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Abstract

A major challenge in cardiac tissue engineering is the host’s immune response to artificial

materials. To overcome this problem, we established a scaffold-free system for assem-

bling cell constructs using an automated Bio-3D printer. This printer has previously been

used to fabricate other three-dimensional (3D) constructs, including liver, blood vessels,

and cartilage. In the present study, we tested the function in vivo of scaffold-free cardiac

tubular construct fabricated using this system. Cardiomyocytes derived from induced plu-

ripotent stem cells (iCells), endothelial cells, and fibroblasts were combined to make the

spheroids. Subsequently, tubular cardiac constructs were fabricated by Bio-3D printer

placing the spheroids on a needle array. Notably, the spheroid fusion and beat rate in the

constructs were observed while still on the needle array. After removal from the needle

array, electrical stimulation was used to test responsiveness of the constructs. An

increased beat rate was observed during stimulation. Importantly, the constructs returned

to their initial beat rate after stimulation was stopped. In addition, histological analysis

shows cellular reorganization occurring in the cardiac constructs, which may mimic that

observed during organ transplantation. Taken together, our results indicate that these

engineered cardiac tubular constructs, which address both the limited supply of donor tis-

sues as well as the immune-induced transplant rejection, has potential to be used for both

clinical and drug testing applications. To our knowledge, this is the first time that cardiac

tubular constructs have been produced using optimized Bio-3D printing technique and

subsequently tested for their use as cardiac pumps.

1. Introduction

Heart failure is a leading cause of death worldwide, and organ transplantation has been used as

an effective therapeutic method for end-stage heart failure [1–3]. Unfortunately, organ avail-

ability remains a serious problem, especially because the number of heart failure patients has

steadily increased in recent years. In addition, the detrimental effects of immunosuppression

treatments, which are required for successful organ transplantation, are also a concern [4].
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Surgical interventions, such as implantation of ventricular assist devices, can be used to cir-

cumvent some of the known issues with organ transplantation, but only in a limited number

of patients [5]. However, these procedures are associated with other surgery-related risks, such

as blood clots, bleeding, infection, and device malfunction [6].

Recent advances in tissue engineering technology have greatly enhance organ transplanta-

tion as human tissues and organs for medical applications can now be manufactured in vitro
using human cells [7]. Indeed, various cell types have been evaluated for their use in tissue

engineering, however our attention attract induced pluripotent stem cells (hiPSCs) which can

differentiate into functional cardiomyocytes [8–12] and possess features that render them bio-

compatible, functional, and safe for long-term clinical applications.

To obtain the most desirable three-dimensional (3D) construct, fulfilling all the necessary

characteristics of the engineered cardiac tissue, two basic technics scaffold-based and scaffold-

free were evaluated.

Scaffold-based cardiac tissue engineering is useful as it provides a foundation for the con-

struction of the 3D environment and can help modulate specific heart functions. Several

groups have fabricated cardiac constructs from hydrogel mixtures, such as matrigel and colla-

gen, and rat heart cells [13,14]. Further, when electrical stimulation was applied to these con-

structs for 5 days, the engineered cardiac tissue displayed an enhanced inotropic reserve.

However, this technique has several disadvantages. For example, the materials used to

assemble the scaffold-based constructs (e.g., collagen) are immunogenic. It is also difficult to

reproduce the native microstructure and mechanical properties of heart in vitro with these

techniques [15].

Alternatively, scaffold-free tissue engineering has also been investigated with regard to

organ transplantation. For example, cell sheets are one of the most advanced methods in the

field of tissue engineering [16] and have been used for various clinical applications, including

repairing heart damage [17,18]. Sekine et al reported the improvement of cardiac function

after the transplantation of engineered cardiac cell sheets [19]. Although cell sheets are both

effective and versatile, this technology limited the thickness of 3D cardiac construct only up to

200 μm. Other scaffold-free method is using 3D bio-printed materials as a molding template to

construct 3D tissues. Disadvantage of this technic is that constructs created using bio-paper,

such as agarose gel [20] are difficult to be removed after construct fabrication because the com-

plicated shapes are fabricated using this system.

