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ABSTRACT 

COMPARISON OF 3D BIO-PRINTED IPSC-CMS DERIVED FROM HEALTHY 

DONORS AND PATIENTS WITH HLHS 

Wei He 

Marquette University, 2022 

Hypoplastic left heart syndrome (HLHS) is an extremely severe form of 

congenital heart disease, but current treatments are not adequate. In order to find more 

effective treatments, we need to reproduce in vitro the physiological characteristics of 

cardiomyocytes associated with HLHS. Such a tissue model could be of great help to 

current medical research, and 3D printing technology is an effective tool for this 

purpose. We print layer-by-layer cardiomyocytes from both healthy and HLHS patients 

with laminin-based bioink to form a three-dimensional model. With our 3D cell culture 

technology, this model can simulate the growth conditions of cardiomyocytes in vivo. 

Measurements of the 3D printed samples at different time points showed that our model 

was able to fully demonstrate the differences between healthy and HLHS patients' 

cardiomyocytes. This result is the basis for more studies in the future, and we hope to 

build on this foundation with more diverse tests, such as drug tests, which will provide 

important help in the treatment of HLHS. 

 

 



i 

 

ACKNOWLEDGMENTS 

Wei He 

I would like to thank my mentors, family, colleagues, friends, and all those who 

have helped me. I would like to thank Jayne for teaching me how to culture and observe 

the cells. Thank you to Bonnie for teaching me to use the 3D printer. Thank you to 

Huan-Ling for helping me to collect PCR data. Thank you to Hilda for helping during 

the printing process. Thank you to Akankshya for agreeing and teaching me to use the 

program she wrote to analyze the videos. Thank you to Dr. Mike Mitchell, Dr. Aoy 

Tomita-Mitchell and Dr. Tefft for being my committee members and giving help and 

advice on the revision of the paper. Thanks also to the CTSI Traditional Pilot Award for 

funding. Studying alone in a foreign country is not an easy task, but all the people I met 

were so welcoming and I was more motivated by everyone's help and encouragement. 

Thank you to everyone I met and to Marquette University. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .............................................................................................. i 

LIST OF FIGURES ...................................................................................................... iv 

CHARTPER 

1.  INTRODUCTION ................................................................................................ 1 

2. MATERIALS AND METHODS ............................................................................ 5 

2.1 Bioprinter and bioink ............................................................................................ 5 

2.2 Preparation of the mixture of cells ....................................................................... 6 

2.3 3D bioprinting ...................................................................................................... 7 

2.4 Crosslinking after 3D printing ............................................................................ 10 

2.5 3D cell culture .................................................................................................... 12 

2.6 Observation and recording ................................................................................. 14 

2.7 Immunofluorescence .......................................................................................... 17 

2.8 RT-qPCR ............................................................................................................. 27 

3. RESULTS ............................................................................................................. 29 

3.1 Culture outcomes ................................................................................................ 29 

3.2 Video analysis results ......................................................................................... 31 

3.3 Sarcomere length ................................................................................................ 33 

3.4 Organization index ............................................................................................. 35 



iii 

 

3.5 Wild type grows faster than mixed type ............................................................. 37 

4. DISCUSSION ....................................................................................................... 49 

5. CONCLUSION .................................................................................................... 56 

BIBLIOGRAPHY ........................................................................................................ 57 

APPENDIX .................................................................................................................. 62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

LIST OF FIGURES 

Figure 1 3D bioprinter …………………………………………………………….….5 

Figure 2 Constructs after printing …………………………………………………....8 

Figure 3 Small and irregular construct …………………………………………….….9 

Figure 4 A notched construct ……………………………………………………….10 

Figure 5 A poorly crosslinked construct …………………………………………….12 

Figure 6 A contaminated plate ……………………………………………………….13 

Figure 7 Analysis of displacement using the MATLAB program …………………...16 

Figure 8 A sample after immunofluorescence staining ……………………………...19 

Figure 9 Measuring pixel length with ImageJ ………………………………………20 

Figure 10 Calculate the sarcomere length using ZEN software……………………...22 

Figure 11 Calculation of sarcomere organization index …………………………….25 

Figure 12 A Day 20 wild sample showed whole construct contraction …………….30 

Figure 13 A Day 20 mixed sample showed partial contraction …………………….30 

Figure 14 Comparison of the maximal averaged displacement of the two groups of 

samples at different time points …………………………………………………….32 

 

Figure 15 Comparison of the maximal averaged velocity of the two groups of samples 

at different time points ………………………………………………………………33 

 

Figure 16 Comparison of sarcomeres observed under confocal microscope for both 

groups of samples on Day 20 ……………………………………………………….34 

 

Figure 17 Comparison of the sarcomere lengths of the two groups of samples at 

different time points …………………………………………………………………35 

 

Figure 18 Comparison of the organization index of the two groups of samples at 

different time points ………………………………………………………………....36 



v 

 

Figure 19 Comparison of ACTA1 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...38 

 

Figure 20 Comparison of MYL2 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...39 

 

Figure 21 Comparison of SLN expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...40 

 

Figure 22 Comparison of BIN1 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...41 

 

Figure 23 Comparison of JPH2 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...42 

 

Figure 24 Comparison of KCNJ4 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...44 

 

Figure 25 Comparison of MYH6 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...45 

 

Figure 26 Comparison of MYH7 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………...46 

 

Figure 27 Comparison of MYL7 expression in 2D and 3D samples at different time 

points ………………………………………………………………………………..47 

Figure 28 Contraction of wild construct taken with a cell phone ……………….…..51



1 

 

1. Introduction 

Hypoplastic left heart syndrome (HLHS) is a complex congenital heart disease 

(CHD) that often results in severe underdevelopment of the left side of the heart. It 

can affect the left ventricle, aorta, aortic valve, or mitral valve. This disease accounts 

for most of the CHD mortality (Barron et al., 2009).  

The most common treatment for hypoplastic left heart syndrome is "staged 

reconstruction" in which a series of procedures (usually three) is performed to 

reconfigure the child's cardiovascular system. The first stage is the Norwood 

procedure performed at birth; the second stage, the bi-directional Glenn procedure, is 

performed when the patient is 6 to 8 months old. The last stage, the Fontan procedure, 

is usually performed when the patient is 18 months to 4 years old (Best et al., 2021). 

This series is accompanied by a high level of risk, with the highest mortality rate 

being the initial procedure, with as many as three out of ten patients dying in some 

reported cases (Tabbutt et al., 2005). Patients who survive a complete reconstruction 

may also suffer from complications such as renal dysfunction, liver abnormalities, and 

abnormal heart rates (Feinstein et al., 2012). 

Another major treatment is cardiac transplantation. However, this approach is 

less popular because of the scarcity of donor organs in newborns and because it has a 

higher mortality rate than staged reconstruction. 
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An in vitro disease model is important for the discovery and development of 

therapeutics, 3D bioprinting technology offers a way to build complex living tissues 

and organs. 3D printing is an important and emerging innovative technology that is 

widely used in industry, manufacturing, medicine and other fields. While traditional 

2D printing is only on a flat surface, 3D printing not only gives shape to the material 

being printed but also allows precise control of the internal structure of the printed 

object. Bioink mixed with cells can be printed layer by layer, the same way cells are 

layered within tissues and organs in the human body. Many studies have begun to use 

this technique to construct pathological models of CHD, such as the bioengineered 

functional heart tissue with similar properties to natural heart tissue constructed by 

Zhan et al. using primary cardiomyocytes isolated from young rat hearts by 3D 

printing (Wang et al., 2018a). 

