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Cell therapy has been a promising strategy for cardiac repair after myocardial infarction (MI), but a poor
ischemic environment and low cell delivery efficiency remain significant challenges. The spleen serves as a
hematopoietic stem cell niche and secretes cardioprotective factors after MI, but it is unclear whether it could be
used for human pluripotent stem cell (hiPSC) cultivation and provide a proper microenvironment for cell grafts
against the ischemic environment. Herein, we developed a splenic extracellular matrix derived thermoresponsive
hydrogel (SpGel). Proteomics analysis indicated that SpGel is enriched with proteins known to modulate the Wnt
signaling pathway, cell-substrate adhesion, cardiac muscle contraction and oxidation-reduction processes. In
vitro studies demonstrated that hiPSCs could be efficiently induced into endothelial cells (iECs) and car-
diomyocytes (iCMs) with enhanced function on SpGel. The cytoprotective effect of SpGel on iECs/iCMs against
oxidative stress damage was also proven. Furthermore, in vivo studies revealed that iEC/iCM-laden SpGel
improved cardiac function and inhibited cardiac fibrosis of infarcted hearts by improving cell survival, revas-
cularization and remuscularization. In conclusion, we successfully established a novel platform for the efficient
generation and delivery of autologous cell grafts, which could be a promising clinical therapeutic strategy for
cardiac repair and regeneration after ML

1. Introduction transplanted cells and eliminate immunologic rejection. Several studies

have demonstrated that transplantation of hPSC-derived cardiovascular

Cardiovascular diseases (CVDs) remain the leading cause of global
mortality and disease burden according to the Global Burden of Disease
(GBD) Study 2019. As reported by the study, the total cases of CVDs
nearly doubled from 271 million in 1990 to 523 million in 2019, and the
number of CVD deaths increased from 12.1 million in 1990 to 18.6
million in 2019 [1]. Treatment of myocardial infarction (MI) remains a
great clinical challenge due to limited myocardial regeneration after MI.
Recently, cell therapy based on human induced pluripotent stem cell
(hiPSC) derived cardiomyocytes (CMs) [2] or endothelial cells (ECs) [3]
has become a promising strategy to obtain a large number of
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cells promotes cardiac function recovery through the secretion of
paracrine factors, reconstitution of extracellular matrix (ECM) and
replacement of damaged cardiac tissues, which contribute to the
revascularization or remuscularization of infarcted hearts [4]. However,
low delivery efficiency and retention of transplanted cells in ischemic
heart tissues remain critical barriers for hPSC-derived cell therapy.
Active contraction of the heart primarily results in a great loss of
transplanted cells [5]. Moreover, the survival rate of transplanted cells is
rather poor in the harsh microenvironment, caused by hypoxia, nutrient
deprivation, inflammation and oxidative stress [6]. Therefore, the use of
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proper biomaterials combined with cell therapy to provide a suitable
microenvironment for implant growth and retention is essential for the
study of cardiac regeneration after MI.

Injectable hydrogels have been widely used as cell carriers and
scaffolds due to their porous structure and water-swollen polymer net-
works [7]. Previous studies have reported that injectable hydrogels
could be used as effective carriers for delivering therapeutic cells and
biomolecules to promote tissue regeneration via a minimally invasive
procedure [8,9]. Composed of collagen, elastin, glycosaminoglycans and
growth factors, decellularized extracellular matrix (ECM) hydrogels
provide transplanted cells with a native cellular microenvironment, and
have several advantages over synthetic hydrogels. Recent studies have
shown that ECM hydrogels derived from different kinds of ECMs exhibit
tissue specificity in tissue regeneration and repair, including stimulating
myocardial regeneration (ECM of zebrafish hearts) [10], suppressing
oxidative stress (hepatic ECM) [11], and improving the survival and
engraftment of transplanted grafts (skeletal ECM) [12].

