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ARTICLE INFO ABSTRACT

Keywords: Background: Biomaterials can improve cardiac repair combined with transplantation of bone
Myocardial infarction marrow mononuclear cells (BMMNCs). In this study, we compared the phenotype and cardiac
BMMNC

repair between human heart valve-derived scaffold (hHVS) and natural protein/polycaprolactone
(NP/PCL) anchored BMNNCs.

Methods and results: BMMNCs were obtained from mice five days following myocardial infarction.
Subsequently, BMMNCs were separately cultured on hHVS and PCL. Proliferation and car-
diomyogenic differentiation were detected in vitro. Cardiac function was measured after trans-
plantation of cell-seeded cardiac patch on MI mice. After that, the BMMNCs were collected for
mRNA sequencing after culturing on the scaffolds. Upon anchoring onto hHVS or PCL, BMMNCs
exhibited an increased capacity for proliferation in vitro, however, the cells on hHVS exhibited
superior cardiomyogenic differentiation ability. Moreover, both BMMNCs-seeded biomaterials
effectively improved cardiac function after 4 weeks of transplantation, with reduced infarction
area and restricted LV remodeling. Cell-seeded hHVS was superior to cell-seeded PCL.
Conclusion: BMMNCs on hHVS showed better capacity in both cell cardiac repairing and
improvement for cardiac function than on PCL. Compared with seeded onto PCL, BMMNCs on
hHVS had 253 genes up regulated and 189 genes down regulated. The reason for hHVS’ better
performance than PCL as a scaffold for BMMNCs might be due to the fact that optimized method
of decellularization let more cytokines in ECM retained.

hHVS
PCL

1. Introduction

Myocardial infarction, a pathological phenomenon occurring in myocardial tissue, can lead to cellular injury and mortality.
Ischemia arises when the blood flow to an organ is impeded due to an embolus obstructing the arterial blood supply. This ischemic
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event is associated with a significant disruption in cellular metabolism, ultimately leading to tissue hypoxia. Within the affected
ischemic region, excessive tissue damage and detrimental inflammation are observed [1]. Myocardial infarction is a pathological
process that occurs in myocardial tissue and can cause cell damage and death. Ischemia occurs when the blood supply to an organ is
restricted due to an embolus blocking the blood supply of an artery. During the occurrence of acute myocardial infarction (AMI), a
significant quantity of inflammatory cells is mobilized into the myocardium. Neutrophils engulf deceased and dying cells in the
affected region and subsequently release inflammatory mediators to attract monocytes. As the acute inflammatory response com-
mences resolution, the majority of infiltrating neutrophils undergo apoptosis. Inflammatory macrophages eliminate apoptotic neu-
trophils, initiating a sequence of anti-inflammatory pathways that facilitate cardiac repair [2]. Defective neutrophil clearance
enhances inflammation and promotes cardiomyocyte apoptosis, infarct dilation, and adverse structural remodeling [3]. Intra-
myocardial transplantation of bone marrow undifferentiated cells can repair the infarcted heart through angiogenesis, paracrine ef-
fects, transdifferentiation and cell fusion. Our research found that both cardiac and bone marrow derived cell population is increased in
response to ischemic injury and can improve cardiac repairing as well as increased chemotaxis to the heart [4].

However, the survival rate of cells injected into the myocardium locally is significantly diminished due to the majority of cells being
lost through mechanical damage, and the remaining cells experiencing death within a week of transplantation due to inadequate
nutrient and oxygen provision [5]. In order to tackle this issue, we propose the provision of cells with an environment that closely
resembles their native surroundings, specifically the cardiac extracellular matrix (ECM), which has the potential to enhance their
viability and proliferation rates. Therefore, the implementation of a cardiac extracellular matrix (ECM) that accurately reproduces the
structural attributes and biochemical composition of the indigenous milieu can yield significant benefits. Consequently, the provision
of a cardiac ECM that emulates both the structural characteristics and biochemical composition of the native myocardial ECM pro-
motes successful myocardial transplantation [6]. The utilization of hybrid nanofibers produced through electrospinning technology,
incorporating diverse natural proteins, enhances cell adhesion and spreading on the scaffold. Furthermore, the utilization of human
native myocardial tissue-derived matrix may provide a clinically relevant novel scaffold and support for BM stem cell transplantation
in cardiac repair holds significant clinical relevance. The objective of our research was to conduct a comparative analysis between
these two materials and the original microenvironment of the myocardium, with the aim of determining their respective levels of
biocompatibility and ability to simulate the cardiac microenvironment. By identifying the reasons behind the superior performance of
one material over the other, we can facilitate the development of improved materials that more accurately replicate the cardiac
microenvironment, thereby enhancing the efficacy of cardiac repair procedures.