Compared to their study, we use human induced pluripotent stem cells derived 

cardiomyocytes (iPSC-CMs) instead of animal cells, which makes our study more 

groundbreaking and innovative. iPSCs are human somatic cells that have pluripotency 

by reprogramming the ectopic expression of transcription factors (Park et al., 2008). 

iPSCs can differentiate into different cell types such as cardiomyocytes. iPSC-CMs 

can theoretically differentiate into the cells we need indefinitely, since the origin of 

these cells is often the skin or a small fraction of the blood and iPSC-CMs can show 

structural and regulatory elements present in a human CM, and basic functional 

properties of the human heart (Karakikes et al., 2015), and the genome they carry. 

Thus iPSC-CMs have now become an important basis for cardiovascular research. 
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It has been shown that cardiomyocytes differentiated from iPSC of HLHS 

patients can exhibit developmental and functional defects in vitro in culture, and that 

the gene expression causing these defects can persist in these cardiomyocytes. This 

supports our choice of iPSC-CM to mimic the developmental process of the hearts of 

HLHS patients (Jiang et al., 2014). 

Cardiomyocytes grow in the human body in an environment that is not 

dimensionally limited, specifically, cardiomyocytes can interact with their 

surroundings and other cells during their development in the human body. Traditional 

2D plate culture is the dominant way to culture cells in vitro, but 2D plate culture 

leads to two-dimensional monolayers of cells, loss of cellular interactions, and shape 

changes that affect gene and protein expression, and therefore, cells function 

differently. And we introduce 3D cell culture technology to provide a suitable 

microenvironment for the development of printed heart tissue. 3D cell culture systems 

can mimic the in vivo environment and show the cell development process 

(Edmondson et al., 2014a). In 3D cell culture, cells are closer to living tissues in terms 

of biological structure and bio-functional properties than in traditional 2D flat cell 

culture (Duval et al., 2017a). 

In this study, we aim to construct a model that can restore cardiomyocytes in 

the human developmental environment and using this model we will perform a series 

of tests to compare the differences between bio-printed iPSC-CMs from healthy 

donors and HLHS patients. Thus, to further understand the etiology of HLHS patients 
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and the process of defective cardiomyocyte development, we hope to find inspiration 

in this study that will help treat or alleviate this disease.   



5 

 

2. Materials and methods 

2.1 Bioprinter and bioink 

The 3D printer (Fig.1) we use is an extrusion type commercial printer (Cellink 

Inkredible+). This is a common and affordable printer that has the advantage of being 

able to print very high-density constructs (Murphy & Atala, 2014). Extrusion printers 

have high compatibility in the use of bioinks, including hydrogels, microcarriers, etc. 

(Ozbolat & Hospodiuk, 2016). The disadvantages are the low precision and the 

shearing force during the printing process can break the bioink connection, but this 

can be restored by crosslinking the constructs after printing (GhavamiNejad et al., 

2020). 

 

 

 

Fig.1 The bioprinter used in the experiment consists of a printer body (Left) 

and an air pump (Right). 
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2.2 Preparation of the mixture of cells 

There were two sets of samples in our study, one set of tissues printed from 

iPSC-CMs of healthy donors called wild type, and the other set of the mixed type 

made from iPSC-CMs of healthy donors and iPSC-CMs of patients with HLHS in a 

1:1 ratio. iPSC-CMs that had been differentiated for 15 days were washed with PBS. 

Cells were pre-digested with 0.25% trypsin and incubated at 37°C for 10 minutes. 

Cells were then collected and mixed after adding double the amount of RPMI/20% 

FBS solution. The mixture was centrifuged at 1000 rpm for 5 min, the supernatant 

was aspirated, and the cell pellet was resuspended in 0.2 ml of culture medium. 1μl of 

5 μM Rock inhibitor was added to the cells and then the cells were mixed with bioink. 

After centrifugation for 5 min, the mixture of cells and bioink was placed in warm 

beads at 37°C and awaited printing.   

The number of cells per print was about 1.61×108 and the solution volume of 

bioink and cells was about 1.5 ml (0.3 ml for cells and 1.2 ml for ink). Cell density is 

also one of the key factors in determining the success of printing. Too large a density 

will result in poor ink flow and printed constructs with missing shapes; too small a 

density will result in printed constructs with little cell content, making it difficult for 

the constructs to contract as a whole in subsequent cultures. After a number of 

experiments, we found that the density we were currently using was more suitable, 

and the printed constructs could maintain their shapes while there were a large 

number of cells in the constructs, and the constructs appeared to be beating as a whole 

within a week after printing. 



7 

 

 

2.3 3D bioprinting 

The bioprinter was turned on and the printhead was preheated to 25°C. After 

first zeroing the printhead pressure, the holder was calibrated — the calibration 

syringe was placed into the holder and the axes were initialized, after which the 

holder could be set to the height we designed. To ensure that the ink was still warm, 

the above preparations should be done before the ink was ready. 

Place the ink-filled syringe in the holder for 10 minutes to allow the 37°C to 

drop to 25°C because the printhead would only start working once it had reached the 

temperature we had set. Adjust the pressure on the printhead until the ink flowed 

smoothly, then select the code we programmed earlier and the bioprinter would start 

the printing job. The ink was extruded from the printhead and a 3-layer cube was 

printed on the culture plate with a volume of 4 mm × 4 mm × 0.6 mm (Fig.2). The 

code was set to print 4 plates at a time with a 15-second interval between plates and 

UV light would crosslink the printed construct during the interval. When printing was 

complete, the plates were sent to the cell culture hood for the next step. 

During the printing process we encountered a variety of problems including 

the adjustment of air pump pressure, air bubbles created when the ink mixed with the 

cells, printing for too long resulting in lower ink temperature, etc. These problems 

caused our printed constructs to be too small (Fig.3) or to have a missing shape 

(Fig.4). We concluded the solution after several attempts, first we determined the 

approximate pressure range of 18-30 kPa and then adjusted the pressure in real time 
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during the printing process according to the ink flow rate and the shape of the printed 

constructs. Air bubbles in the ink had been our most troubling problem, cells and ink 

mixing in order to ensure uniform distribution within the solution needed to be 

repeatedly squeezed back and forth in two syringes, this situation was difficult to 

avoid the generation of air bubbles, we could only use centrifugation to reduce the 

impact of air bubbles. Although the printhead of the bioprinter could set the 

temperature, but the ink was not heated when passing through the needle, our printing 

was carried out in a room temperature environment, so in the case of low room 

temperature and long period of printing would occur in the ink cooling resulting in the 

needle was blocked. Our solution was to replace the needle after a round or two of 

printing to ensure that the ink could flow smoothly. 
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Fig.2 The constructs after one round of four prints, each construct is basically 

a cube. 

 

 

 
Fig.3 The red circle shows an irregularly shaped and apparently small 

construct. 
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Fig.4 A near-rectangular but slightly notched construct is shown in the red 

circle. 

 

 

2.4 Crosslinking after 3D printing 

Crosslinking plays an important role in 3D cell culture. During the 

crosslinking process, the cells in the printed constructs are more tightly connected and 

the density is enhanced therefore providing greater stability (Reddy et al., 2015). In 

our experience, if a construct is not fully crosslinked, it adheres to the bottom of the 

plate. The shape of some structures is disrupted and the cells are scattered (Fig.5). In 
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this case, the construct can hardly be considered "three-dimensional”, and the tissue 

can hardly contract even after a long period of culture. The advantages of UV light as 

a commonly used means of crosslinking are ease of handling and lower cost. 