To overcome these issues, we developed a new Bio-3D printing technology in which cells

are aggregated into spheroids that can then be printed onto a needle array according to the

desired 3D design. Thanks to totally scaffold-free environment, the fusion of spheroids can be

observed at any point. Subsequently, the constructs can be removed from the needle array and

matured in a bioreactor. Noguchi et al [21], in their study showed fabrication of scaffold-free

cardiac patches using cardiac spheroids. Following the in vivo application of scaffold-free Bio-

3D-printed cardiac patches, Ong et al [22] observed increased vascularization and patch

engraftment. Although the use of these 3D-printed tissue is becoming more widely accepted in

the tissue engineering field, there are still a number of applications that have not been investi-

gated with regard to organ transplantation in the treatment of cardiac failure and damage. Fur-

ther, Sekine et al [23] reported transplantation of pulsatile myocardial tubes fabricated with

cell sheets. The transplantation of rat cardiac cell sheets around the abdominal aorta led to

change of inner pressure evoked by their contraction. And Seta et al [24] reported about the

application of fabricated human tubular cardiac tissues derived from iPS cells to the rat infe-

rior vena cava.

In the present study, we fabricated a scaffold-free tubular cardiac construct which is func-

tional as a cardiac pump. Our analysis includes optimization of the conditions for cardiac
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spheroid assembly as well as electrical stimulation of the printed tubular cardiac constructs. To

our knowledge, this is the first time that cardiac tubular constructs have been produced using

this Bio-3D printing technique and subsequently tested for their use as cardiac pumps.

2. Materials and methods

2.1. Cell culture

Human umbilical vein endothelial cells (HUVECs) and normal human dermal fibroblasts

(NHDFs) were purchased from Lonza, Inc. (Walkersville, MD, USA) and cultured in EBM-2

and FBM-2. Both cell types were cultured in a humidified 37˚C, 5% CO2. Human iPSC-

derived cardiomyocytes (iCells) were purchased from Cellular Dynamics International, Inc.

(CDI, Madison, WI, USA) [25,26]. iCells were thawed and cultured according to the manufac-

turer’s instructions. Cryopreserved iCell cardiomyocytes were thawed for 4 min in a water

bath at 37˚C, diluted in iCell plating medium (CDI), and used for spheroid formation.

2.2. Cardiac spheroid formation

iCells, HUVECs, and NHDFs were suspended and mixed at several ratios (Table 1) and seeded

into ultra-low attachment 96U-well plates (SUMITOMO BAKELITE, Tokyo, Japan) to form

cardiac spheroids containing a total of 35,000 cells each. Culture media specific for each cell

type were combined in the same proportion as the respective cells for the various mixtures.

The spheroids were cultured in a humidified 37˚C, 5% CO2 incubator. After 2 days, the

medium was changed from iCell plating medium to iCell maintenance medium and then

changed every 2 days. The cardiac spheroids formed were used for further analyses and fabri-

cation of the cardiac constructs. The size and roundness of cardiac spheroids were measured

by Bio-3D printer software. The formula used to calculate roundness of cardiac spheroids was

as follows. Circle rate (%) = 100-(R-r)/R×100. And “R” is radius of minimum circumscribed

circle, “r” is radius of inscribed circle.

2.3. Fabrication of scaffold-free cardiac constructs using a Bio-3D printer

A Bio-3D printer (Cyfuse Biomedical K.K., Tokyo, Japan) was used to assemble the cardiac

spheroids into scaffold-free cardiac constructs. The method used to fabricate these constructs

has been previously reported [27] and a diagram is shown in Fig 1, which includes the 3D

designs for a tubular structure (Fig 1B). Constructs were fabricated using 7-day-old cardiac

spheroids (Fig 1A) and cultured on the needle arrays for an additional 7 days (Fig 1D). After

removal from the needle array, the cardiac tubular constructs were cultured on 22-gauge

plastic catheters (Terumo, Tokyo, Japan) in a bioreactor for 7 days, followed by fixation and

analysis.

2.4. Histological and immunohistochemical analysis

Cardiac spheroids and constructs were fixed in 10% Formalin Neutral Buffer Solution

(Wako Pure Chemical Industries, Ltd, Osaka, Japan) for 48 h at 4˚C. After fixation, the

Table 1. Percentage of each cell type used to form cardiac spheroids in this study.