2. Materials and methods
2.1. Preparation of hHVS

The human mitral valve was derived from a patient with chordal rupture undergoing mitral valve replacement in the Affiliated
Hospital of Nantong University as described in Ref. [6]. The mitral valve was frozen sectioned to a thickness of 50 ym or 100 pm,
followed by decellularization in 0.5 % or 1 % sodium dodecyl sulfate (SDS) (the thickness of the scaffold determines the concentration)
for 12 h. The decellularized hHVS was washed repeatedly before freeze-drying in a vacuum freeze dryer to remove residual SDS, then
immersed it in 75 % ethanol for 2 h.

2.2. Synthesis and characterization of electrospun sheet

PCL and NP are mixed in a ratio of 8:2. Elastin (Herochem Biochemical reagent CO. LTD, China) and type I collagen (Sigma, US) are
made into natural protein with a mass ratio of 3:7. The mixture was dissolved in hexafluoroisopropanol (HFIP) (Aladdin, China) and
stirred for 12 h to obtain a uniform and stable solution with a mixed solvent concentration of 15 % (w/v). The prepared solution is
loaded in a 2 ml container, and the flow rate of the solution was controlled by the syringe pump at 0.02 ml min~! (LSP01-1A, Baoding
Longer Precision Pump, China). The needle tip was 12.5 cm away from the current collector, and the voltage applied to the needle was
15v. The prepared electrospun sheet was vacuum dried for 24 h to completely remove the residual solvent, and then used for further
characterization. All experiments are carried out at room temperature and relative humidity between 40 and 60 %. Scanning electron
microscope (SEM) was used to observe the morphology of NP/PCL (abbreviated as PCL in following text) electrospun sheet. ImageJ®
software was used to measure 100 fiber segments in different SEM images to determine the average fiber diameter. Measured the water
contact angle (WCA) of the electrospun sheet by the fixed drop method, using a goniometer that supports video ((FM40MK2 EasyDrop,
KRUSS GmbH, Germany) [7].

2.3. Development of MI model

All C57BL/6 or GFP + transgenic mice (6-8 weeks, 20-25g) used in this study were purchased from the Model Animals Research
Center of Nantong University (Nantong, China). GFP + transgenic mice were used for transplanted cells tracking. Mice were housed in
a specific pathogen-free (SPF) environment at 22 + 1 °C with a relative humidity of 50 + 1 % and a normal 12-h day-night cycle. After
the mice were anesthetized with isoflurane inhalation, a small incision was opened in the left chest, the muscle tissue was bluntly
separated, and the left descending artery (LDA) was ligated with 7-0 propylene after the heart extrusion exposure. After that, removed
possible gas from the chest, cleaned the wound, sutured and disinfected [8,9].
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2.4. Extraction and culture of BMMNCs

Fresh BMINNCs was isolated by washing the femoral and tibial bone marrow of C57BL/6 or GFP + mice with myocardial infarction
with Hank’s balanced salt solution with 40 pm cell strainer (HBSS; Thermo, USA). The collected cells were cultured in dulbecco’s
modified eagle medium (DMEM) supplemented with 15 % fetal bovine serum (Gibco, Thermo, USA) and 1 % penicillin-streptomycin
solution (P/S, Thermo, USA). HHVS and PCL electrospun sheets were placed on the bottom of the 96-well plates. BMMNC cells were
then seeded in 96-well plates and culture performed in humidity incubator at 37 °C and 5 % CO for proliferation and PCR tests. The
cell-seeded hHVS and PCL was prepared by incubating the hHVS or PCL in the medium by growing BMMNC cells (3 x 10° cells/cm?)
onto the materials for 10 days, respectively, before implantation.

