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Abstract

Pediatric patients with congenital heart defects (CHD) often present with heart failure from 

increased load on the right ventricle (RV) due to both surgical methods to treat CHD and the 

disease itself. Patients with RV failure often require transplantation, which is limited due to 

lack of donor availability and rejection. Previous studies investigating the development and in 
vitro assessment of a bioprinted cardiac patch composed of cardiac extracellular matrix (cECM) 

and human c-kit + progenitor cells (hCPCs) showed that the construct has promise in treating 

cardiac dysfunction. The current study investigates in vivo cardiac outcomes of patch implantation 

in a rat model of RV failure. Patch parameters including cECM-inclusion and hCPC-inclusion 

are investigated. Assessments include hCPC retention, RV function, and tissue remodeling 

(vascularization, hypertrophy, and fibrosis). Animal model evaluation shows that both cell-free 

and neonatal hCPC-laden cECM-gelatin methacrylate (GelMA) patches improve RV function 

and tissue remodeling compared to other patch groups and controls. Inclusion of cECM is the 

most influential parameter driving therapeutic improvements, with or without cell inclusion. This 

study paves the way for clinical translation in treating pediatric heart failure using bioprinted 

GelMA-cECM and hCPC-GelMA-cECM patches.
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1. Introduction

Congenital heart defects (CHD) are malformations in the heart during fetal development 

resulting in life-threatening conditions in pediatric patients.1–4 CHD is the most common 

congenital defect in the United States with approximately 40 000 new CHD cases 

annually.4 While therapeutic advances have improved the mortality rates of patients with 

CHD, complex CHD cases often result in heart failure even with surgical treatments. 

Specifically, right ventricular (RV) heart failure is a significant clinical problem in the 

pediatric population.5–9 Increased load on the RV caused by CHD or surgical repair for 

CHD results in a rapid progression to RV failure due to the limited ability of the RV to 

respond to changes in afterload.5–9 RV failure is characterized by a variety of factors leading 

to decreased cardiac output, such as decreased tricuspid annular plane systolic excursion 

(TAPSE), increased RV dimensions, decreased vascular density, cardiomyocyte hypertrophy, 

and increased tissue fibrosis.5–12 For patients suffering from RV dysfunction and failure, 

therapy is limited to transplantation, which is hindered by donor availability and tissue 

rejection. Reparative therapies to treat RV failure have been explored, mainly using cellular 

and biomaterial treatment in restoring tissue function or maintaining cardiac output while 

patients bridge to transplantation.11–13

Injectable cardiac extracellular matrix (cECM) therapy has shown initial safety and 

feasibility in a phase I clinical trial for treating adult patients post-myocardial infarction.14 

Similarly, injectable human c-kit + progenitor cell (hCPCs) therapy has been shown to 

be safe in small clinical studies and hCPC therapeutic assessment is ongoing in children 

with hypoplastic left heart syndrome (NCT03406884).15,16 However, there are significant 

limitations to injectable therapy that may reduce the therapeutic effect overall for treating 

pediatric patients suffering from CHD and RV dysfunction.17,18 Specifically, injectable cell 

therapy is limited by early wash-out, high cell death due to the hostile injection environment, 

and limited cellular functional control.17–19 Additionally, injectable biomaterial therapy is 

a localized treatment requiring multiple injections, which may not be useful for a global 

problem such as RV failure, and suffers from limited material control post-injection.20,21

Cardiac patches are solid scaffold devices that overcome limitations in injectable therapy 

by incorporating biomaterial properties, retaining cells, controlling cellular functionality, 

and allowing for global treatment with the potential for off-the-shelf therapies.22–24 A 

previous study investigated the in vitro reparative potential of hCPC-cECM patches 

that were generated through bioprinting by the incorporation within gelatin methacrylate 

(GelMA).24 The neonatal hCPC-GelMA-cECM patches showed improved angiogenic 

potential, improved cell differentiation, device printability, and myocardial-matching 

mechanical properties compared to patches without cECM. These in vitro results showed 

that combined hCPC-GelMA-cECM patches could possibly repair the failing RV through 

combined biomaterial therapy and paracrine factor release. The current study investigates 

the therapeutic effect of hCPC-GelMA-cECM patches in vivo in a juvenile rat RV 

heart failure model. Several patch parameters and designs are investigated, including 

cECM-incorporation and hCPC-inclusion. Cellular retention in patches, functional cardiac 

outcomes, and tissue-level properties are investigated four weeks after patch implantation 
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to understand and assess the effectiveness of bioprinted hCPC-GelMA-cECM patches for 

treating pediatric RV failure.

2. Materials and methods

2.1. Materials

Gelatin methacrylate (GelMA) was purchased from CellINK (Gothenburg, Sweden). 

Triethanolamine (TEOA), 1-vinyl-2-pyrrolidione (NVP), HEPES sodium salt, Triton X-100, 

sodium dodecyl sulfate, ethanol, pepsin, sucrose, bovine serum albumin (BSA), picrosirius 

red (direct red 80), aqueous picric acid, and neutral buffered formalin (NBF) 10% were 

purchased from Sigma-Aldrich (MO, United States). Hams F-12 and penicillin streptomycin 

(pen–strep) were purchased from Corning Cellgro (NY, United States). Eosin Y sodium 

salt was purchased from TCI (MA, United States). Nordson EFD 30cc barrels, pistons, 

and 27-gauge plastic tips were purchased from TEK products (MN, United States). 

