infarction

TTC staining displayed a prominent white area of infarction in
the apex and LV anterior wall (Fig. 5a). Compared to the nor-
mal region, H&E staining showed a loss of normal architecture
and morphology of myocytes in the LV myocardium (Fig. 5b).
Picrosirius red staining confirmed a significantly increased
area of collagen deposition in the surrounding ischemic area,
compared to the normal myocardium ((42.01+1.76)% vs.
(1.83+0.51)%). HIF-1a was only barely expressed in the
normal region, whereas the occluder group clearly expressed
HIF-1a in the ischemic myocardium (Fig. 5b). The quantified
HIF-1a intensity score of the occluder group demonstrated
significantly higher values as compared to the score obtained
from the normal region (6.50+2.50 vs. 0.67 +0.47) (Fig. 5c).
The infarct size of the tissues obtained from the occluder group
was approximately double the size of the balloon group on
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Fig.3 Angiographic imaging
depicting induction of heart fail-
ure through occluder placement.
a Swine placed on the cardiac
fluoroscopic table in supine
position. b Angiogram show-
ing left anterior descending
artery (LAD, white arrow) and
left anterior circumflex artery
(LCX, red arrow). ¢ Guidewire
(GW, white arrow) injection
toward LAD artery. d Occluder
placement in distal position

to mid LAD (white arrow) by
using a catheter. e Extraction of
a GW for leaving the occluder
in the LAD artery. f Partial
blood blockage by occluder
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Fig.4 Echocardiography results after MI induction (left ventricular
ejection fraction (LVEF); n=5) (***p <0.0001)

POD 28, indicating the reliability of the suggested method for
maintaining the injury. This trend was similar to that of results
from echocardiography (Fig. 5d).

Increased survival rate with the use of occluders

The occluder group exhibited an 88% survival rate in the
swine MI model as compared to the balloon group, which
showed a 50% survival rate. This highlighted that our strat-
egy of fabricating custom-made, anatomically relevant
occluders holds the potential to improve the survival rate
for swine models during the post-surgical period. Hence, the
suggested strategy of using occluders to induce MI in swine
could be a promising approach to overcoming the associated
drawbacks of existing conventional methods (Fig. 6).
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Discussion

MI models, typically induced in large animals, consist of
invasive and non-invasive methods. In general, invasive
methods (e.g., thoracotomy) cause a non-physiological and
hostile environment (e.g., pericardial injury, inflammation,
and pneumothorax) in the heart [18, 19]. Non-invasive
closed-chest methods (e.g., catheter-based approaches)
can be used to induce acute MI through a balloon catheter-
occlusion inside the LAD artery for 50 to 60 min. This pro-
cedure results in microcirculatory reperfusion injury (RI),
obstructing microvasculature and causing MI [20]. However,
this method increases mortality and causes an uncontrol-
lable range of myocardial ischemia during the procedure
[21]. Although such limitations might be solved with the
use of a defibrillator, anatomical and physiological varia-
tions in animal models, as well as the defibrillator’s collat-
eral effects, increase LVEF, thus interfering in the extracted
experimental results [22, 23]. In addition, the survival rate is
significantly reduced over time, and it is difficult to maintain
the cardiac dysfunction of pigs over a longer time period
(i.e., 28-56 days). Therefore, in this study, we did not use
the conventional balloon system, but designed various outer
and inner diameters of the occluder to investigate the proper
sizes and conditions for the partial blockage of the coronary
artery, resulting in an increase in the survival rate of pigs
with the reliable induction of the injury.

The use of 3D-printing technology in medicine is rap-
idly increasing, and it is widely used in the development
of customized implants, pre-surgery 3D modelling, pros-
thetics, and stents [24-26]. This present study showcases
the feasibility of 3D-printing technology as an alternative
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Fig.5 Histopathological analysis for the infarcted tissue by post-
occlusion after 28 days. a Representative images of cross-sectional
tissue slices of the occluder group stained by triphenyltetrazolium
chloride (TTC) at POD 28 (arrow: infarct region). b Histological
analysis of normal and occluder groups, observed by (i, iv) hematox-
ylin and eosin (H&E) staining, (ii, v) picrosirius red staining, and (iii,

and promising way to fabricate target specific occluders for
inducing MI in a single step, in a minimally invasive proce-
dure, in order to overcome the associated drawbacks of exist-
ing methods. Our results demonstrate that using occluders
to induce MI in the LAD artery attenuated ischemic injury
of the LV, with a significant reduction in post-infarct cardiac
remodeling and the preservation of LV functions [27].

No inflammatory response or immune rejection was
observed during the surgical procedure, which could be
attributed to the use of biocompatible PCL, a widely avail-
able material used for various clinical applications [28]. MI
is caused mainly by chronic stenosis of coronary arteries
and arterial thrombus formation that creates an insufficient

vi) immunohistochemical expression of hypoxia inducible factor-1
alpha (HIF-1a) (Bar: 100 pm). ¢ Quantitative assessments of the tis-
sues by measuring (i) the area of collagen deposition and (ii) HIF-1o
score (***p <0.0001). d (i) TTC staining of the balloon and occluder
groups at POD 28 and (ii) its quantitative results (**p <0.001)
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Fig.6 Significant improvement of survival rate in the occluder group
on POD 28
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oxygen supply in the tissue [29]. A decreased oxygen level
leads to reduced mitochondrial respiration and oxidative
metabolism that further cause cell death [30]. As a criti-
cal transcriptional regulator of hypoxia, HIF-1a is severely
expressed under hypoxic and ischemic conditions [31, 32].
Our method also can reduce the time needed for induction
and does not require waiting for 60—90 min for balloon
removal.

Taken together, the results suggest that the occluder
facilitated the induction of an effective MI condition in the
swine model by conserving the physiological environment
due to blood flow through the hole of the occluder. Thus, the
study portrayed the fabrication of a custom-made occluder
that aids in the induction of MI in swine models and dem-
onstrated an improvement of up to 38% in the survival rate
when compared to existing methods, thereby suggesting it to
be an alternative approach for clinical application. Although
the suggested method showed significance in reducing mor-
tality and promoting the effectiveness of creating reliable
animal models, there are several challenges to overcome. We
designed various outer and inner diameters of the occluder
and investigated proper sizes and conditions; however, all
design criteria, such as surface roughness and the roundness
of occluders, could not be standardized, resulting in remain-
ing partial blood flow at the periphery of the LAD artery. In
addition, the quantitative analysis of cardiac biomarkers ena-
bles the control and estimation of the infarct size. Therefore,
cardiac biochemical markers such as troponin I, myoglobin,
total creatine kinase, and lactate dehydrogenase should be
assessed in a follow-up study.

Conclusions

The present study demonstrates that a 3D-printed occluder
produces a stable, consistent, and reproducible MI model by
showing a prominent infarcted region, consistent and long-
lasting LV dysfunction, and an improved survival rate. When
compared with the limitations of conventional methods with
a 50% survival rate, our strategy shows an improvement with
an 88% survival rate. In conclusion, the occluder fabricated
using a printing technology could be a promising strategy
for inducing MI and providing a cardiac research platform
for large animal studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-021-00145-4.
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