2.5. Transplantation of the materials

Thirty-seven C57BL/6 mice were randomly assigned to 5 groups: 1) Sham group (n = 7); 2) MI group (n = 10); 3)BMMNC-seeded
PCL group (n = 10); 4) BMMNC-seeded hHVS group (n = 10). Surgical anesthetization and method of exposure of mice hearts of
transplanting cardiac patches were the same as MI surgery. Once the pericardium was opened, a 7-0 prolene, which was sutured in
advance in the sheet, was utilized to ligate the LDA. Hereafter, the sheet was set to the left ventricle. The sheet attached to the
epicardium without using glue.

2.6. Evaluation of cardiac function

After four weeks of implantation, transthoracic echocardiography (LG, South Korean) and pressure-volume (P/V) loop measure-
ments (using the Millar Pressure-Volume System) were conducted on recipient mice to assess cardiac performance, as previously
described [10]. Briefly, Two-dimensional and M-mode images were recorded from the short-axis view of the 4th to 5th intercostal
space in the middle of the left ventricle. In order to evaluate cardiac function, ejection fraction (EF) and fraction shortening (FS) are
automatically generated by the machine. All measurements were performed by experienced sonographers, who were unaware of the
grouping of mice [11-13]. In vivo hemodynamic analysis was carried out using a 1.4F pressure-volume catheter (SPR-839) [14,15].

Measured a set of hemodynamic parameters to determine the systolic and diastolic blood pressure of the heart. The mice were
anesthetized using an isoflurane inhalation chamber. After calibration, inserted the probe into the left ventricle from the left common
carotid artery, and the left ventricular pressure and conductance was obtained in real time. Subsequently, a 20 % sodium chloride
solution was injected intravenously 3 times. After correcting the volume data by conductance measurement, the mice were sacrificed
for tissue collection [16,17]. Statistical analyses were performed using PRISM (GraphPad Software Inc) with the non-paired t-test.

2.7. High-throughput sequencing data analysis

This project uses RNA Extraction kit to extract RNA from samples. The cell-sheet complex was in RNA Extraction lysate. The
extraction strictly follows the standard operation manual provided by the kit manufacturer, and the extracted total RNA of the samples
is obtained.

The total RNA extracted was tested by Agilent Bioanalyzer 2100 (Agilent technologies, Santa Clara, CA, US) to detect the integrity
of RNA.Qubit®3.0 Fluorometer (Life Technologies, CA, USA) and Nanodrop One spectrophotometer (Thermo Fisher Scientific Inc.,
USA) to detect the concentration and purity of total RNA.For details about the quality inspection result, see the Quality inspection
report.

Aftering sequencing on the Illumina HiSeq4000 sequencer, paired-end reads were harvested and these were quality controlled by
Q30. The clean data were obtained through 3’ adaptor-trimming and removing low-quality reads usingcutadapt software (v1.9.3).
After that, clean data were aligned to the reference genome (mmu) via software HISAT2 (v2.0.4). Methylated sited on IncRNAs (peaks)
were identified by MACS software. As to the mRNA and IncRNA part, clean reads were aligned to the human reference genome (UCSC
hg19) with HISAT2 software (v2.0.4). Then, low expressed genes were filtered out for further analysis.

2.8. Detection of differential expressed genes

The differential gene expression between groups was determined by edger and DEseq2 R package. Genes with a cutoff of p-val-
ue<0.05 and |log2 (foldchange)|>1 or 0.58 were considered differential expressed.