Standard fetal bovine serum (FBS) was purchased from Hyclone (PA, United States). 

L-Glutamine was purchased from MP Biomedicals (OH, United States). Cell culture 

dishes were purchased from Cellstar (PA, United States). Dynal magnetic beads, 1,1-

dioctadecyl-3,3,3',3'-tetramethylindotricardbocyanine iodide (DiR), and Alexa Fluor 790 

carboxylic acid succinimidyl ester (AF790) were purchased from Invitrogen (CA, United 

States). Phosphate buffered saline (PBS), Tissue-TEK OCT compound, and isopropanol 

was purchased from Fisher Scientific (NH, United States). Collagenase type 2 (300 U 

mL−1) was purchased from Worthington (NJ, United States). Anti-c-kit H300 antibodies 

and Ku86-AF647 antibodies were purchased from Santa Cruz (TX, United States). Bovine 

fibroblast growth factor (bFGF) was purchased from Stem Cell Technologies (Vancouver, 

Canada). Fluorescein Griffonia Simplicifolia Lectin I Isolectin B4, Wheat Germ Agglutinate 

Rhodamine (WGA), and Vectashield antifade mounting solution with DAPI were purchased 

from Vector Labs (CA, United States). Isoflurane was purchased from Piramal Healthcare 

(Mumbai, India). Prolene was purchased from Ethicon (NJ, United States). Male adolescent 

(6–8 weeks old) athymic rats (Crl:NIH-Fox1rnu) were obtained from Charles River 

Laboratories (Wilmington, MA). Cytoseal mounting medium was purchased from VWR 

International (Radnor, PA). Histoclear II was purchased from National Diagnostics (Atlanta, 

GA).

2.2. Human cardiac progenitor cell isolation and culture

All human studies were performed under guidelines set forth by the Declaration of Helsinki 

and were approved by the Institutional Review Board at Children’s Healthcare of Atlanta 

and Emory University. As these samples were de-identified and considered waste tissue, the 

board determined the study was exempt from informed consent. Cells expressing c-kit were 

isolated from the atrial appendage as previously described.11,24,27,45 In short, right atrial 

appendage tissue was obtained from pediatric patients aged 0–1 week (neontate) undergoing 

heart surgeries due to congenital heart diseases. The tissue was enzymatically degraded 

using collagenase type II (1 mg mL−1) at 37 °C, 5% CO2 for 30 minutes, centrifuged to 

pellet, and magnetically sorted for c-kit marker. Separated c-kit + cells were expanded, and 

the expression of c-kit in the cell population was measured by flow cytometry to ensure they 

were at least 90% positive. Cells from three donors were either pooled at the first passage 
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or cultured separately and combined before printing. hCPCs were grown in T-75 cell culture 

treated dishes with culture media for expansion, where media consisted of Ham’s F-12 

media supplemented with 1× pen– strep, 1% L-glutamine, 10% FBS, and 10 ng mL−1 bFGF.

2.3. Cardiac extracellular matrix isolation and characterization

All tissue is collected after euthanasia for other procedures and is thus exempt from 

institutional approvals. Decellularized porcine ventricular extracellular matrix (cECM) was 

generated and processed as previously described.24,29,30,49 Briefly, porcine ventricular tissue 

was decellularized using a 1% solution of SDS for 4–5 days and milled into a fine powder. 

Then, the cECM was processed into liquid form by partial digestion with pepsin (1 mg 

mL−1), pH and salt were adjusted, and the material was aliquoted, lyophilized, and stored at 

−80 °C before use.

2.4. Bioink preparation, bioprinting, and patch formation

Bioinks formulation and patch fabrication were implemented as previously described.24 

GelMA bioinks were prepared by mixing GelMA (final concentration 5% w/v), Eosin Y 

(100 μM), NVP (0.75% v/v), TEOA (0.3% v/v), and HEPES buffer (15 mM). In the case of 

GelMA-cECM bioinks, the HEPES in the above formulation was replaced by cECM (final 

concentration 8 mg mL−1) solution in HEPES (15 mM). Bioink pH was adjusted to pH 7.4. 

For the inclusion of cells, neonatal hCPCs (passage 6–15, pooled or combined across at 

least three donors) were removed from cell culture plates and labeled with DiR following 

manufacturer instructions.11,12 After labeling, cells were mixed with 1 mL solution of 

the bioink solution, producing a final concentration of 3 million cells per mL. All bioink 

solutions, with or without cells, underwent similar printing protocols. 1 mL of bioink was 

deposited into sterilized 30 cc printer barrels joined with sterile 27-gauge plastic needle 

tips. The barrels were put in the low-temperature head of the bioprinter (EnvisionTEC 

3D-bioplotter Developer Series), and the bioink was allowed to polymerize for 10 minutes 

14 °C. Patches were printed onto a glass slide platform at room temperature, using a 

pressure 0.7–1 bar and speed of 10 mm s−1. Patches were 10 mm in diameter and 0.6 μm 

thick, which was printed in 3 layers, with an infill pattern of 90° grids with 0.5 mm spacing. 

Eight patches were printed at once. CAD models of the patches printed were generated 

using SOLIDWORKS and imported to the printing control system through the Bioplotter 

RP program. Following printing, patches were exposed to white light (Braintree Scientific) 

at 4 °C for 5 minutes to allow for radical polymerization. The patches were removed from 

glass slides and placed in cell culture media. All patches were kept in cell culture incubators 

for several hours before surgery to allow for cECM polymerization after GelMA radical 

polymerization.