However, if the printed construct is exposed to UV light for a long time it can cause 

damage to the DNA of the cardiomyocytes (Derakhshanfar et al., 2018). To reduce 

damage to the cells we controlled the duration of UV (405 nm) irradiation to 15 

seconds, and to ensure complete crosslinking of the printed constructs, we added 

another crosslinking agent (CaCl2 solution) on top of the UV crosslinking. Studies 

have shown that bioink containing calcium ions improve biological viability (Gao et 

al., 2017). 
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Fig.5 The figure shows a poorly crosslinked construct with cells scattered and 

adhering to the bottom of the plate. 

 

 

2.5 3D cell culture 

After soaking with CaCl2 solution, the constructs were washed with PBS, and 

then the medium were added to the plates. We used RPMI medium with B-27 

supplementation, 20% fetal bovine serum and 1× antibiotic-antimycotic. RPMI 

medium supports the differentiation of iPSC into cardiomyocytes, although other 

media such as DMEM and MEM can also promote the differentiation of 
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cardiomyocytes, but RPMI is more effective than these media (Lian et al., 2015). All 

plates were placed in a 37°C incubator and the medium were changed every three 

days for each plate. Despite the addition of antibiotic-antimycotic to our culture 

media, contamination (Fig.6) is difficult to avoid during longer culture periods, as we 

need to remove samples from the incubator daily for observation. Even though we 

have tried to avoid contamination, there are still many contaminations that make our 

samples are impossible to use for measurement. 
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Fig.6 The figure shows a contaminated plate. It is difficult to save cells from 

contamination, and once contamination is present in a plate it is impossible to be used 

for subsequent measurements. Moreover, one plate can contaminate other plates 

nearby overnight and we have to clean the whole incubator, which affects the progress 

of the whole experiment. 

 

 

2.6 Observation and recording 

Each sample was observed and recorded under the microscope daily. The 

microscope eyepiece was 10× and photographs and videos were taken under 

objectives 4×, 10×, and 20× (only the 100× videos were used to analyze). The video 

format was 2880×2600 with 5 frames per second. The photo format was 2880×2200, 

and a scale bar was set up in the photos. Photographs and videos taken on the same 

day belonging to the same sample were used to calculate the contraction velocity and 

displacement of the bio-printed tissue at the point in time we had set (every 5 days). 

Photographs with scale bar were imported into ImageJ to calculate the pixel length 

scale, which was used to calculate the pixel displacement distance in the video 

analysis program. 

We used a MATLAB program (Shradhanjali et al., 2019) for video analysis to 

measure the displacement of tissue due to contraction in the video. The program 

would automatically calculate the displacement of the pixels in each frame and obtain 

the maximal averaged displacement based on the average of the displacements of all 

pixels. Also since the video is 5 frames per second and the timestep of a frame is 0.2 

seconds, dividing the maximal averaged displacement by 0.2 will give the maximal 

averaged contraction velocity. 
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The program utilizes the Adaptive Reference-Digital image correlation (AR-

DIC) method to continuously adjust the adaptive reference frame so that the 

displacement occurring during the spontaneous contraction of the cardiomyocyte is 

correctly quantified. Shown in Fig.7 (a) is a frame from a video (video taken under a 

microscope at 100× magnification) of the contraction of the 3D printed construct, and 

in Fig.7 (b) is a pixel map of the contracted construct captured by the program using 

AR-DIC. The program compared all the displacements of each pixel point from the 

initial position to the one produced by the construct contraction, then selected the 

maximal displacement of each pixel point from all the displacements and divided the 

maximal displacement of all the pixel points by the number of all the pixel points 

after accumulating them to obtain the maximal averaged displacement. 
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Fig.7 The maximal averaged displacement resulting from the contraction of 

the construct was analyzed using the MATLAB program. (a) A frame from a video of 

the contraction of the wild type after 20 days of culture (video taken under a 

microscope at 100× magnification); (b) pixel map of the contracted construct captured 

using the AR-DIC method of the program. 
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2.7 Immunofluorescence 

The sample collection time points established for our study were days 5, 10, 

20, and 30 (after printing), and when this time point was reached, samples with less 

contraction among wild type and mixed type were selected for the collection. We did 

this because in our experience samples that contract less or even stop contracting had 

often begun to apoptosis and would not return to viability even if the tissue continued 

to be cultured. To ensure that there were still samples that were still contracting at 

subsequent time points, we must prioritize the collection of less viable samples. 

The collected samples were fixed by aspirating the culture solution and rinsing 

three times with PBS solution, adding 4% PFA solution, and shaking at -4°C for 15 

minutes. The samples were then permeabilized by adding a mixture (primary antibody 

solution) of GATA4, α -actinin, and PBS (1:400 for GATA4 and 1:250 for α -actinin) 

and shaken overnight at 4°C. After removing the primary antibody solution and 

rinsing five times with PBS, the secondary antibody solution was added and shaken 

for one hour at room temperature, with the primary components of 2° GATA4 

(donkey anti-Rabbit Alexa Fluor 594), 2° α -actinin (goat anti-Mouse IgG1 Alexa 

Fluor 488), DAPI and PBS. The ratio of all three secondary antibodies was 1:750. 

After thoroughly washing off the secondary antibodies with PBS solution, the samples 

were mounted on coverslips with Prolong Gold Antifade Reagent (Molecular 

ProbesTM).  

Samples were photographed at 630× magnification (Fig.8) under a confocal 

microscope (Zeiss). The resolution of the photo with the scale bar is 673×673. Import 
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the image with the scale bar into ImageJ and measure the length of each pixel with the 

scale length. As shown in the figure below, drag and drop the image you want to 

measure into ImageJ, select 'Straight' in the toolbar, then enlarge the scale as shown in 

Fig.9 (b) and draw a horizontal line from the head to the end of the scale bar with the 

mouse pointer. Then go back to the toolbar and select 'Analyze' and select 'Set Scale' 

in the drop-down menu. At this point, ImageJ will pop up the same interface as Fig.9 

(c), 'Distance in pixels' indicates the length of the drawn line in pixels. In the 'Known 

distance' column, fill in the actual length of the scale bar, and then change the units in 

the 'Unit of length' column to the units of the scale bar. The 'Scale:' column below 

shows the conversion relationship between the pixel length and the actual length in 

this image. For example, Fig.9 (c) shows 16.2 pixels/μm, which means that one 

micron is equal to 16.2 pixels in this image. In other words, the actual length of one 

pixel is about 0.062 microns. 
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Fig.8 Pictures taken after immunization fluorescence under a confocal 

microscope at 630× magnification. Red, GATA4. Green, α-actinin. Blue, DAPI. 
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Fig.9 Measure the actual length of pixels in an image using ImageJ. (a) image 

after immunofluorescence of wild type after 10 days of culture (image taken under a 

confocal microscope at 630× magnification) with a scale bar length of 5 µm; (b) 

select 'Straight' in ImageJ and draw a horizontal line on the magnified scale bar; (c) 
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select 'Analyze' and 'Set Scale' in the toolbar and enter the actual length and unit of 

the scale bar, which is converted to obtain the length of individual pixel of the image. 

 

 

Import the image with scale bar into ZEN software (3.4, blue edition), frame 

the area of interest (perpendicular to the direction of the sarcomere alignment) and the 

software will export the densities between each sarcomere (in pixels). Multiply the 

pixel length by the ratio derived with ImageJ to get the sarcomere length. The lengths 

obtained for multiple photos belonging to the same sample were averaged for 

comparison in this study.  