2.9. Functional enrichment analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database and Gene Ontology (GO) category database were used for
functional annotation of differentially expressed genes. Enrichment analysis of GO categories was performed by R ‘cluster Profiler’
package, and enrichment analysis of pathways was tested upon hypergeometric distribution by R ‘phyper’ function. Those GO cate-
gories with a fdr<0.05 were considered as significant enriched, and pathways with a p-value<0.05 were considered as significant
enriched [18,19].
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2.10. Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was used to interpret the gene expression data by determining statistically significant dif-
ferences in pre-defined gene-sets between biological states. In addition, GSEA can be used to identify the pathways that correlate to
gene expression. The predefined gene set for mouse were downloaded from GO2MSIG (http://www.bioinformatics.org/go2msig/). A
normalized enrichment score (NES) was calculated as the primary GSEA statistic. Gene sets were considered signifcantly enriched with
p-values<0.05 and |NES|>1. These analyses were done by R ‘fgsea’ package [20-22].
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Fig. 1. Features of the Heart Patch (A) Macroscopic view of 100 pm PCL sections. (B) Scanning of 100 pm PCL for electron microscopy (1000x,
6000x). Scan bar, 20 pm. (C) Macroscopic view of 100 pm hHVS sections. (D) Scanning of 100 pm hHVS after decellularization for electron mi-
croscopy. (E) Expression of proliferation-related proteins in BMMNC and two cardiac patches. (F) Cck8 is used to show the proliferation of BMMNC
cells themselves and their ability to proliferate on PCL and hHVS respectively.
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Fig. 2. Cardiac function testing (A-B) Echocardiography is used for the detection of cardiac function in mice, and the indices of cardiac function
detected include LVEF and LVFS. (C-D)Haemodynamic measurements via Millar pressure-volume catheter. The calculated haemodynamic pa-
rameters are shown as pump function (cardiac output, CO; output per beat, SV), systolic function (maximum peak rate of LV pressure, dP/dt max)
and diastolic function (LV pressure rate in minimum peak MI, dP/dt min; relaxation time constant, Tau). Each loop represents one cardiac cycle. MI,
n = 10; hHVS + BMMNC, n = 10; NORMAL, n = 7.
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Fig. 3. Similarities between hHVS and PCL (A) PCA and sample hierarchical cluster analysis were performed on the normalized expression values
of the 3 groups of samples. The results showed that the samples in the same group were very similar. The PCL and hHVS samples are still
significantly different from the mibm samples. The similarity between hHVS and PCL is reflected in the fact that the horizontal coordinate is located
in the similar region (Dim1), while the difference is reflected in the inconsistent distribution of the two on the vertical coordinate (Dim2). (B)
Histogram display of the number of differential genes. The color of the histogram is gradually filled according to the change interval of the log2
Foldchange value of the difference gene. Red represents up, blue represents down, and the depth of the color represents the degree, and the ordinate
is used to display the number of distributions. (C) Heat map of differential genes between hHVS and BMMNC planted with BMMNC, red represents
high expression, blue represents low expression, the darker the color, the deeper the degree. (D)Heat map of differential genes between PCL and
BMMNC planted with BMMNC, red represents high expression, blue represents low expression, the darker the color, the deeper the degree. (E)
Differential gene volcano maps of PCL and hHVS compared with mibm. Each row represents a gene, each column represents a sample; Genes are
clustered row by row. (F) Differential gene volcano map of PCL and hHVS compared with mibm. The horizontal axis represents log2 Foldchange,
and the vertical axis represents -log10 (Pvalue). The more the gene is at the top, the more obvious the difference between the left and right sides.
Among them are the top 20 significantly different genes ranked by pvalue significance. (G-H) The result of functional enrichment of differentially
expressed genes. Each dot represents a biological function, and the size of the dot reflects the number of differential genes in this function; the shade
of the dot reflects the size of -log10(pvalue). The horizontal axis represents the ratio of up-regulated genes to down-regulated genes in this function.
(‘For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2.11. Protein microarray results analysis

The protein-protein interaction between DEGs were extracted based on Pathway common database (http://www.
pathwaycommons.org/). Both the PCL and hHVS differential genes (DEGs) compared with mibm were used, and protein-protein
interaction (PPI) network were created seperatly. As to each gene in the network, we calculated its betweeness score, and
compared it in two networks. A gene with a betweeness score higher than log2 fold change between two networks was considered as
one network specific hub genes [23].