2.5. Rat pulmonary artery banding, patch surgery, and echocardiogram follow-up

All studies were done in accordance with the Guide for the Care and Use of Laboratory 

Animals and was approved by the Emory Institutional Animal Care and Use Committee. 

RV dysfunction was induced in male juvenile immunocompromised (nude, athymic) rats 

by placing a pulmonary artery band (PAB) to increase RV afterload.11,12 This model was 

created with the assistance of the Emory and Children’s Animal Physiology Core and has 

been used by our group and others.11,12 Briefly, an 18-gauge needle was placed alongside 
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the pulmonary artery, a suture was tied around the pulmonary artery and needle, and 

the needle was removed. Pulmonary artery constriction leads to a gradual development 

of clinically relevant RV heart dysfunction. Serial echocardiography was employed to 

follow the development of RV dysfunction. RV dysfunction was established by two weeks 

post-banding and is characterized by significantly reduced tricuspid annular plane systolic 

excursion (TAPSE) and RV hypertrophy.5,11,12 Following RV failure, surgical treatment 

patch groups (bare GelMA, bare GelMA-cECM, neonatal hCPC-GelMA, and neonatal 

hCPC-GelMA-cECM,) were attached to the right ventricular epicardium through a suture. 

Animals were randomized to treatment groups by employing a random assignment program 

(via Microsoft Excel) using variables of number of surviving animals and number of 

target groups needed/remaining. Patch surgery was implemented as previously described. 

Briefly, rats were anesthetized with 2% isoflurane, intubated, and placed on a ventilator 

(Hallowell Emc Microvent 1). Following thoracotomy, the pericardial sac was very carefully 

exposed and pulled back. Patches were attached to the RV using a suture. Sham rats 

were not given full PAB surgery or any patch surgery. PAB control rats were given PAB 

surgery and thoracotomy after RV failure development but received no patch. Rats were 

followed longitudinally with echocardiographic exams performed at 0, 2, and 4 weeks post 

attachment to monitor cardiac function as previously described.11 Briefly, transthoracic 

echocardiography was evaluated using a Vevo 2100 digital high-frequency ultrasound 

system (Fujifilm VisualSonics) equipped with an MS250 probe. TAPSE was measured in 

the apical four-chamber view in M-mode. RV end-systolic and end-diastolic areas and 

RA-area were measured in the apical four-chamber view in B-mode. Echocardiographic 

measurements were used to determine changes in TAPSE, end-diastolic dimensions, end-

systolic dimensions, and right aria area. TAPSE data was normalized to pre-PAB TAPSE 

values within individual rats. A total of 72 rats underwent either Sham or PAB surgery. 

Following surgery, 36 rats exhibited no change in TAPSE or other cardiac parameters post-

PAB (if in the PAB control or treatment groups) or died just before implantation and were 

excluded from data analysis and subsequent surgeries. All patch surgeries, data acquisition, 

and raw data analysis were blinded before final grouping and analysis.

2.6. In vivo cell retention imaging and analysis

Rats were imaged for cell retention in vivo by evaluating the fluorescence signal from 

DiR loaded within cells as previously described.11,12 Rats were imaged at 0, 14, and 28 

days after patch implantation using an IVIS Spectrum in vivo imager (Perkin Elmer). DiR 

fluorescence from the hearts was measured as radiant efficiency and normalized within 

individual rats as percentage retention (given as 100% on day 0) over time.

2.7. Animal sacrifice and heart tissue fixation/freezing

Rats were sacrificed on day 28 after patch implantation via carbon dioxide. Hearts were 

removed en bloc, washed with sterile 1× PBS, and fixed with 10% NBF for 4–5 hours. 

Following fixation, hearts were washed with 1× PBS to remove excess NBF, then submerged 

in 30% sucrose overnight to ensure cryoprotection.11,12 Following cryoprotection, hearts 

were washed with 1× PBS to remove excess sucrose and immediately frozen in OCT within 

tissue blocks using liquid nitrogen chilled isopropanol. Hearts were retained at −80 °C 

before tissue sectioning and analysis.
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2.8. Immunohistochemistry methods and analysis

Cryopreserved heart tissues were sectioned into 10 μm thick sections and mounted on 

charged slides. Tissue sections are allowed to air dry for 10 minutes, followed by fixation 

with 10% NBF for 5 minutes. Sections were then washed with a wash buffer composed 

of 1× PBS and 0.1% Triton X-100 3 times for 5 minutes each. Sections were blocked in 

blocking buffer composed of 1× PBS, 0.1% Triton X-100, and 5% BSA for 30 minutes 

in a dark, humidified chamber. Following blocking, sections were incubated with a dye/

antibody cocktail overnight at 4 °C or for 90 minutes at room temperature.11,12,33–36 The 

dye/antibody cocktail was composed of isolectin–fluorescein (1 : 100 dilution, Griffonia 

simplicifolia lectin I isolectin B4, fluorescein), WGA-rhodamine (1 : 300 dilution, wheat 

germ agglutinin, rhodamine), and monoclonal Ku86-AF647 (1 : 500 dilution) suspended in 

blocking buffer.11,12 Sections were then washed with wash buffer three times for 5 minutes 

each. Vectashield antifade mounting medium with DAPI was added to each slide, and a 

coverslip was placed over the section, followed by a 10-minute incubation to allow DAPI 

to interact with cell nuclei. Slides were imaged on an Olympus IX81 FluoView FV1000 

confocal microscope. Each tissue section was imaged at multiple locations within the RV 

for all groups and adjacent to the implanted patch for patch groups. Sequential imaging 

of different fluorescence channels was employed to reduce nonspecific dye bleed-through. 