A) B) C) D) E)

iCell 100% 80% 70% 60% 50%

HUVEC 0% 10% 20% 20% 25%

NHDF 0% 10% 10% 20% 25%

https://doi.org/10.1371/journal.pone.0209162.t001
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samples were washed three times with phosphate-buffered saline (PBS), embedded in paraf-

fin, and cut into 5 μm sections. These sections were then stained with hematoxylin and

eosin and used for immunostaining. Primary antibodies against troponin T (dilution 1:100;

MS-295-P0, Thermo Fisher Scientific, Inc., Massachusetts, USA), CD31 (dilution 1:75;

NCL-CD31-1A10, Leica Biosystems, Wetzlar, Germany), and CD90 (dilution 1:100;

ab92574, Abcam Plc., Cambridge, UK) were used. To confirm cell viability, TUNEL assay

was performed with in situ cell death detection kit (Roche Applied Science, Penzberg, Ger-

many) according to the manufacturer’s instructions. After deparaffinization and hydration

via an ethanol gradient, the sections were treated with a 0.3% (v/v) H2O2 solution for 10 min.

Then, they were washed two times with tris-buffered saline (TBS) and incubated with pri-

mary antibody diluted in blocking solution at 4 ˚C overnight. After washing twice with TBS,

the samples were incubated with secondary antibody at room temperature for 30 min,

washed two times with TBS, and treated with DAB (Agilent Technologies Japan Ltd, Tokyo,

Japan) solution. After mounting, the sections were observed and imaged using a BZ-X700

microscope (Keyence, Osaka, Japan).

2.5. Contraction analysis

We developed an in-house analysis software that can recognize and measure changes in car-

diac spheroid area using video recordings (Fig 2). This software was also used to analyze the

beat rate and contractile activity of the constructs. Each frame in the recorded movies was

converted to binary and used to calculate the contracted area (Fig 2A and 2B). The fractional

area changes were calculated as the contracted area/minimum area (Fig 2C). The videos were

recorded using a digital camera (Leica MC120 HD, Leica Biosystems, Wetzlar, Germany)

mounted on an inverted bright field (Leica DMi1, Leica Biosystems, Wetzlar, Germany) or ste-

reoscopic microscope SZX7 (Olympus, Tokyo, Japan). Cardiac spheroids were recorded and

analyzed after 10 days of culture.

Fig 1. The Bio-3D printing process. Cells aggregate as spheroids (A). The desired 3D design is composed using the

needle array software (B) and the appropriate needle array (C) is selected and prepared. The spheroids are then printed

onto the needle array (D).

https://doi.org/10.1371/journal.pone.0209162.g001
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2.6. Electrical stimulation

After 14 days of culture (printing day is set as day 0), the cardiac constructs were transferred to

a chamber with two platinum rods connected to an electrical stimulation device (Fig 3A). Fig

3B shows the electronic circuit of this system. To stimulate the cardiac construct, a PSW 80–

13.5 was used as the electric power supply (Good Will Instrument Co., Ltd, New Taipei City,

Taiwan) in conjunction with the computer program Arduino Uno. A diagram of the electrical

set up is shown in Fig 3C. Constructs were stimulated with bipolar electrical pulses of 20 V

and 2 Hz that lasted for 10 ms and were repeated every 490 ms. After stimulation, the data

were analyzed using an analysis software developed in-house.

3. Results

3.1. Characterization of cardiac spheroids containing iCells, endothelial

cells, and fibroblasts

Cells were seeded on ultra-low attachment plates and cardiac spheroid formation was

observed at days 1, 2, 5, and 7 (Fig 4). After 3 days of culture, the various mixtures of cells

began to aggregate to form cardiac spheroids that had stable roundness in 5 days. Notably,

suspensions containing 100% iCells only formed spheroids after 7 days of culture. In addi-

tion, the size and roundness of the mixed cell spheroids with all three cell types showed

greater uniformity at day 7, approximately 600 μm and 80%, compared to spheroids com-

posed only of iCells (Fig 5). These data indicate that the addition of fibroblasts and endothe-

lial cells promotes rapid cell self-organization and enhances cardiac spheroid stability with

regards to shape and size.