3. Results
3.1. Characterization of PCL and hHVS

Electrospun sheet was made from a blend of 80 % elastin and PCL (Fig. 1A). The electrospun sheets showed a porous, dense and
uniform morphology under scanning microscopy (Fig. 1B). HHVS were made from a decellularized valve (Fig. 1C). After decellula-
rization, the scanning electron microscope showed interconnected porous meshes, indicating a well-preserved fine nanofibre network
structure (Fig. 1D). To further confirm the adhesion between cells and scaffolds, we grew BMMNCs extracted from mice onto PCL and
hHVS for 7 days and observed by electron microscopy that BMMNC cells survived and adhered well on both PCL and hHVS (Fig. 1E)
[24,25]. To further investigate the proliferation of BMMNCs, we compared the proliferation of BMMNCs grown on PCL and hHVS.
BMMNCs grown on PCL and hHVS proliferated more strongly compared to the proliferation ability of BMMNCs themselves. In
addition, BMMNCs grown on hHVS proliferated more strongly than BMMNCs grown on PCL (Fig. 1E).

3.2. PCL and hHVS implanted with BMMNC significantly improve cardiac function

Compared to the sham group, the infarcted mice showed a significant decrease in LVEF and LVFS, whereas the mice with PCL and
hHVS in the infarcted area showed a significant increase in LVEF and LVFS. It is also noteworthy that cardiac function improved better
in mice with hHVS than in mice with PCL (Fig. 2A-B). To further assess the effect of these heart patches on the heart, hemodynamic
measurements were monitored by Millar catheter in mice after one month. Compared to the sham-operated group, the dp/dt, CO, and
SV of the infarcted mice were significantly lower and the Tau was significantly higher, while the dp/dt, CO, and SV were significantly
restored and the Tau was significantly lower after applying the two heart patches. The effect of hHVS was more pronounced than that
of PCL. The lines become regular when PCL and hHVS are applied, as opposed to the haphazard lines on the post-infarction loop chart
(Fig. 2C-D).

3.3. Similarity of cardiac patch hHVS to PCL

Principal component analysis (PCA) and sample level clustering analysis showed differences between the three sample groups, with
significant differences between the two heart patch groups and the infarct group, and very high sample similarity in each group
(Fig. 3A). Interval classification of the differential genes in the two groups of heart patches according to the values of |log2(foldchange|
showed a very high similarity in the distribution of the differential genes in the two groups (Fig. 3B). Heat map showing differential
genes between the hHVS and BMMNCs groups of heart patches implanted with BMMNCs (Fig. 3C), while differential genes between
the PCL and BMMNCs groups of heart patches implanted with BMMNCs are shown by Fig. 3D. Volcano plots showed 3143 down-
regulated genes compared to 2436 up-regulated genes in the hHVS group compared to the infarct group, and 3076 down-regulated
genes compared to 2481 up-regulated genes in the PCL group compared to the infarct group (Fig. 3E-F) (Fig. S1). The functional
enrichment analysis of the differential genes in the two groups of heart patches was similar, with upregulated genes in the same
pathways being mainly in vasculature development, regulation of vasculogenesis, oxidation-reduction process, lysosome. The
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Fig. 4. Differences between hHVS and PCL (A) Differential gene heat maps of hHVS compared with PCL. (B) Histogram display of the number of
differential genes. Different colors represent the distribution of logfoldchange values in different segments, and the ordinate is used to display the
number of distributions. (C) Volcano map of differential genes compared between PCL and hHVS; there are a total of 253 up-regulated and 189
down-regulated; among them, the top 20 significantly different genes ranked by pvalue significance. (D-E) Functional enrichment of differentially
expressed genes of hHVS and PCL. (F) The proportional distribution of differential genes related to specific biological functions. Red represents up-
regulated expression in hhv, and blue represents down-regulated expression. (For interpretation of the references to color in this figure legend, the
l;eader is referred to the Web version of this article.)

pathways with the same up-regulated genes were mainly the fasculature development, regulation of vasculogenesis, oxidation-
reduction process, lysosome organization, lipid metabolic process, and blood vessel development (Fig. 3G-H) [26].