Vessel density was analyzed by isolectin staining of EC tubule formation. The number of 

vessels per 0.2 mm2 area was counted for each tissue section across multiple replicates and 

averaged within patch or control groups. For patch-adjacent vessel analysis, the number of 

vessels in the area adjacent to patches was counted, divided by the evaluated area, converted 

to vessels per 0.2 mm2 area, and averaged within groups. Adjacent area was defined as 

an 18–20 mm2 rectangular (2 mm width inwards to tissue, 9–10 mm length across tissue) 

area of the tissue directly adjacent to patches. Cardiomyocyte hypertrophy was analyzed 

by WGA staining of cardiomyocyte cell walls. Cardiomyocyte cross-sectional areas were 

evaluated for each tissue section across multiple replicates and averaged within patch or 

control groups. Cell retention was analyzed by co-expression of human marker Ku86 and 

DAPI within cardiac patches.

2.9. Fibrosis staining and analysis

Cryopreserved heart tissues were sectioned into 10 μm thick sections and mounted on 

charged slides. Tissue sections are allowed to air dry for 10 minutes, followed by fixation 

with 10% NBF for 5 minutes. Sections were rinsed with deionized water for 3 minutes, 

rehydrated with 1× PBS for 5 minutes, and stained with a solution of Picrosirius red (1 mg 

mL−1) in aqueous picric acid for 90 minutes.11,12,37,38 Following staining, slides were rinsed 

with acidified water for 1 minute, rinsed with deionized water for 3 minutes, and dehydrated 

with 70% ethanol for 30 seconds. Finally, slides were cleared with Histoclear for 1 minute 

and mounted with Cytoseal. Slides were imaged on a Hamamatsu NanoZoomer S210 slide 

scanner (Hamamatsu Photonics). The fibrotic area was quantified using color thresholding 

on ImagJ (G. Landini software), and % fibrosis was calculated as the fibrotic area/total area 

of the RV free wall for each slide across replicates and groups.11,12
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2.10. Statistics

Numerical data are the mean ± SEM. All data were analyzed using one-way ANOVAs with 

Tukey’s multiple comparison post-test across all groups. Sample size (n) was 3–7 for all 

samples (n = 5–7 for cardiac functional data and n = 3–7 for tissue analysis data). In cases 

where both days and groups were involved, data were compared across groups within the 

same day and across days within the same group to determine significant differences. All 

animal-group randomization, patch surgical implantation, raw data acquisition, and raw data 

analysis were performed blinded before final grouping and data analysis.

3. Results and discussion

3.1. In vivo cell retention

Studies from our laboratory and others have employed a juvenile rat model of RV failure and 

dysfunction using a pulmonary artery banding (PAB) method to increase RV afterload.11,12 

Briefly, juvenile immunocompromised rats (nude, athymic) had a band placed on their 

pulmonary artery. This method reduced blood flow through the pulmonary artery and caused 

pressure overload in the RV, resulting in RV hypertrophy and gradual development of RV 

failure due to the limited ability of the RV to respond to changes in afterload, mimicking the 

development of RV failure in certain CHD.5,6,11,12 After PAB surgery, rats were followed 

with echocardiography for two weeks to assess the development of RV dysfunction by a 

reduction in TAPSE, a measure of global RV function.11,12,25,26 After confirmation of RV 

dysfunction, patches were randomized across different groups and were surgically attached 

to hearts directly. Patches were adhered centrally onto the beating RV of each rat using 

a single suture per patch, covering the majority of the RV wall. For patch mechanical 

properties and micro-graphical description, reference the previous study by our laboratory 

on patch design and development.24 Test groups included sham controls, PAB controls 

that did not receive patches, bare GelMA patches, bare GelMA-cECM patches, neonatal 

hCPC-GelMA patches, and neonatal hCPC-GelMA-cECM patches. Rats were followed 

throughout the 4-week therapy timeline with echocardiographic and in vivo fluorescent 

imaging methods. After four weeks, animals were sacrificed, the hearts were explanted and 

fixed/frozen en bloc, and the tissue was further analyzed.

Previous studies from our laboratory and others have shown that injected hCPCs are quickly 

cleared from the tissue, and only 0–30% of hCPCs are retained after 28 days of therapy 

depending on the method of modulation.11,12,17,27 All cells within patches were labeled 

with a fluorescent membrane dye, allowing for tracking of cell retention during therapy 

similar to previous studies.11,12 This methodology has previously shown no detrimental 

effects on the cells themselves.11,12 The cells were tracked over 28 days (4 weeks) post-

implantation with fluorescence, and the radiant efficiency of the fluorescent signal at day 

0 after patch implantation was used to normalize signals from days 14 and 28, as seen 

in Fig. 1. Rats across both GelMA and GelMA-cECM cell-laden patch groups exhibited a 

clear, strong fluorescent signal at the anatomical location of the heart, as seen by Fig. 1A. 