Fig 2. Motion analysis of the contractile area in cardiac spheroids and constructs. The magnitude of each

contraction in the cardiac spheroids and constructs was recorded and individual frames were isolated (A). The

spheroid’s and construct’s area were then measured in each frame using our in-house software (B). The fractional area

changes in the spheroids and constructs were calculated and graphed (C).

https://doi.org/10.1371/journal.pone.0209162.g002
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3.2. Contractile activity of cardiac spheroids

After 10 days of culture, cardiac spheroids were recorded individually and analyzed with soft-

ware developed in-house. Spheroids were prepared using varying percentages of iCells (100%,

70%, 60%, and 50%). Contraction and beat rate were examined. Interestingly, the number of

cardiomyocytes in the spheroids appeared to be correlated with a wider beat amplitude (Fig 6).

3.3. Histological analysis of cardiac spheroids

Spheroid formation and cell spatial distribution within the spheroids analyzed histologically

using hematoxylin and eosin staining (Fig 7). All cardiac spheroids were maintained at high

cell densities. Notably, although troponin T expression in the spheroids fabricated from the

80:10:10 mixture of iCells/HUVECs/NHDFs was observed at the outer rim (Fig 7B), spheroids

formed from the 50:25:25 mixture had more generalized and homogenous expression pattern

(Fig 7E). The latter also created the endothelial cells aggregation visualized by the CD31

expression not observed for the others cell ratios (Fig 7B and 7D). Also, TUNEL stain-positive

cells were uncommon in the spheroids formed from the 50:25:25 mixture (Fig 7E).

3.4. Fabrication of cardiac constructs using a Bio-3D printer

Cardiac spheroids fabricated with the 50:25:25 mixture of iCells, HUVECs, and NHDFs were

isolated after 7 days of culture and used to fabricate cardiac constructs via the Bio-3D printer

Fig 3. Electrical stimulation system. Basic diagrams of the electrical stimulation system (A) and the electric circuit

(B). The electrical stimulator generates pulses which are then transmitted to the medium in the dish. To image the

constructs, the samples were placed between the Pt electrodes and the entire system was set on a microscope (C).

https://doi.org/10.1371/journal.pone.0209162.g003

Fabrication of scaffold-free tubular cardiac constructs using a Bio-3D printer

PLOS ONE | https://doi.org/10.1371/journal.pone.0209162 December 17, 2018 6 / 17

https://doi.org/10.1371/journal.pone.0209162.g003
https://doi.org/10.1371/journal.pone.0209162


Fig 4. Time-lapse imaging of cardiac spheroid formation. Cardiac spheroids containing different percentages of iCells,

HUVECs, and NHDFs were prepared and their formation process was imaged and recorded on days 1, 3, 5, and 7.

https://doi.org/10.1371/journal.pone.0209162.g004

Fig 5. Spheroid size and roundness change over time. Changes in size (A) and roundness (B) were measured in the cardiac

spheroids composed of the specified cell mixtures for 9 days. The size of all cardiac spheroids was measured at day 7, before being

used to fabricate the cardiac constructs (C).

https://doi.org/10.1371/journal.pone.0209162.g005
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(Fig 8A and 8B). The cardiac constructs were cultured on the needle arrays for an additional 7

days (Fig 8C and 8D). After 1 day, spheroid fusion and contraction were observed under the

microscope while still on the needle array (S1 Movie). After removal from the needle array

on day 7 post-printing, the constructs were cultured on plastic catheters for another 7 days

(Fig 9A). We then monitored the constructs daily and confirmed that their area gradually

decreased over time until it reached approximately 70% compared to their size immediately

after removal from the needle array (Fig 9E). Notably, the area of the constructs reached 60%

of their original size at day 6 (Fig 9C and 9E).

3.5. Electrical stimulation

To modulate the electrical qualities of cardiac tissues in the fabricated constructs, electrical

stimulation was applied to induce beating and contraction. Prior to stimulation, 7 beats per 10

seconds were recorded (Fig 10C). During electrical stimulation, the beat rate increased to 20

beats per 10 second. This is highlighted in S2 Movie. Upon cessation of stimulation, the beat

rate in the cardiac constructs temporarily decreased to 2 beats per 10 seconds before returning

to its original rate.

3.6. Histological examination of cardiac spheroids and constructs

Cardiac spheroids and constructs were fixed 21 days after spheroid formation, embedded in

paraffin, sectioned, and stained for immunohistochemical analysis. Hematoxylin and eosin

staining highlighted differences in the overall structure of the spheroids and constructs as well

as in the distribution of nuclei (Fig 11). The inner region of the cardiac construct was observed

to have low cell density compared with the outer region, and spheroid fusion was observed.