3.4. Differences between cardiac patch hHVS and PCL

The heat map shows the differential genes between hHVS and PCL (Fig. 4A), the bar chart showed the distribution of log2 fold-
change for the differential genes between the two heart patches (Fig. 4B), and the volcano chart indicates that there were 189 down-
regulated genes and 253 up-regulated genes between the two groups (Fig. 4C). The functional enrichment of the differential genes
showed significant differences in cell proliferation, inflammation-related and angiogenesis between the two heart patches (Fig. 4D and
E). The respective percentages of up- and down-regulated differential genes in the significantly enriched pathways were shown in the
bar chart (Fig. 4F). The differential genes were mainly enriched in angiogenesis, inflammatory, ECM and proliferation, suggesting that
BMMNCs grown on hHVS are beneficial in mimicking the cardiac microenvironment compared with BMMNCs grown on PCL.

3.5. Differential gene-specific differential enrichment of two cardiac patches

The hHVS equivalent of the PCL heart patch had 602 specific differential genes, of which there were 311 up-regulated differential
genes and 291 down-regulated differential genes. In contrast, PCL compared to hHVS heart patch had 438 specific differential genes, of
which there were 246 up-regulated differential genes and 192 down-regulated differential genes (Fig. S5A). The genes specific to the
cardiac patch hHVS were mainly enriched in macromolecule localization and cellular compared to PCL, whereas the genes specific to
the cardiac patch PCL were mainly enriched in phosphate-containing compound metabolic process and macromolecule localization
compared to hHVS (Fig. 5B-C). The pathways of differential gene enrichment positive by each of the two cardiac patches were shown in
the deviation diagram (Fig. 5D). The negative part of the differential gene enrichment pathway of the two heart plaque modulation
also indicates the similarity between the two, while the positive part indicates the difference between the two. In GSEA enrichment
analysis, hHVS compared with PCL, the up-regulated specific differential genes were mainly enriched in cell proliferation involved in
heart morphogenesis, vasculogenesis, cell adhesion, coronary vasculature morphogenesis, and lysosome organization, while the down-
regulated specific differential genes were mainly enriched in steroid biosynthetic process (Fig. 5E) [27].

3.6. The superiority of the cardiac patch hHVS

The heat map focused on the differential genes associated with PCL and hHVS in terms of proliferation, cell death and immunity
(Fig. 6A-C). Histograms of the up- and down-regulation of the respective hub genes in the PPI network constructed from some of the
differential genes; it can be seen that both hHVS and PCL hub genes are biased towards up-regulation of expression in hHVS (Fig. 6D).
The protein chip consisted of normal valves and decellularised valves. We found that the decellularised valves still secrete growth-like
factors, inflammatory factors and extracellular matrix-related factors (Fig. 7A-B). The proteins that remaind in higher amounts after
decellularization of the valve are angiogenin, VEGF, IL-1B and TIMP1. Angiogenin had a strong ability to promote angiogenesis both in
vivo and in vitro. VEGF is a highly specific pro-vascular endothelial cell growth factor that promotes increased vascular permeability,
extracellular matrix degeneration, vascular endothelial cell migration, proliferation and angiogenesi. TIMP1 is a group of peptidases
involved in the degradation of the extracellular matrix and promotes the proliferation of many cell types and may also have an anti-
apoptotic function. IL-1B is a key pro-inflammatory cytokine that has been associated with the development of atherosclerosis and
myocardial infarction. We also enriched myocardial valves for residual proteins and found that residual proteins were mainly enriched
in cell adhesion, angiogenesis, and immune-related pathways (Fig. 7C). The reciprocal and downstream genes corresponding to the
residual proteins are presented on the network map. The main residual proteins were TNF-a, IL-1b, TIMP-1, MMP1. The yellow
diamond-shaped dots were residual proteins, the red dots were adhesion-related genes and the blue dots are genes for other biological
functions. The red and blue dots were residual proteins corresponding to interacting or downstream genes and differentially expressed
in PCL compared to hHVS (Fig. 7D).