Quantification of cell retention, seen in Fig. 1B, showed that fluorescent signal remained 

consistent throughout 28 days of therapy without any significant differences between days 

or patch groups. These results show that neonatal hCPCs were retained without significant 

Bejleri et al. Page 7

Biomater Sci. Author manuscript; available in PMC 2023 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



loss to the circulation or tissue environment throughout therapy. Additionally, there were no 

differences in retention across material types, indicating that the effectiveness in retention 

was not an additional confounding variable in the assessment of patch therapeutic benefit 

across biomaterial groups. Overall, these results showed that cells were retained during 

therapy. However, the cell tracking method employed in this study may result in residual 

dye signal originating from tissue if implanted cells do not survive post-implantation. 

Therefore, in vivo measurements were complemented by tissue analysis to support retention. 

Explanted tissue sections were analyzed using a human-specific Ku86 marker and nucleus 

staining with DAPI.11,12,28 As seen in Fig. 1C, fluorescent images focused on neonatal 

hCPC-GelMA-cECM patches attached to tissue sections showed clear expression of Ku86 

(magenta) and nuclei (blue). Cells were retained within patches after 28 days of therapy, 

reinforcing the in vivo imaging results. While rat imaging data showed a robust fluorescent 

signal indicating a large cell number, the tissue staining data showed fewer cells. The 

reduced prevalence of cells at 28 days in the tissue analysis may be due to the direct 

staining methodology used (as opposed to an amplified immunohistological method), which 

captures only strongly bound fluorescent antibodies. In addition, small, thin portions of 

patches captured per tissue section and hCPCs distributed in low cell density along a 3D 

distribution within patches results in very few cells captured per section, making direct 

numerical comparison between full rat imaging and tissue staining ineffective. Even with 

these limitations, human cells were observed to indicate cell retention over 28 days. These 

studies support the hypothesis that patch therapy retains cells during surgical treatment with 

minimal loss of cells, compared to injectable therapies.

3.2. Cardiac functional assessment

Rats were evaluated throughout therapy by echocardiographic measurements for TAPSE, 

right ventricular end-diastolic dimension (EDD), right ventricular end-systolic dimensions 

(ESD), and right atrium area (RA-Area). TAPSE is an indicator of RV global function 

and has been employed in previous studies as a critical metric to assess therapeutic 

effects.25,26 In Fig. 2A, TAPSE is presented across 0, 2, and 4 weeks post-patch 

implantation. Immediately before patch implantation (week 0 values), all groups showed 

a significantly lower TAPSE than Sham controls, indicating that all rats had developed RV 

dysfunction post-PAB surgery. Four weeks post-implantation, GelMA-cECM and neonatal 

hCPC-GelMA-cECM groups showed no significant TAPSE difference compared to Sham 

controls, indicating similar RV function to healthy controls. Additionally, the neonatal 

hCPC-GelMA-cECM group showed significant improvements in TAPSE within the patch 

group between week 0 and week 4. While there were no significant improvements with 

GelMA patches, both cECM-laden patches were effective in improving global RV function 

to values that were not statistically different to Sham values.

Evaluation of end-diastolic dimension (EDD), end systolic dimension (ESD), and right 

atrium area (RA-Area) produced fewer comparable results, where significance between 

groups was evident only when compared to Sham controls at four weeks post-implantation 

(Fig. 2B–D). The PAB group showed a significantly larger value for all three additional 

cardiac metrics compared to the Sham group, indicating control group effectiveness.11,12,25 

While no patch group showed differences from PAB controls, cell-laden groups showed 
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no significant differences in cardiac dimensions compared to Sham values across all 

assessments. In addition, cECM-laden groups showed no differences compared to Sham 

groups in RV dimensions. Taken together with TAPSE results, these results reinforce the 

finding that the inclusion of cECM improved the cardiac outcomes during therapy to 

functional values similar to Sham values, although not different from PAB groups. The bare 

cECM-laden patches may be effective without cellular-inclusion, where cECM-inclusion 

was the most important patch parameter. Additionally, GelMA groups were ineffective 

in facilitating cardiac improvements across all RV metrics and may not by a reparative 

therapy without cECM-inclusion. In contrast to cECM-laden groups, the only GelMA 

group that showed any improvements during therapy was neonatal hCPC-GelMA relating 

to RA-Area, pointing towards cECM potentially being the most impactful patch parameter 

in treatment. Within cell type, the inclusion of cECM was necessary for improvements in 

cardiac function over Sham compared to GelMA alone. For biomaterial groups within cell 

type, both GelMA and cECM groups did not show significant functional improvements with 

cellular incorporation, although the incorporation of neonatal hCPCs may have boosted this 

effect for cECM groups. Regardless, neonatal hCPC-GelMA-cECM patches were the only 

patches that showed improvements in cardiac function to Sham values across all functional 

measurements, although bare GelMA-cECM patches showed equivalent improvements in 

most analysis methods. A hypothesis of this work is that incorporating cECM within patches 

will improve cellular functionality when comparing the GelMA vs. cECM groups laden 

with the same cell type (neonatal hCPCs).24,29,30 While the neonatal hCPC-GelMA-cECM 

patch group may have shown the highest TAPSE value across all groups, there were fewer 

significant differences between neonatal hCPC-GelMA-cECM and neonatal hCPC-GelMA 

groups directly. These results could indicate that cECM may be the most potent modulator 

of patch therapeutic potential, and cell inclusion may not be as important.