As shown below (Fig.10), drag and drop the same image which derived actual 

pixel length using ImageJ into ZEN, select 'Profile' in the left toolbar, and then select 

the Rectangle tool in the bottom toolbar. Zoom in on the area you want to measure in 

the image bar, draw a rectangle in the area, and note that the center line of the 

rectangle needs to be perpendicular to the direction of the sarcomere alignment 

(Fig.10 (c)). The tool will automatically check the intensities of each sarcomere 

within the rectangle and display them in summary on the left side of the image (Fig.10 

(b)). Since we are using the trial version, we need to manually calculate the pixel 

distance between each peak of the left image and multiply it by the ratio derived with 

ImageJ to get the actual sarcomere length. 
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Fig.10 Calculate the sarcomere length using ZEN software. (a) The interface 

of ZEN software; (b) The image on the left side at the top of the interface, 
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summarizing the intensities of the sarcomeres within the rectangle tool, calculating 

the pixel distance between each peak and multiplying it by the actual pixel length 

derived previously to obtain the sarcomere length;(c) Zoom in on the area of interest 

with the center line of the rectangle tool perpendicular to the direction of the 

sarcomere alignment. 

 

 

The resolution of the images without scale is 2048×2048 and these photos 

were used to analyze the organization index. We chose to use the organization index 

to quantify the alignment of sarcomeres in the samples.  

This is done by importing the original color image into ImageJ, separating the 

colors (Fig.11 (a)), and converting the image with sarcomeres to binary (Fig.11 (b)). 

Select 'Grid' in the toolbar (Fig.11 (c), for our experiments we chose the default size 

(Fig.11 (f)). Using the grid as a unit, zoom in on the grid (Fig.11 (d)) you want to 

measure and use the 'Straight' tool to draw a straight line through the sarcomeres. 

Hold down the 'ctrl' and 'K' keys on the keyboard at the same time to get the 

distribution of the intensities of the sarcomeres in the grid (Fig.11 (e)) and import the 

data into the MATLAB program to get the sarcomere organization index in the grid. 

The global organization index can be calculated by importing the data of multiple 

grids into the program at the same time (Fig.11 (g)), and then the organization index 

of multiple images of the same sample can be averaged to obtain the organization 

index of the sample.  

The organization index of the image was obtained by measuring the intensities 

of the sarcomeres in each grid and then using MATLAB to perform FFT (Hinson et 

al., 2015) on the intensities. The organization index of multiple images belonging to 

the same sample was averaged, and then the organization index of all samples was 
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then listed together, and all values are normalized by the maximum value (Deacon et 

al., 2019). 
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Fig.11 Calculation of sarcomere organization index using ImageJ and 

MATLAB. (a) Color differentiate the colored images (similar to Fig.8) to keep only 

the parts containing sarcomeres; (b) Binary conversion of the resulting image; (c) Lay 

the grid on the converted image, we use the default size grid (f); (d) Using the 

'straight' tool to draw a straight line through the sarcomeres in the grid where the 

measurement is desired; (e) Hold 'ctrl' + 'K' to obtain the distribution of sarcomeres 

intensities within that grid; (g) Repeat steps (c), (d) and (e) to get the data of 

intensities distribution of all grids of the image and import into MATLAB to get the 

organization index of the image. 

 

 

2.8 RT-qPCR 

The sample collection time points were the same as the immunofluorescence. 

Two samples from each group were picked, the medium was washed off with PBS 

and stored at -80 degrees Celsius. We purified the samples with RNeasy Plus Micro 

Kit (Qiagen). 

We used 1.0 µg of total RNA for cDNA synthesis (Qiagen QuantiTect RT Kit). 

Thaw all reagents on ice and flick each tube to mix. Quickly centrifuge all reagents to 

bring the residue to the bottom of the tube. Prepare the gDNA elimination reaction on 

ice, then incubate at 42 degrees C for 2 minutes and immediately place on ice. Prepare 

the reverse transcription master mix for each tube on ice. Add the template RNA to 

each tube containing the RT master mix. Incubate at 42 degrees C for 30 minutes to 

increase cDNA yield and at 95 degrees C for 3 minutes to inactivate the enzyme. 

Place the RT reactions on ice and perform RT PCR directly or store the reactions at -

80 degrees.  

Set up the RT-PCR reaction master mix according to the following recipe: 

Taqman master mix, target 1 (GADPH) and target 2 (one of the genes we want to 
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detect), ROX (for Roche master mix only), and nuclease-free water. Add 1× Taqman 

master mix to a 384-well PCR plate, 4 ul per well, in triplicate for each assay. Add 1ul 

of diluted cDNA to each well containing Taqman master mix. Seal the plate with 

microseal film. Run QuanStudio real-time PCR using the comparative CT (Delta 

Delta CT) method: 50°C for 2 min, 95°C for 10 sec, then 95°C for 15 sec, and 60°C 

for 1 min for a total of 40 cycles. Analysis was performed using gene expression 

format.  
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3. Results 

3.1 Culture outcomes 

Most of our samples of wild type started contracting on Day 3-5 after printing 

while the mixed type trend started contracting later than the wild type, usually on Day 

5-7 after printing. There was also a contract area difference between the two groups, 

the samples in the wild type usually had a greater contract area (Fig.12) than those in 

the mixed type (Fig.13). Moreover, the samples in the wild type contracted as a whole 

while onlwy a partial area of the samples in the mixed type contracted.  

The comparison between the Fig.12 and Fig.13 images shows that the cells in 

the wild type were more tightly connected to each other, while in the mixed type of 

construct there is significantly smaller and less tissue formed by cell connections. 

There were many tiny black dots in the areas of the mixed type of samples that were 

not connected, and we suspected that these were apoptotic cells, but we did not 

measure the cell survival rate. We plan to include survival measurements in our next 

experiments. 
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Fig.12 The figure shows the construct from wild type under a 40× microscope, 

the photo was taken 20 days after printing, and the whole construct contracts 

monolithically along the arrow direction. 
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Fig.13 The image shows the culture of the mixed type at 20 days after 

printing. The circle shows the contracted part of the construct visible in this area after 

40× magnification. 

 

 

3.2 Video analysis results 

We chose the same parameters in our MATLAB program for all the videos we 

wanted to analyze. We chose the 100× videos to do the measurements because they 

have more detail than the 40× videos and a better field of view than the 200× videos. 

Not all videos were analyzed, and we selected the samples with the longest culture 

times, which had recordings of all time points. 

The program was designed to calculate the pixel intensity changes for each 

frame in the video. The intensity changes would be used to calculate the displacement 

of the tissue in the video. 

Our results are shown in Fig.14, where the maximal averaged displacement of 

mixed type did not show a linear increase with culture time, reaching a maximum on 

Day 10 then decreasing but increasing again on Day 25 (Fig.14(a)). In Fig.14(b), the 

maximal averaged displacement of the wild type showed a slow increase with culture 

time, with the maximum value occurring on Day 30, while at the first measurement 

time (Day 5) the wild type showed a displacement close to the maximum value in the 

mixed type. In the comparison between the two groups (Fig.14(c)), significant 

differences were observed on Day 5, 20 and 30, wild type exhibits greater contraction 

displacement. 
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Fig.14 Comparison of the maximal averaged displacement of the two groups 

of samples at different time points. (a) shows the mixed type, the displacement of this 

group of samples did not increase gradually with the culture time, and the maximal 

displacement appeared on Day 10. In (b), the displacement of the wild type reached 

the maximum value of the mixed type on Day 5, and it did not increase sharply in the 

next culture period but also increased slowly with time. (c) Comparison of the 

displacements of the two groups of samples at different time points, showing 

significant differences on Day 5, 20 and 30 (p<0.05). 