4. Discussion

In our previous investigation, it was observed that the utilization of materials combined with BMMNC cells demonstrated a
significantly greater efficacy in enhancing cardiac repair compared to the use of materials alone [28]. In the present investigation, we
aimed to compare the effectiveness of two heart patches cultivated with BMMNC cells in improving myocardial repair. The current
limitations of differentiated cell-based cardiac regenerative therapies lie in the inefficiency of cell delivery, engraftment, and differ-
entiation within the myocardium following transplantation. Furthermore, the extracellular matrix (ECM) undergoes alterations during
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Fig. 5. Intentional differences between hHVS and PCL. (A) The venn diagram shows the intersection of differential genes between PCL and hHVS
compared with MI. The figure is filled in according to the following categories: red represents up-regulation, blue down-regulation; purple up-
regulation is in the opposite direction; most of the genes appear to be up-regulated together, and no genes have the opposite trend. (B) The
result of functional enrichment hHVS are significantly enriched in cell growth and other pathway. (C) The result of functional enrichment of specific
differentially expressed genes in PCL. Genes with specific differences in PCL are significantly enriched in metabolic and signal transduction
pathways. (D) GSEA analysis result of hhv and PCL comparison (bp). All results satisfy p < 0.05. The horizontal axis reflects the Normalized
enrichment score (NES) value. NES>1 means that HHV is up-regulated compared to PCL, and NES<1 means that hHVS is down-regulated compared
to PCL. (E) The curve of the distribution of the biological function Enrichment score value. Cell proliferation involved in heart morphogenesis,
vasculogeneis, cell adhesion, and lysosome are significantly up-regulated in hHVS genes. Steroid is down-regulated in the PCL group. (For inter-
Eretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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differential genes between hHVS and PCL in the immune pathway. (D) Histogram of the up- and down-regulation of the respective hub genes of PCL
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genes for other biological functions. The red and blue dots are the residual protein corresponding to the interaction or downstream genes and are
differentially expressed in hHVS and PCL. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

the progression of heart failure, leading to its substitution with scar tissue. This substitution exacerbates the decline in the survival rate
of transplanted cells. Consequently, tissue engineering using different biomaterials and cell types was being developed as a potential
therapeutic approach to improve the efficiency of stem cell therapy by increasing the survival and retention of transplanted cells.

The naturally decellularized ECM not only serves as a physical framework to uphold the structural integrity of a multicellular
organism but also functions as a reservoir for biochemical and biophysical signals that support cell survival, migration and differ-
entiation [29]. The main benefit of decellularised organs or tissues is the presence of three-dimensional fibers and porous topography
as well as macroscopic structures like blood vessels, making them ideal scaffolding materials for tissue regeneration. Despite various
ECM analogues such as synthetic scaffolds and natural biopolymers [30] have been extensively investigated for tissue engineering,
they all exhibit a deficiency in terms of abundant growth factor substances. In order to address this limitation, the decellularization
process has been developed to eliminate existing cells from the ECM, thereby eliminating potential antigens that could trigger in-
flammatory responses and immune-mediated rejection. However, it is worth noting that during the process of decellularization, the
existing cells were eliminated, but the growth factors remain preserved. As a result, the extracellular matrix (ECM) derived from
decellularised organs showed great potential as a material for tissue engineering.

Type I collagen is the predominant protein in the cardiac environment, while elastin plays a crucial role in the cardiac extracellular
matrix (ECM) by facilitating its elastic properties. Both of these proteins are significant components of the hybrid electrospun sheet,
contributing to its favorable mechanical and biological characteristics. However, our results also revealed that cardiac patch composed
of PCL did not induce cell differentiation of BMMNCs due to the absence of multiple cytokines. Although NP/PCL containing collagen
and elastin, which also failed to promote cardiac differentiation. In contrast, hHVS derived from decellularised heart valves still had
some of the cytokines present, which are critical for inducing cardiac differentiation. Compared with seeded onto NP/PCL, BMMNCs
on hHVS had 253 genes up regulated and 189 genes down regulated. The up-regulated specific differential genes primarily associated
with cell proliferation, heart morphogenesis, vasculogenesis, cell adhesion, coronary vasculature morphogenesis, and lysosome or-
ganization. Conversely, the down-regulated specific differential genes were mainly enriched in steroid biosynthetic process.