3.3. Tissue analysis

While cardiac functional measurements are important parameters in evaluating the 

therapeutic effect of bioprinted patches, tissue-level effects must also be evaluated to 

understand how therapies affect cardiac remodeling and function.11,12,31,32 Pediatric RV 

failure is characterized by progressively increased cardiomyocyte hypertrophy, decreased 

vascular density, and increased tissue fibrosis.5–8 Quantification of these variables allows 

for a clear understanding of tissue-level changes due to therapy. Hearts explanted from rats 

after four weeks of therapy were analyzed using histological methods.11,12,33–38 The first 

of these assess the vascularization of the RV (Fig. 3), where Fig. 3A shows characteristic 

images of vessel staining across control, bare patch, and neonatal hCPC-patch groups, 

and Fig. 3B shows quantified vessel density. PAB and neonatal hCPC-GelMA groups 

showed significantly lower tissue vascularization compared to Sham groups, indicating 

limitations in patch therapy towards tissue remodeling when using cell-laden GelMA 

patches. Alternatively, both GelMA-cECM and neonatal hCPC-GelMA-cECM groups 

showed improvements in vascularization over PAB controls. These results reinforce the 

cardiac functional results since only cECM laden groups showed improvements in tissue 

remodeling and vasculature formation. Previous studies have shown that cECM injection 

within the myocardium supported infiltration of vasculature in healthy hearts and increased 

infarct vascularization in damaged hearts, mirroring the results seen here.39–41 Also, both 
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cECM-laden groups (bare and neonatal hCPC patches) showed improved vascularization 

compared to neonatal hCPC-GelMA groups. These results directly reinforce the in vitro 
findings of our previous study, where cECM inclusion improved the angiogenic potential of 

neonatal hCPC-GelMA-cECM patches compared to neonatal hCPC-GelMA patches.24 The 

effect of cECM on neonatal cell reparative potential may be primarily improving angiogenic 

effects, such as by releasing pro-vascularization cytokines over other cytokines, supported 

by both previous in vitro and current in vivo results in this study.24,29

The analysis in Fig. 3B described the vascularization across groups evaluated at multiple 

sections within the RV. During implantation, patches are placed on the epicardial wall 

of the RV rather than inside the RV tissue itself, which may mean that there are local 

changes to tissue vascularization close to the patch implantation site compared to the 

RV in general.42,43 Cells within patches need blood supply for survival and hCPCs were 

incorporated within patches to deliver locally released factors to the myocardium.22,44 Taken 

together, these effects may drive tissue changes at the patch-tissue interface and should 

be evaluated in addition to overall RV vascularization.45 Vessel density analysis for RV 

tissue adjacent to patches is presented in Fig. 3C, where only patch groups are considered. 

Only GelMA-cECM and neonatal hCPC-GelMA-cECM patches showed an improved vessel 

density adjacent to patches, compared to bare GelMA patches. This trend mirrors the 

vascularization data seen in Fig. 3B, where only GelMA-cECM and neonatal hCPC-GelMA-

cECM patches showed a significantly improved vessel density compared to controls. Unlike 

RV vascularization overall, there were no significant differences between GelMA-cECM 

and neonatal hCPC-GelMA-cECM patches considering only patch-adjacent tissue. These 

results indicate that neonatal cell inclusion in GelMA patches may be producing a local 

improvement in tissue angiogenesis, although the effects were not sufficiently stronger 

than the effect of bare GelMA patches. Overall, these results indicate that there may be a 

local response related to material type only, of which cell-inclusion does not significantly 

modulate.

RV pressure overload drives cardiomyocyte hypertrophy, promotes further cardiomyocyte 

enlargement, dysfunctional contractility, and eventual RV failure.5–8 Analysis of 

cardiomyocyte hypertrophy for control, bare patches, and neonatal hCPC patches is 

seen in Fig. 4, where Fig. 4A shows characteristic images of cardiomyocyte outlines 

(red) and nuclei (blue), and Fig. 4B shows quantified cardiomyocyte area. PAB and 

GelMA groups showed significantly higher cardiomyocyte area compared to Sham 

groups, indicating limitations in patch therapy towards tissue remodeling in line with the 

vascularization results. Both GelMA-cECM and neonatal hCPC-GelMA groups showed 

reductions in cardiomyocyte hypertrophy over PAB controls, although they also showed 

differences from Sham controls, indicating that these patch types may be mildly reduce 

cardiomyocyte hypertrophy. Neonatal hCPC-GelMA-cECM group showed significant 

decreases in hypertrophy compared to the PAB and GelMA groups, indicating that the 

cell-cECMp atchesmay bemost impactful in reducing hypertrophy. These results reinforce 

the cardiac functional measurements and vessel density analysis, where both cECM-laden 

groups showed improvements in tissue remodeling and vasculature formation. Also, there 

was a significant difference in cardiomyocyte area between hCPC-GelMA-cECM and 

GelMA groups directly. These findings point once again towards cECM-laden patches 
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outperforming pure GelMA patches, in terms of improving tissue remodeling towards 

repair. Although there was no significant difference between biomaterial types within cell 

groups in comparing cardiomyocyte area, there was a trend towards reduced cardiomyocyte 

hypertrophy in the neonatal GelMA-cECM groups compared to the neonatal GelMA groups, 

similar to trends seen in functional measurements such as EDD and ESD.