 

 

The measurements of the maximal averaged contraction velocity for both 

groups are shown in Fig.15. Since we kept the parameters the same when we shot the 

video therefore the timestep of each frame of the video is the same 0.2 seconds. And 

the way we calculate the contraction velocity was simply the displacement divided by 

the time, so our results about the maximal contraction velocity are proportional to the 

maximal displacement. Mixed type samples show a significant increase in contraction 

velocity at the beginning of the culture, but a decrease at Day 15 and 20 and another 

increase at Day 25. The wild type samples show a slow increase from the beginning to 

the end of the culture. There is a significant difference between the two groups of 

samples in the measurements on days 5, 20 and 30. Day 20 and 30 are both the time 

points when the samples of the mixed type show a decrease in contraction velocity. 
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Fig.15 Comparison of the maximal averaged velocity of the two groups of 

samples at different time points. We used the same video specifications for filming 

each frame of each video so the timesteps are consistent, the differences show here are 

the same as Fig.14. The mixed type in (a) has no linear relationship with the maximal 

velocity on Day 10. The wild type in (b) increases slowly with culture time, with the 

maximum value at Day 30. In (c), the two groups of samples show significant 

differences (p<0.05) on Days 5, 20 and 30. 

 

 

3.3 Sarcomere length  

The two groups of samples realized a huge difference after staining, where 

sarcomeres were abundant and clearly visible in the wild type, but very few and faint 

in the mixed type. Even in the early mixed samples, sarcomere was not found at all, 

so it led us to not have enough data. In Fig.16, we show two samples on Day 20 after 

fluorescence staining, (a) the sample of wild type and (b) the sample of mixed type, 

and the difference is obvious. In (a), the wild type shows sufficient sarcomeres and is 

very clear and has some alignment. In (b) it is difficult to find sarcomeres, which are 

hidden in a cell and are not only very faint but also scarce.  
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Fig.16 Pictures of sarcomeres observed under a 630× confocal microscope 

after fluorescence staining of the samples on the Day 20 after printing. Comparing the 

wild type (a) with the mixed type (b), we can easily see that there is a significant 

difference in sarcomere clarity and alignment between the two. In (b), the sarcomeres 

of the mixed type show only a few faint strips in one cell, while the sarcomeres of the 

wild type in (a) are not only numerous but also very clear and has alignment. 

 

 

The mixed type has the minimum sarcomere length on Day 5 and the maximal 

length on Day 10 (Fig.17 (a)). The maximal length is 1.63 μm, corresponding to the 

length of early sarcomere length of 1.6 μm in other studies (Lundy et al., 2013; Yang 

et al., 2014). After Day 10, the sarcomere length decreased but was still higher than 

the value on Day 5. Measurements of the mixed type were more difficult than those of 

the wild type because it was difficult to observe clear sarcomeres in the early samples 

of the mixed type than in the wild type, and because we collected only two samples at 

each time point, there were insufficient data because sarcomeres were not observed in 

some samples. Also, we did not have data for Day 30 because our samples were 

contaminated before Day 30 and no clear sarcomere was observed in the collected 

samples.  
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The wild type shows a linear increase in sarcomere length, with significant 

differences between Day 5 and other time points (Fig.17 (b)). After Day 5, the wild 

type shows no significant differences in sarcomere length. The maximal sarcomere 

length appears on Day 30 as 1.99 µm, which is close to the length of mature 

sarcomeres mentioned in other studies of about 2 µm (Lundy et al., 2013; Yang et al., 

2014). In the comparison of the two data sets (Fig.17 (c)), only a significant 

difference is observed on Day 20. 

 

 

 
Fig.17 Comparison of the sarcomere lengths of the two groups of samples at 

different time points. (a) The mixed type is shown to have the maximal sarcomere 

length on Day 10, with a maximum value of about 1.6 μm. (b) The sarcomere length 

of the wild type has a slow increase with time, with the maximum value occurring on 

Day 30 and being about 2 μm. The sarcomere length on Day 5 shows significant 

differences from other time points (p<0.05). In the comparison of the two groups of 

samples (c), since we did not have enough data for the mixed type, we could only find 

a significant difference between the two groups on Day 20 (p<0.05). 

 

 

3.4 Organization index 

The sample of the mixed type has data for only three time points (one at each 

time point) due to insufficient sample, with the maximum value occurring on Day 10 

and the minimal value on Day 20 (Fig.18 (a)) while the samples of the wild type show 

a linear increase at the first three time points, but a small decrease at the last time 
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point. The maximum value appears on Day 20 and the minimal value on Day 5 

(Fig.18 (b)). The mixed type does show a lower average organization index at each 

time point, but additional samples are needed to confirm the observation (Fig.18 (c)).  

Reviewing the measurements of maximal displacement and velocity and 

sarcomere length, there is some consistency across time points for all measurements 

in the wild type. Specifically, there is an increasing trend in the first 30 days, with a 

significant difference in wild type sarcomere length between Day 5 and Day 10, 20 

and 30, which is not reflected in the results for maximal displacement and velocity of 

contraction. 

The mixed type shows a maximum in displacement, velocity, and sarcomere 

length results on Day 10, follows by a decrease in all measurements, reaching the first 

underestimation of its growth phase at Day 20. It is reasonable to assume that the 

mixed type has 50% of cardiomyocytes with HLHS and that these cells stop growing 

or even show apoptosis after 20 days of culture, which leads to a decrease in the 

upward trend that should occur in the growth phase of the whole construct. 

 

 

 

Fig.18 Comparison of the organization index of the two groups of samples at 

different time points. All sarcomere organization indices were normalized to the 

highest recorded value, such that the reported tissue index is a value between 0 and 1. 

The sarcomeres of mixed type (a) have the maximum value on Day 10. The wild type 
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in (b) increases slowly with time but decreases on Day 30, so the maximum value 

occurs at day 20. In (c) we were not able to show whether there is a significant 

difference between the two groups because we did not have enough data on the mixed 

type. 

 

 

3.5 Wild type grows faster than mixed type 

Gene expression in both sets of samples showed significant differences 

between conventional 2D culture compared to the combination of 3D printing and 3D 

cell culture, as well as dramatic differences between wild type and mixed type after 

the same printing and culture.  

It is important to note that since the 2D samples did not undergo the printing 

step, the post-differentiation times are used uniformly in all subsequent comparisons 

that include 2D samples. Another point to note is that the 2D samples do not have a 

mixed type, but a variant type instead. The difference between the two is that the 

mixed type contains half of the diseased cardiomyocytes and the normal healthy 

cardiomyocytes, whereas the variant type contains only diseased cardiomyocytes. 

ACTA1 is responsible for encoding skeletal muscle α-actin, which plays a 

crucial role in muscle movement and contraction(Laing et al., 2009). But ACTA1 

tends to be abundantly expressed in humans early in embryonic development, declines 

in mid-to-late development and reaches negligible levels by the time the infant is born 

(Ilkovski et al., 2005). As seen in Fig.19, the samples are stressed after 3D printing 

and express higher ACTA1 levels, but this level becomes normal over time. 