Troponin T expression, a marker of iCells, was observed at the outer surface of the constructs,

whereas CD31 expression, an endothelial marker, was mainly present in the inner region.

Fig 6. Motion analysis of the contractile cardiac spheroids. The contraction in five types of spheroids were recorded (A), and the

beat rate (B) and contraction (C) were analyzed.

https://doi.org/10.1371/journal.pone.0209162.g006
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CD31 expression also indicates microvascular-like formation in the construct. In contrast,

CD90 expression, a fibroblast marker, was found to be ubiquitous. A small number of positive

nuclei indicating apoptotic cells were detected in the inner region of the cardiac construct.

4. Discussion

Recent advances in tissue engineering have greatly enhanced transplantation methods used for

various organ systems, including the heart. Scaffold-free constructs are the preferred type as

they eliminate issues with scaffold-related immunogenicity. Our group recently developed a

Bio-3D printer that can be used to fabricate various tissue types, such as liver tissue and blood

vessels [27,28]. In the present study, we established a method to manufacture scaffold-free

tubular cardiac constructs to be used as functional cardiac pumps in clinical applications.

First, it was necessary to optimize the conditions for cardiac spheroid assembly. To this

end, we analyzed various parameters, including spheroid size, roundness, culture time, total

cell numbers, and cells composition/ratio to obtain the most optimal spheroids for the con-

struct’s printing. Beauchamp et al [29] previously reported iCells have the potential to form

beating 3D cell aggregates. Further, Stevens et al [30] and the others [21,27] demonstrated that

aggregated cardiac patches composed of human embryonic stem cell (ESC)-derived cardio-

myocytes, endothelial cells, and fibroblasts developed vascular structures which are crucial for

in vivo successful transplantation. Our previous study also showed that the addition of fibro-

blasts promotes rapid cell self-organization into spheroids and spheroids fusion with each

Fig 7. Histological and immunohistochemical analysis of five types of cardiac spheroids. Cardiac spheroids

containing different percentages of iCells, HUVECs, and NHDFs were fixed and stained after 7 days. Troponin T is a

marker for iCells, while CD31 and CD90 are markers for HUVECs and NHDFs, respectively.

https://doi.org/10.1371/journal.pone.0209162.g007
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other on the needle array [21, 27]. Thus, we used a combination of iCells, endothelial cells,

and fibroblasts to form desired cardiac spheroids. 50:25:25 mixture composition of iCells/

HUVECs/NHDFs displayed the most optimal results for spheroid’ viability, cardiac functions,

kinetic of spheroid formation as well as the endothelial cell aggregation compared to the other

cell mixtures. Although the number of cardiomyocytes in cardiac spheroids was directly pro-

portional to their beat rate which means that 100:0:0 mixture composition of cells showed the

most synchronous contraction, spheroids formation and following construct maturation were

not possible. Also, because Ong et al have demonstrated that the cell viability in printed car-

diac patches was higher than 90% by TUNEL staining and optical electrical mapping [22], we

confirmed the cell viability by the same assay in our cardiac spheroids. Although dead cells in

spheroids fabricated from 80:10:10 and 70:20:10 mixture of iCells/HUVECs/NHDFs were

observed at the inner parts, in 60:20:20 and 50:25:25 mixture conditions were difficult to

detect. Because of the highest viability and potential for functionality and stabilized integrity to

mature on the needle array, spheroids from 50:25:25 mixture of iCells/HUVECs/NHDFs were

used for further construct fabrication.