Finally, RV free wall total fibrosis was evaluated across all groups to understand the 

therapeutic impact of patches towards tissue remodeling.11,12 Fibrosis in RV dysfunction 

can result in contractile limitations and myofibroblast recruitment, perpetuating a cycle 

of tissue damage leading to RV failure.5–8 Analysis of fibrosis for control, bare patch, 

and neonatal hCPC patch groups is seen in Fig. 5, where Fig. 5A shows characteristic 

heart section images where darker areas indicate fibrosis, and Fig. 5B shows quantified % 

fibrosis of the RV free wall across groups. Notably in the GelMA-Neo image, a section 

of patch is visible on the RV (indicated by an arrow in Fig. 5A), further supporting the 

findings in Fig. 1 related to patch retention throughout treatment. PAB and neonatal hCPC-

GelMA groups showed significantly higher fibrosis compared to Sham group and no groups 

showed improvements over PAB values, reinforcing the ineffectiveness of GelMA patches 

in repairing the myocardium. In addition, GelMA-cECM patches showed the lowest Fibrosis 

values across all groups. These combined results reinforce the findings that the inclusion 

of cECM is an important factor in developing therapy for treating heart failure, compared 

to pure GelMA materials. A trend in terms of reduced fibrosis was not seen for neonatal 

hCPC-GelMA-cECM and neonatal hCPC-GelMA patches, which may indicate that neonatal 

hCPCs reduce the potential of cECM components to drive fibrosis reduction or collagen 

remodeling, in contrast with to the improved angiogenic and hypertrophic tissue effects.

Overall, tissue analysis of rat hearts after four weeks of therapy showed differences between 

test groups and PAB controls in improvements to vasculature formation, reduction in 

cardiomyocyte hypertrophy, and reduction in cardiac fibrosis. Of all groups, only bare 

GelMA-cECM and neonatal hCPC-GelMA-cECM patches showed increased vasculature 

formation and decreased cardiomyocyte hypertrophy over PAB values. Both bare GelMA-

cECM and neonatal hCPC-GelMA-cECM patches showed tissue-level improvements over 

GelMA groups, such as significance over neonatal hCPC-GelMA in regards to improved 

vascularization and bare GelMA in regards to reduced myocyte hypertrophy. Additionally, 

cECM-laden patches were the only patches that showed tissue level improvements over 

controls compared to the GelMA groups (which showed improvements only through cell-

laden patches in reducing hypertrophy), indicating significant repair across all assessment 

methods (vascularization, cardiomyocyte hypertrophy, and fibrosis). These results point 

towards cECM inclusion being an important factor for tissue level remodeling in the 

developed biomaterial-cell patches. There were no significant differences between bare 

or cell-incorporated patches across vascularization, hypertrophy, or fibrosis analysis within 

either GelMA or cECM groups specifically.27,46 Alternatively, the only comparison between 

the neonatal patches in terms of tissue-level remodeling was an improvement in vessel 

density with the inclusion of cECM, indicating that the neonatal hCPCs may have 

their primary modulation by cECM related to promoting angiogenesis.27,46–49 Regardless, 

comparisons between cECM-laden and cECM-free cell-laden patches showed that the 

inclusion of cECM was required to improve cardiac functionality.
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4. Conclusions

The in vivo assessment of bioprinted GelMA-cECM and hCPC-GelMA-cECM patches in 

a clinically relevant model of pediatric heart failure was investigated in terms of cardiac 

functional and tissue-level remodeling effects. A juvenile rat model of RV failure generated 

through PAB was used to establish a clinically relevant heart dysfunction condition.11,12 

Patches across different biomaterial types and cell inclusions were implanted onto the 

failing RV of PAB rats in a randomized and blinded manner. Test groups included Sham 

controls, PAB controls, bare GelMA and GelMA-cECM patches, and neonatal hCPC-laden 

GelMA and GelMA-cECM patches. Patches across both cell-laden biomaterial types showed 

consistent and complete retention of cells during the timeframe of therapy, compared to 

0–30% retention seen with injection methods.11,12,17,27 Both cardiac function and tissue-

level remodeling were improved with the implantation of neonatal hCPC-GelMA-cECM 

patches compared to PAB controls. Additionally, bare GelMA-cECM patches showed 

effectiveness in repairing tissue properties and cardiac functional outcomes. While both 

neonatal hCPC-GelMA-cECM and bare GelMA-cECM patches may be effective for cardiac 

repair, bare GelMA-cECM patches do not include primary human cells and represent 

a reproducible therapeutic technology.14,50,51 Incorporation of cECM into patches was 

necessary to facilitate cardiac functional and tissue-level repair across all analysis methods 

and patch types (bare or cell-laden), compared to GelMA groups and PAB controls and 

reinforces prior in vitro studies.24 A comparison of cell-laden and bare patches showed that 

the inclusion of cells might not be required for cardiac functional improvements compared 

to bare patches in the case of GelMA-cECM groups. However, given that neonatal cell 

inclusion was needed to facilitate improvements for GelMA groups in regards to cardiac 

functional measurements, the inclusion of cells may improve therapeutic outcomes with 

pure GelMA patches. Comparisons between neonatal hCPC-laden patch groups showed an 

improved RV vessel density with cECM-laden patches compared to cECM-free patches.

Altogether, the in vivo analysis of bioprinted hCPC-GelMA-cECM patches shows that 

acellular GelMA-cECM patches and neonatal hCPC-GelMA-cECM patches are effective 

in treating RV failure, both in terms of functional and tissue improvements over PAB 

controls and in comparison to cECM-free GelMA patches, regardless of cell inclusion. 