Comparing the wild type (3D wild type Day 16 was used as control) and mixed type 

in 3D it is not difficult to find that the decrease of ACTA1 from Day 16 to Day 20 
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(after differentiation) in the wild type is much higher than that in the mixed type, and 

we speculate that the wild type has a faster developmental rate than the mixed type. 
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Fig.19 Comparison of ACTA1 expression in 2D and 3D samples at different 

time points. ACTA1 is abundantly expressed at the early stage of cardiomyocyte 

development and gradually decreases with development. In the figure, it can be seen 

that the decreasing trend of ACTA1 is more obvious in 3D wild type than 3D mixed 

type, which indicates that wild type develops more rapidly than mixed type. 

 

 

MYL2 has an important role in cardiac contractile function during early 

embryonic development (Sheikh et al., 2015). The expression of 3D printed and 

cultured wild type gradually increases over time (Fig.20), suggesting that 3D printed 
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cardiomyocytes have a more rapid maturation rate and cardiomyocytes are developing 

from atrial like to ventricular like. 
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Fig.20 Comparison of MYL2 expression in 2D and 3D samples at different 

time points. The expression of MYL2 in the 3D wild type increases rapidly with 

culture time, showing that the wild type has a faster maturation rate than the 3D 

mixed type, and the cardiomyocytes are developing from atrial to ventricular shape. 

 

 

SLN expression determines muscle relaxation function (Tupling et al., 2011), 

but overexpression of SLN leads to reduced contractility in cardiomyocytes (Babu et 
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al., 2005), so the expression of SLN decreases gradually with developmental time. The 

mean value of SLN expression in 3D wild type shows a decrease, but the variance is 

high, more samples are needed to improve that expression of SLN would decrease 

from the early development in the 3D wild type. The 3D mixed type shows an 

increased SLN expression even after 5 days of culture and there is a gradually 

decreased SLN expression after Day 20 in wild type (Fig.21). Therefore, we speculate 

that the wild type has a stronger contraction capacity than the mixed type. 
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Fig.21 Comparison of SLN expression in 2D and 3D samples at different time 

points. The expression of SLN decreases gradually with cell development, and it 

determines the contractile ability of cardiomyocytes. SLN decreases gradually with 

culture time in 3D wild type but increases in 3D mixed type. Based on this, we 
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speculate that wild type has a stronger contractile capacity than mixed type. And more 

samples are needed to confirm this.  

 

 

BIN1 is a tumor suppressor protein (Sakamuro et al., 1996), from our results 

(Fig.22) it appears that 3D printing do not have a dramatic effect on the expression of 

BIN1. 
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Fig.22 Comparison of BIN1 expression in 2D and 3D samples at different time 

points. 3D printing does not have a significant effect on BIN1 expression. 
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JPH2 plays a key role in promoting intracellular calcium release and cardiac 

contraction (Landstrom et al., 2007). In Fig.23, the 3D printed samples express much 

higher levels than the 2D samples, and there is also a large difference between the 

wild type and the mixed type. There is a significant difference (p<0.05) between Day 

16 and Day 20 in the 3D wild type, but not in the mixed type, showing that 3D wild 

type has a faster developmental rate. Studies have shown that hypertrophic 

cardiomyopathy is associated with downregulation of JPH2 (Landstrom et al., 2011) . 
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Fig.23 Comparison of JPH2 expression in 2D and 3D samples at different 

time points. 3D wild type has higher JPH2 expression level than mixed type, 

suggesting that 3D treatment can promote the maturation of wild type, and 

hypertrophic cardiomyopathy is also associated with the downregulation of this gene. 

The significant difference (p<0.05) between Day 16 and Day 20 shows that 3D wild 

type has a faster developmental rate. 

 

 

KCNJ4 is associated with potassium channels (Li et al.), and it can be seen 

from Fig.24 that the 3D wild type has much higher expression than the mixed type 

and 2D samples, which indicates that the 3D wild type samples are more mature. 

 

 

 



44 

 

3
D

 w
il
d

 t
y

p
e

 D
a

y
 1

6

3
D

 w
il
d

 t
y

p
e

 D
a

y
 2

0

3
D

 w
il
d

 t
y

p
e

 D
a

y
 2

5

3
D

 w
il
d

 t
y

p
e

 D
a

y
 3

5

3
D

 w
il
d

 t
y

p
e

 D
a

y
 4

5

3
D

 m
ix

e
d

 t
y

p
e

 D
a

y
 1

6

3
D

 m
ix

e
d

 t
y

p
e

 D
a

y
 2

0

2
D

 w
il
d

 t
y

p
e

 D
a

y
 2

4

2
D

 v
a

ri
a

n
t 

ty
p

e
 D

a
y

 2
4

0

5

10

15

1.595

2.3791.760

0.908

8.249

4.329

3.215

2.950

1.000

KCNJ4

Sample

R
Q

 

Fig.24 Comparison of KCNJ4 expression in 2D and 3D samples at different 

time points. The expression of KCNJ4 marks the maturity of cell development, and 

the expression of KCNJ4 is much higher in 3D wild type than in mixed type, 

indicating that wild type has higher cell maturity. 

 

 

MYH6 is associated with the formation of myosin. In Fig.25, we can see that 

there is a significant difference between Day 16 and Day 20 for the 3D wild type and 

another significant difference between Day 20 for the 3D wild type and Day 20 for 

the 3D mixed type, indicating that the 3D wild type rapidly expresses MYH6 and 

therefore it is easy to see clearer sarcomeres in the 3D wild type samples. MYH6 has 
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been shown to be significantly associated with HLHS (Kim et al., 2020; Tomita-

Mitchell et al., 2016). In our results 3D mixed type exhibits much lower MYH6 

expression than healthy cells, demonstrating that mixed type contains a large number 

of cardiomyocytes with HLHS. 
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Fig.25 Comparison of MYH6 expression in 2D and 3D samples at different 

time points. MYH6 is responsible for encoding myosin, the significant difference 

between 3D wild type Day 16 and Day 20 shows that the 3D wild type has a more 

rapid developmental rate. The significant difference (p<0.0005) of the expression of 

MYH6 between the 3D wild and the 3D mixed type suggesting that the samples in the 

3D wild type have a clearer sarcomere structure. It is also demonstrated that the 3D 

mixed type contains cardiomyocytes with HLHS. 
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MYH7 plays an important role in the contraction of the heart, and the 3D 

samples shows higher MYH7 expression levels (Fig.26), while the wild type in the 3D 

samples shows an increase compared with the mixed type, indicating that the wild 

type has a contractile advantage over the mixed type. It also shows that the wild type 

is more mature and ventricular like than the mixed type. 
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Fig.26 Comparison of MYH7 expression in 2D and 3D samples at different 

time points. MYH7 expression is associated with the contractility of cardiomyocytes. 

3D wild type samples have higher MYH7 expression than 3D mixed type, indicating 

that the wild type is more mature and contractile. 
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MYL7 is mainly responsible for regulating cardiac development and 

contractility, and the wild type in 3D samples has higher MYL7 expression levels than 

the mixed type (Fig.27), suggesting that the wild type is more mature and more 

contractile. It is also reported that downregulation of MYL7 is associated with 

structural changes in the heart (Sun et al., 2022). 
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Fig.27 Comparison of MYL7 expression in 2D and 3D samples at different 

time points. The expression of MYL7 shows that the 3D wild type is more mature and 
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contractile, and the downregulation of this gene is also associated with structural 

changes in the heart. 
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4. Discussion 

According to a statistic from 2010-2014, 1353 out of 10,000 babies 

investigated by researchers had HLHS (Mai et al., 2019). HLHS is congenital heart 

disease with a high mortality rate, and even after staged surgery, it does not have a 

100% survival rate and is associated with a variety of morbidities that undoubtedly 

have multiple adverse effects on the patient. Research is increasingly looking for new 

treatments for HLHS, but both drugs and gene editing require the creation of tissue 

models (Wang et al., 2018b) that represent the structural and functional features of the 

heart. 