To fabricate the cardiac constructs, we used a Bio-3D printer. In this system, the shape of

the construct can be controlled while it is loaded and cultured on the needle array. However

constructs started to shrink after removed from needle array and cultured on plastic catheter,

and its thickness increased. One important characteristic of the constructs is that they must

maintain their shape until clinical application. This is difficult not only in our system but also

in other systems using hydrogel structure, unless anchors are used [31, 32]. In our system, the

culture method after removal from the needle array may need to be improved. The observed

increase in construct thickness may cause changes in the oxygen and nutrient supply following

cells necrosis [33]. Secondly, although the presence of fibroblasts in spheroids promotes spher-

oids fusion on the needle array by production of collagen inside constructs. On the other

Fig 8. Culture of tubular cardiac constructs on a needle array. Representative images of the fabricated tubular

cardiac constructs just after printing (A, B) and after being cultured on the needle array for 7 days (C, D).

https://doi.org/10.1371/journal.pone.0209162.g008
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hand, it seems possible that the proliferating fibroblasts inside spheroid and tubular construct

during culture in vitro may cause fibrosis. In future work, there may be necessary to regulate

and control fibroblasts proliferation in tubular cardiac constructs. Although these methods

may be enhanced further in future studies, our constructs are still superior to the majority of

other scaffold-free 3D cardiac fabrications.

Fig 9. Culture and maturation of tubular cardiac constructs on the plastic catheters. Representative images of the

tubular constructs immediately (A), 1 day (B), and 6 days (C) after removal from the needle array as well as after

removal from the plastic catheters (D). The areas of the tubular construct were examined (E).

https://doi.org/10.1371/journal.pone.0209162.g009
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Histological analysis of the cardiac spheroids in the tubular constructs after 21 days of cul-

ture was also performed to better understand how the composition of the constructs could

affect the function. Rearrangement of the cardiomyocytes in the constructs was observed dur-

ing cultivation. Troponin T, a marker of iCells, is located at the outer surface of the cardiac

constructs, whereas in the 7-day-old spheroids its distribution was found to be ubiquitous.

Uchida et al reported that the villin protein in human gut organoids from pluripotent stem

cells located to the apical surface of epithelium in vitro [34]. Although organs receive nutrition

and oxygen from blood vessels in vivo, fabricated 3D organoids and constructs contact with

nutrition and oxygen from their surface. We assume that cardiomyocytes located in the outer

surface of the construct because of their great need for a lot of nutrition and oxygen.

Indeed, CD31 expression, which identifies HUVECs, was localized in the inner region of

the tubular cardiac constructs. Microvascular-like formation was observed at various regions,

supporting our earlier observations. Cellular reorganization in the tubular construct is similar

to the phenomenon was observed for endothelial cells, fibroblasts, and smooth muscle cells in

constructs implanted in nude rats [27]. This reorganization is not likely to negatively alter con-

struct function and may even be necessary for complete acceptance of the engineered tissue

into the host.

To test the ability of our tubular cardiac constructs to participate in active contraction, elec-

trical stimulation was applied. During resting conditions, the beat rate in the human heart

ranges from 60 to 70 beats per minute [35]. The beat rate in our constructs was slower, with

only 7 beats per 10 seconds (calculated to be approximately 42 beats per minute). However,

when electrical stimulation was temporary applied to the tubular cardiac constructs, the beat

rate increased to 20 beats per 10 seconds (extrapolated to 120 beats per minute). These results

are supported by a previous study showing that the beat rate in scaffold-based cardiac con-

structs was also increased after application of electrical stimulation for 2 weeks [36]. Thus, our

Fig 10. Analysis of the changes in beat rate in response to electrical stimulation of the tubular cardiac constructs.

The tubular cardiac constructs were removed from the needle array (A) and cultured for 7 days (B). Electrical

stimulation was then applied and its effects were measured and analyzed (C).

https://doi.org/10.1371/journal.pone.0209162.g010
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cardiac constructs appear to have the potential to control the beat rate and tissue contraction

in clinical applications.

It is important to note that we are not the first to develop functional 3D cardiac constructs

for clinical application. Ong et al [22] also used a Bio-3D printer to fabricate scaffold-free car-

diac patches that were subsequently implanted onto the hearts of nude rats. Their results indi-

cate that patch implantation promoted vascularization and engraftment in vivo. The ultimate

goal of these cardiac patches is to improve heart function and regeneration of myocardial tis-

sues after injury. However, these cardiac patches have several notable limitations, such as slow

conduction velocity and weak mechanical properties which are largely related to the short-

term culture followed after printing. To overcome these issues in the present study, the tubular

cardiac constructs were cultured onto tubular needle arrays in a bioreactor for 7 days as well as

an addition 7 days after removal from the needle array. This culture protocol seems to promote

the production of extracellular matrix and fusion of spheroids. Our constructs may have a

potential to increase the strength by using bioreactor. To maintain cardiac function and cell

viability inside thick cardiac construct is very important. Although dead cells in spheroids