This finding provided a valuable avenue for future research, wherein the incorporation of refined elements into the heart patch can
enhance the cardiac differentiation of cells, thereby facilitating a closer resemblance to the heart microenvironment and consequently
augmenting its therapeutic efficacy.

Previous investigations had demonstrated a correlation between the study of angiogenic pathways and various cellular processes
such as angiogenesis, cell proliferation, cell adhesion, and cell migration [31,32]. Angiogenesis, the formation of new blood vessels,
plays a crucial role in both growth and development as well as wound healing. Inflammation serves as a defensive cellular reaction to
pathogens, infection, or tissue injury, necessitating intricate molecular signaling to facilitate communication among various immune
cells and blood vessels. This biological process can give rise to fever, cardiovascular lesions, allergic sensitization, fibrosis, and
autoimmunity, particularly in the context of myocardial ischemia-reperfusion injury repair [33]. Research had demonstrated that
MMP9 and TNFa function as detrimental factors in myocardial damage, whereas TIMP1 exerted a notable cardioprotective influence
[34]. HGF activates Bcl-2 gene expression and inhibits the translocation of Bax protein to the mitochondrial membrane surface,
maintaining the electrochemical gradient inside and outside the mitochondrial membrane and preventing the leakage of cytochrome ¢
from the mitochondria, thereby inhibiting the activity of caspase-3 and caspase-9, the apoptosis-related proteins, and producing
anti-apoptotic effects [35]. The intricate interplay between residual proteins, encompassing both detrimental and protective elements,
is multifaceted. Residual vascular-associated proteins have the potential to foster the development of microcirculation, while residual
immune factors can serve as anti-inflammatory agents. The presence of these residual proteins facilitates the emulation of a compa-
rable microenvironment. Matrix metalloproteinases represent the foremost proteolytic system responsible for the degradation of
extracellular matrix constituents. They contribute to tissue remodeling by regulating the synthesis of matrix elements and the release of
various bioactive factors that facilitate collagen synthesis and the formation of connective tissue with abnormal structure and function,
ultimately leading to tissue remodeling and promoting cell differentiation [36]. The primary cause of myocardial damage resulting
from myocardial infarction is the disturbance of cardiac microenvironment homeostasis and excessive production of specific
pro-inflammatory cytokines. However, these cytokines also play a crucial role in preserving the normal myocardial microenvironment.
Our research has revealed that cardiac patches derived from natural tissues exhibit superiority over synthetic cardiac patches in all
aspects. This can primarily be attributed to the challenges faced by synthetic cardiac patches in replicating the microenvironment of a
healthy heart. Our study has identified that the incorporation of specific cytokines, as discovered in this research, can enhance the
ability of synthetic cardiac patches to mimic the normal state of the heart. However, we didn’t make sure which one or several cy-
tokines were the best for simulating the cardiac microenvironment. In future study, cardiac repairing can be improved by the addition
of appropriate cytokines which were found in this research and more new materials can be applied for myocardial injury repairing.

5. Conclusion
Both cellular materials seeded with BMMNCs mimicked an effective cardiac microenvironment, while hHVS from seeded cells was

more effective in improving myocardial function. The reason why hHVS was better than NP/PCL as a scaffold for BMMNCs might be
because the optimized method of decellularization let more cytokines in ECM retained.
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Abbreviation

AMI acute myocardial infarction
BMMNCs bone marrow mononuclear cells
DEGs differential genes

DMEM  dulbecco’s modified eagle medium

EF ejection fraction

ECM extracellular matrix

FS fraction shortening

GO gene ontology

GSEA gene set enrichment analysis
HFIP hexafluoroisopropanol

hHVS human heart valve-derived scaffold
KEGG Kyoto encyclopedia of genes and genomes
LDA left descending artery

NES normalized enrichment score

NP nature protein

PCA principal component analysis

PCL: polycaprolactone ( abbreviation for nature protein/polycaprolactone (NP/PCL) in article )
PPI protein-protein interaction

PVC Pressure-Volume Conductance Catheter System
SDS sodium dodecyl sulfate

SEM scanning electron microscope

SPF specific pathogen-free

TTC triphenyltetrachloride

WCA water contact angle

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e31821.
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