The first step in constructing a tissue model in vitro is cell culture, which is 

traditionally done in 2D. However, almost all cells in the human body are surrounded 

by other cells and extracellular matrix (ECM) in a three-dimensional (3D) manner 

(Edmondson et al., 2014b), so in our study if we also cultured cardiomyocytes in 2D, 

these cells tended to adhere to the plate resulting in failure to form 3D structures 

(Duval et al., 2017b). 

Also, the laminin in our bioink is the most powerful ECM enhancer for 

cardiomyocyte maturation (Chanthra et al., 2020), and laminin can promote 

cardiomyocyte alignment and enhance cardiomyocyte contractility (Mcdevitt et al., 

2002; Ribeiro et al., 2014). 

The major difference between our culture method and traditional 2D culture is 

crosslinking. We use UV light irradiation and crosslinking agent immersion to achieve 

a perfect crosslinking effect, allowing our samples to be suspended in the culture 
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medium. This allows each cell in the print to be immersed in the culture medium, 

creating growth conditions that fully mimic the in vivo environment. 

The 3D printing technology allows for the precise layer-by-layer placement of 

bioink containing cells to create complex composite tissue structures. Each cell can be 

in an in vivo-like growth environment surrounded by other cells and ECM. 

Through our study we found that bioengineered tissue models printed from 

iPSC-CMs were able to reproduce the activity of cardiomyocytes well in vitro. 

Samples in the wild type usually show regional contraction within 2-4 days after 

printing i.e., only a portion of the bioprinted tissue contracts. This contraction is very 

visible and can be observed with the naked eye (Fig.28). Most of the samples will 

gradually change from regional to global contraction (the printed tissue contracts as a 

whole) during subsequent culture (approximately 5-8 days after printing). Compared 

to the wild type, the mixed type tends to require a longer culture time (3-5 days) 

before regional contraction is observed. At the same time, samples in the mixed type 

tend not to show global contraction. 
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Fig.28 A frame from a video of a printed-out wild construct contraction taken 

with a cell phone (3× magnification). 

 

 

Since the video analysis program we use is used to determine the maximal 

averaged displacement for each frame in the video, i.e., the displacement of each pixel 

is added together and then averaged for each pixel. Integral contraction produces a 

larger range of displacement, so samples in the wild type tend to have a larger 

displacement than the mixed type. This method does not reflect the experimental 

variability, as we fixed the frame rate of the video shots, each at 5 frames per second, 

with a timestep of 0.2 seconds. This resulted in the measurement of the contraction 
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velocity obtaining almost the same results as the displacement, despite the different 

displacements demonstrated for each sample, due to the step length limitation. We 

would like to point out that the results for displacement are more reliable than those 

for velocity. This method does not actually calculate the contraction velocity produced 

by the complete contraction, but we did not find a method that could achieve this 

calculation with automation, which is one of the goals of our subsequent research. 

Both sarcomere length and organization index are the criteria we used to judge 

the maturity of our samples. In the results of sarcomere length, it can be seen that the 

wild type grows rapidly until Day 10, then slows down and reaches a maximum on 

Day 30. The mixed type also has a rapid growth rate until Day 10 but starts to decline 

after Day 10. Combined with the maximal displacement we calculated, the results of 

these two analyses are very consistent. Therefore, we hypothesize that at about 10 

days after printing (approximately 25 days after differentiation) the cardiomyocytes 

with disease reach their maximal development, while the healthy cells have a longer 

developmental time.  

In our study, organization index was used as another indicator to determine the 

degree of development of cardiomyocytes and alignment. It is higher in wild type than 

in mixed type for the same culture time. Mixed type reaches a maximum on Day 10 

and then decreases, in agreement with our previous results for maximal displacement, 

maximal velocity and sarcomere length. The maximum value of the wild type is 

reached on Day 20 and decreases slightly on Day 30, in agreement with the previous 

analysis. 
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The RT-qPCR results show that the cells looked more mature (JPH2, MYH7, 

KCNJ4) and ventricle-like (MYL2, MYH7) in the 3D printed samples, and there are 

also significant differences between the wild type and the mixed type. In general, the 

RT-qPCR results are consistent with previous measurements, and the 3D processed 

samples has the advantages of faster development and greater contractility than the 

conventional 2D samples. They also show the difference in gene expression between 

healthy and diseased donors, a feature that is important for future research on 

effective treatment of HLHS.  

Also, we found that the expression level of MYH6 in mixed type at Day 16 is 

about half of that in wild type, which is consistent with the fact that we had only half 

of the healthy cardiomyocytes of wild type in mixed type at the time of cell 

preparation. However, the difference in expression levels between the two groups 

widens dramatically on Day 5, and no longer shows the relationship that the mixed 

type is half of the wild type. Our hypothesis is that the diseased cardiomyocytes in the 

mixed type are damaging the healthy cells and disrupting the protein expression so 

that the healthy half of the cardiomyocytes do not express at the level they should. A 

similar situation occurs with the expression of JPH2. 

Although our study successfully showed the difference between healthy and 

disease-carrying cardiomyocytes in vitro culture, we have many shortcomings, such 

as the number of samples is too small, the sample culture time is not long enough, and 

the method of analyzing data is not comprehensive enough. We measured the length 

of wild type cardiomyocytes to be more than 100 μm, corresponding to 100 to 150 μm 
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in other studies. However, we did not measure the length of cardiomyocytes in the 

mixed type because it was difficult to find well-structured sarcomeres in the mixed 

type. Also, we did not measure the heart rate of the printed heart tissue, which is an 

important indicator to compare the difference between healthy and disease-carrying, 

and we will include it in the subsequent experiments. We will continue to modify our 

protocol and add other tests such as drug tests in subsequent studies to make this 

model more informative. 

The innovation and importance of our study is to simulate the growth 

environment of cardiomyocytes in the human body, substantially eliminating the 

differences caused by external factors such as culture and reflecting only the 

differences between healthy and diseased cardiomyocytes themselves. 

These differences are the expression of the differences between healthy people 

and HLHS patients. If we can improve the performance of the disease-carrying model 

by some medical means, perhaps we can apply the same approach to the treatment of 

patients. But we still have a long way to go before we can achieve this. We want to 

eliminate the differences in external factors, but we don't know if there are other 

factors besides the culture environment. Also, we may be able to improve the 

performance of disease-carrying cardiomyocytes in in vitro culture, but we have no 

way of knowing if the same means are applicable to humans. 

Although there is still a long way to go between the establishment of a 

differential model and the discovery of a treatment, we have made a good foundation 
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for other researchers, and we hope that someday in the future someone will be able to 

refine the treatment of HLHS based on our model and bring it to patients. 
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5. Conclusion 

Our study succeeded in building a model in vitro that can mimic the growth 

environment of cardiomyocytes in vivo, a model with the functional characterization 

and gene expression of cardiomyocytes and able to show the difference between 

healthy and disease-carrying cardiomyocytes. We hope that our research will inspire 

more scholars and bring more attention to the importance of 3D bioprinting in 

research and medicine and that we will continue to improve our less-than-perfect 

model so that this model can be a helpful tool in the future to study the treatment of 

patients with HLHS. 
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APPENDIX 

A. Preparation of bioink and cells 

1. Preheat the beads, media, trypsin and bioink approximately 30 minutes 

prior to start. 