Fig 11. Immunohistochemical analysis of the cardiac constructs. Representative images of spheroids and tubular

constructs fabricated with iCells, HUVECs, and NHDFs for 21 days are shown. These samples were observed at low

(4×) and high (20×) magnification. iCells were identified with troponin T staining, while HUVECs and NHDFs were

stained with CD31 and CD90, respectively.

https://doi.org/10.1371/journal.pone.0209162.g011
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fabricated from 50:25:25 mixture of iCells/HUVECs/NHDFs after 7 days were almost not

observed, those in inner parts of cardiac tubular constructs after 21 days of culture were con-

firmed. However, positive signal of TUNEL staining in cardiac construct was weaker, com-

pared to that in cardiac spheroids. This data indicates that the organization of spheroids using

Bio-3D printer can improve viability of the cells inside spheroids. And we reported that liver-

like constructs predesigned and printed with microchannel structure to enhance medium per-

fusion during maturation process were improved in the cell viability and the albumin produc-

tion by supplying medium into the construct [28]. This result indicated that the supply of

nutrients and oxygen were important for the fabrication of 3D tissue. In our future work, our

cardiac construct predesigned and printed with microchannels are expected to improve cell

viability inside thick cardiac constructs.

Our constructs also appear to be superior to cell sheets. Sekine et al [19] reported the fabri-

cation method and transplantation of pulsatile myocardial tubes fabricated using cell sheets.

These prepared cardiac sheets were wrapped around rat thoracic aorta tissue in vitro and

implanted into the rat abdominal aorta. Although their implanted cardiac tubes were able to

produce independent cardiac pressure, apart from host heart beats, their use requires donor

thoracic aorta tissue. Therefore, Seta et al reported that the cardiac tubular tissues might be

exposed to the ischemic condition for a while after transplantation, because the microvascular

formation was not sufficient in the cardiac tubular tissues. Our fabricated constructs can be

implanted directly into the abdominal aorta, reducing the dependence on donor tissues.

The potential uses of our scaffold-free cardiac tubular constructs are numerous and include

both clinical (e.g., transplantation) and in vitro (e.g., drug testing) applications. In fact, several

research groups have used cardiac constructs and monolayer cardiac cultures in vitro to inves-

tigate drug responsiveness [29,37]. Beauchamp et al [29], for example, evaluated cardiotoxicity

by testing various drugs on iCell spheroids in vitro, using the observed contractile changes of

the spheroids to effectively represent cardiomyocyte toxicity. The tubular cardiac constructs

fabricated in the present study using iCell spheroids could similarly be used to evaluate drug-

induced contractile changes and cytotoxicity. Although additional research is required to

establish their full potential, our tubular cardiac constructs could be used in several ways to

enhance our understanding of cardiac function and transplantation.

In conclusion, we fabricated scaffold-free cardiac tubular constructs using a Bio-3D printer

that, in our preliminary study, appear to be fully functional without the addition of donor tis-

sue. Notably, contraction, spheroid fusion, and cellular reorganization were observed, all of

which occur in a manner that is similar to donor tissues. Future studies using these constructs

will focus on in vitro (such as calcium transport and drug response) and in vivo (such as con-

tractile force and biocompatibility) functions and applications. To our knowledge, this is the

first time that cardiac tubular constructs have been produced using this Bio-3D printing tech-

nique and subsequently tested for their use as cardiac pumps. This study addresses major

issues in organ transplantation which involve the limited supply of donor tissues as well as

immune-induced transplant rejection. These are overcome by eliminating the need for donor

tissue and limiting the amount of foreign material in the construct (i.e., scaffold, bio-paper,

etc.) that could cause an immune response in the host. We provide a novel optimized protocol

for cardiac construct fabrication that can be used to prepare tissues for both drug testing and

clinical applications.

Supporting information

S1 Movie. Tubular cardiac constructs after removal from the needle array. This movie

shows the contraction of tubular cardiac constructs before and just after removal from the
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needle array.

(MP4)

S2 Movie. Electrical stimulation of tubular cardiac constructs. This movie shows the effects

of electrical stimulation (2 Hz) in the fabricated tubular cardiac constructs.

(MP4)
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