Overall, cECM is the most potent modulator of patch therapeutic improvements in a model 

of RV failure. These findings point towards the use of bioprinted GelMA-cECM patches 

as effective and reproducible therapies in treating pediatric RV failure, paving the way 

for larger-scale animal models and human clinical trials using the technology. Further 

tissue level analysis (such as cardiomyocyte proliferation, myofibroblast activation, and 

macrophage phenotype and activation) may provide additional information to understand the 

in vivo effect of bare and cell-laden GelMA-cECM patches.52–54

Future directions include improving cellular function within bioprinted patches, improving 

patch therapeutic potential by incorporating non-cellular components, and clinical 

investigations of GelMA-cECM patch therapy overall. The current study has shown that 

hCPC-incorporation may not provide substantial therapeutic benefit over bare GelMA-

cECM patches. Further cellular modulation may improve cell-laden patch therapeutic 

outcomes by improving cell function, such as by incorporating improved cellular 
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manufacturing methods, computational determination of optimal cell populations, secretory 

cell types such as mesenchymal stem cells (MSCs), and optimized cell density and number 

within printed patches.55–58 Alternatively, the effectiveness of cell-free GelMA-cECM 

patches may be improved by incorporating extracted paracrine factors within patches to 

further develop an off-the-shelf device. Loading patches with potent emerging therapeutics 

such as exosomes allows for highly tailorable devices that benefit from combined 

cECM-exosomes therapy.59,60 In addition, exosome release profiles may be modulated by 

endogenous ECM-exosome interactions.61

Improved cell sourcing, manufacturing, and optimization, additional cellular modulation, 

and exosome loading of GelMA-cECM patches may produce substantial improvements 

to the therapeutic potential of hCPC-GelMA-cECM patches compared to the results seen 

in this work. Regardless, the effectiveness of cell-free GelMA-cECM patches in treating 

RV failure was evident and warrants further investigation in immunocompetent rats, large 

animals, and ultimate human patient assessment.62,63 GelMA-cECM patches may provide 

effective therapy for decreasing the mortality rate and improving the quality of life for the 

many pediatric patients suffering from RV dysfunction and failure.
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Fig. 1. 
In vivo cell retention. (A) Radiant efficiency signal of rats across neonatal hCPC-patch 

groups over 28 days of therapy. (B) Quantified fluorescent signal across neonatal 

hCPC-patch groups over 28 days of therapy, presented as radiant efficiency (% of day 

0) normalized to day 0 measurements within rats. n = 3–4 for all time-points. (C) 

Immunohistological staining of neonatal hCPC-GelMA-ECM patch within tissue sections 

(image is of patch only), where human marker Ku86 (magenta) and nuclei marker DAPI 

(blue) is co-localized. Scale bar for stained images is 50 μm.
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Fig. 2. 
Echocardiographic measurements. (A) TAPSE measurements for control, bare patch, and 

neonatal patch groups across 0–4 weeks of treatment. TAPSE value is normalized to TAPSE 

at two weeks before patch implantation (immediately before PAB surgery) within rat. 

* = p-value <0.05, # = no significant difference from Sham group values within week 

grouping. (B) End-diastolic dimension (EDD) measurements for control, bare patch, and 

neonatal patch groups at week 4 post-patch implantation. (C) End-systolic dimension (ESD) 

measurements for control groups, bare patch groups, and neonatal patch groups at week 4 

post-patch implantation. (D) Right atrium area (RA-Area) measurements for control groups, 

bare patch groups, and neonatal patch groups at week 4 post-patch implantation. In figures 

B, C, and D, * = p-value <0.05. Statistical values are given by ANOVA with Tukey’s 

post-test, n = 5–7 for all groups at all time-points.
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Fig. 3. 
Tissue vascularization. (A) Characteristic images of fluorescent signals from control, bare 

patch, and neonatal patch tissue sections stained with vessel-specific dye Isolectin B4. Scale 

bar for all images is 100 μm. (B) Quantified vessel density given as number of vessels per 

0.2 mm2 area of the RV overall. (C) Quantified vessel density given as number of vessels 

per 0.2 mm2 area of the RV adjacent to location of implanted patch. * = p-value <0.05, 

** = p-value <0.01, given by ANOVA with Tukey’s post-test, n = 3–7 for all groups at all 

time-points.
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Fig. 4. 
Cardiomyocyte hypertrophy. (A) Characteristic images of fluorescent signals from control, 

bare patch, and neonatal patch tissue sections stained with cardiomyocyte cell membrane-

specific dye Wheat Germ Agglutinate (red) and nuclei marker DAPI (blue). Scale bar 

for all images is 100 μm. (B) Quantified cardiomyocyte hypertrophy given as average 

cardiomyocyte cross-sectional area (μm2) in the RV. * = p-value <0.05, ** = p-value <0.01, 

given by ANOVA with Tukey’s post-test, n = 3–7 for all groups at all time-points.
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Fig. 5. 
Tissue fibrosis. (A) Characteristic images of control, bare patch, and neonatal patch tissue 

sections stained with collagen density/fibrosis-specific dye. Scale bar for all images is set in 

the Sham image. Scale bar is 4 mm. Arrow indicates retained patch. (B) Quantified tissue 

fibrosis given as % fibrosis of the RV free wall. * = p-value <0.05, given by ANOVA with 

Tukey’s post-test, n = 3–7 for all groups at all time-points.
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