2. Aspirate the medium, add 1 ml of PBS solution to wash the cells then 

aspirate the PBS solution. 

3. Add 1 ml of 0.25% trypsin and incubate at 37 degrees C for 10 minutes. 

4. The cells were separated in trypsin by several aspirations with a pipette. 

5. Collect cells and add double amount of RPMI/20% FBS solution and mix 

well by inverting tube. 

6. Take 10ul and count the cells using a Biorad cell counter. 

7. Centrifuge at 1000 rpm for 5 minutes. 

8. During centrifugation, a blunt forceps is used to connect the syringe to the 

tubing. 

9. Take the ink warmed at 37 degrees, connect the syringe, push the ink tube 

with blunt forceps and transfer 0.8 ml of ink to the syringe. 

10. Take the centrifuged cells, aspirate the supernatant off and take the cell 

pellet. 

11. Resuspend the cells in 0.2 ml of medium. 

12. Add 1μl of 5 μM Rock inhibitor to the cells. 

13. Add the cells to bioink. 
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14. Connect a new 3 ml syringe to the cell + bioink syringe and mix, pushing 

the syringe back and forth 10 times to distribute the cells evenly in the ink. 

15. Remove empty syringe. 

16. Place the stopper in the syringe to be used for printing and connect it to the 

syringe containing the cell and ink mixture and fill the new syringe with 

ink + cells. 

17. Seal the top and bottom of the syringe to be used for printing with the 

caps. 

18. Centrifuge the syringe at 1000 rpm for 5 minutes. 

19. Remove excessive bubbles. 

20. Put prepared ink+cells in the 37 degrees warmed up beads. 

21. Before printing, the ink + cells are incubated at 25 degrees for 10 minutes 

to cool down to the temperature required for printing. 

B. Protocol for bioprinting 

1. Turn on bioprinter. 

2. Under Utilities menu, change printheads to 25°C. 

3. Under Utilities menu, set airflow to 15. 

4. Calibrate both pressure gauges by depressing both gray buttons on each 

display simultaneously for a few seconds. Display will zero out. 

5. Turn on compressor. Syringe holder should move up. 

6. Set syringe #1 and syringe #2 pressure to zero using valves on right side of 

printer. Pull out each knob, adjust and push back in to lock. 
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7. Place calibration syringe into the holder and under Prepare Bioprinting on 

main screen select Home Axes. 

8. Syringe holder will pop down and locate the origin for printing. 

9. Place waste plate and move z to +8. 

10. Calibrate z. 

11. Remove plate and calibration syringe. 

12. Spray surface underneath printing tray thoroughly with 70% EtOH and 

wipe clean. 

13. Secure syringe in holder and make sure it is all the way down, place the 

waste plate. 

14. Under Prepare Bioprint, select Turn on Printhead 1 and slowly adjust 

pressure until ink is flowing smoothly (around 18kPa). 

15. Turn off Printhead 1. 

16. Under main menu, Bioprint, select code (4×4×0.6mm) that was loaded for 

the specific print job. 

17. After the previous plate is printed, replace it with a new plate. 

18. Remove syringe (with bioink and cells) and dispose of in biohazard. 

19. Dial printhead pressures back to 0. 

20. Turn off air compressor. 

21. Press valve on back of compressor to release air. 

22. Turn off bioprinter. 
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23. All biohazards must be placed in biohazard trashcan. No open bags can be 

left overnight for safety reasons. 

24. Use cavicide to clean all surfaces inside the bioprinter. 

25. Use cavicide to clean all lab bench surfaces surrounding bioprinter. 

C. Protocol for immunofluorescence staining 

1. Drain as much medium off as possible. 

2. Gently rinse the 3D constructs at least 3 times with 1× PBS. 

3. Fix the 3D constructs with 4% PFA and shake them at -4 degrees C for 15 

minutes. 

4. Wash with PBS 3 times. 

5. Permeabilize with 0.2% Triton/PBS solution and shake for 15 minutes to 

disrupt the membrane. 

6. Remove Triton/PBS solution. 

7. Apply the primary antibodies together in PBS overnight at the 4 degrees C 

by rocking with following concentrations: 

a. Apply GATA4 at a 1:400. 

b. Apply α-actinin at a 1:250 dilution. 

8. Remove the primary antibodies and rinse 4 times with PBS. 

9. Apply the secondary antibodies together in PBS for 1 hour at room 

temperature using a dilution for both of 1:750 and DAPI at the same 

dilution: 

a. Donkey anti-Rabbit Alexa Fluor 594. 
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b. Goat anti-Mouse IgG1 Alexa Fluor 488. 

c. DAPI. 

10. Thoroughly wash out the secondary antibodies using 1x PBS. 

11. Mount a coverslip over cells using Prolong Gold Antifade regent. 

D. Protocol for organization index measurement 

1. Select the image you want to measure the organization index, if it is a 

multi-color image, you can separate the colors in ImageJ, the operation is 

as follows: Image, Color, Split Channels, then Process, Binary, Make 

Binary; if it is a single-color image, directly Image Type 8-bit, then 

Process, Binary, Make Binary.  

2. The processed image will be Analyze, Tools, Grid, you can freely choose 

the size of Area per point, the default value is 51782 pixels2. 

3. Select Straight Line in the toolbar and draw a straight line through the 

sarcomeres along their alignment in the grid. 

4. Use CTRL + K after drawing the line, get the intensity table. 

5. Click Data, Copy All Data at the bottom of the table, then create a new 

Text Document in the folder you like, and name it with a number, then 

paste the copied data in it. For example, the TXT file named '1' contains 

the data copied from the first grid, the TXT file named '2' contains the data 

copied from the second grid, and so on. 

6. After you have stored all the grid data in the TXT file, open MATLAB and 

use the following code you will get the organization index of each grid. 
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clear all 

cd('C:\Users\Auster\Desktop\new\4.22 p2d10');% The location 

where you store your data 

for k=8:9;%The number of the TXT file you want to analyze 

    myfilename = sprintf('%d.txt', k); 

    mydata{k} = importdata(myfilename); 

    y_1 = cell2mat(mydata(k)); %Import Region of Interest 

intensity .txt file 

    y = y_1.data; 

    y = mydata{1,k}.data(:,2); 

    z = fftshift(fft(y)); 

    rawpowerspec=abs(z).^2; 

    powerspecnorm=(rawpowerspec)./(max(max(rawpowerspec))); 

    pks = findpeaks(powerspecnorm); 

    b = sort(pks); 

    c = length(b); 

    d(k) = b(c-1); 

    end 

E. Protocol for sarcomere length measurement 

1. Choose and open the image you want to measure in ImageJ. 

2. Enlarge the scale bar, use the straight-line tool to draw a line from the 

beginning to the end of the scale. 

3. Click Analyze then Set Scale, fill in the actual length in the Known 

distance, change the unit to the actual unit. 

4. You will get a value in unit of pixels/μm, then you need to calculate the 

length of each pixel. 

5. Choose the same image you opened in ImageJ, then open it in ZEN 

software. 
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6. Select Profile in the left toolbar, then click Rectangle. 

7. Enlarge the area of interest, use mouse to draw a rectangle perpendicular 

to the sarcomeres. 

8. You will get an intensity plot of the sarcomeres within the rectangle you 

drew. 

9. Measure the pixel distance between peaks. 

10. Multiply the distance with the ratio you got from ImageJ. 
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