Recent studies have also shown that newly formed lymphatics in the
infarcted heart promote cardiac repair [13,14]. Extracellular proteins
secreted by lymphatic ECs were reported to improve neonatal cardiac
regeneration and cardiac function after MI [15], suggesting that the
ECM proteins of lymphoid organs may play an important role in cardiac
repair. The spleen is the largest lymphoid organ in the body. Lieder HR
et al. reported that after ischemia/reperfusion, the spleen was activated
by vagal nerves to release a cardioprotective factor that could reduce
infarct size [16]. Spleen- derived IL-10 was also reported in car-
dioprotection [17]. Therefore, we investigated whether the splenic
extracellular matrix (SpECM) could play a role in improving outcomes
after MI. Previous studies have demonstrated that the main components
of the decellularized splenic matrix are collagen I, collagen IV, fibro-
nectin, laminin and elastin [18]. It was also reported that cytokines,
growth factors and chemokines stored in the SpECM have an impact on
the differentiation and commitment of cells in the spleen [19]. In vitro
experiments suggested that hepatocytes cultured in a decellularized
splenic matrix were functionally more active than those cultured under
traditional culture conditions [20], and hepatocytes seeded in the spleen
were also reported to proliferate and reconfigure in vivo [21]. As an adult
hematopoietic stem cell niche for extramedullary hematopoiesis [22],
the splenic matrix may be used as a platform for stem cell culture and a
cell carrier for transplantation.

In this study, we developed an injectable splenic matrix-derived
hydrogel (SpGel) that maintains a liquid state at room temperature
and is able to solidify and form a nanofibrous scaffold in vivo by self-
assembly. We hypothesized that the splenic matrix may provide a
platform for the culture and differentiation of iPSCs to generate induced
endothelial cells (iECs) and cardiomyocytes (iCMs), as well as an effi-
cient carrier for delivering iPSC-derived cardiovascular cells to ischemic
mouse hearts. First, hiPSC culture and differentiation on SpGel were
studied. Next, SpGel-encapsulated cells were transplanted into ischemic
myocardial tissue in vivo, and then cell retention, cardiac function,
cardiac fibrosis and neovascularization were investigated.

2. Materials and methods
2.1. SpGel preparation and characterization

SpGel Formation: To generate an injectable form of SpGel, porcine
spleen tissue was decellularized and solubilized under sterile conditions
following a modified protocol reported previously [23,24]. Briefly, the
spleen was cut into pieces (approximately 5 mm®) and washed with
phosphate-buffered saline (PBS). Then, the spleen tissue was decellu-
larized by 1% SDS at 25 °C for 48 h and washed with double distilled
water for 48 h. Subsequently, the decellularized matrix was frozen
(—20 °C) and lyophilized with a freeze dryer (FD-1A-50, BILON, China).
After lyophilization, splenic matrix was enzymatically digested with
pepsin for 48 h. Next, the pH was adjusted to 7.4 using 1 M NaOH and
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10 x PBS. The final concentration of decellularized splenic matrix in the
titrated solution was 1.0% (w/v).

2.2. DNA concentration measurement

The residual DNA in SpGel (1.0% w/v) and Matrigel was quantified
according to the manufacturer’s instructions (DNeasy™, Qiagen, Ger-
many). DNA was extracted from the tissue lysis buffer, and the con-
centration of DNA in the samples (n = 3) was analyzed on a NanoDrop
spectrophotometer (NanoDrop™ 2000,/2000c, Thermo Fisher Scientific,
America).

2.3. SpGel components quantification

SpGel slides (5 pm) were stained according to the manufacturers’
instructions with Picrosirius Red, Verhoeff’s and Alcian Blue to assess
the retention of collagen, elastin and glycosaminoglycans (GAGs) in
SpGel, respectively. Collagen in SpGel was quantified using a Quick-
Zyme Collagen assay kit (QuickZyme Biosciences) [25]. GAG in SpGel
was estimated using a GAG quantitation assay kit (GENMED scientifics
Inc., USA) via DMMB according to the manufacturer’s instructions [26,
271.

2.4. Scanning electron microscopy (SEM)

Samples were fixed overnight with glutaraldehyde. Next, the sam-
ples were frozen in liquid nitrogen and lyophilized with a freeze dryer.
The samples were then mounted onto an aluminum stub and coated with
gold particles. SEM images of the samples were analyzed under a
scanning electron microscope (CrossBeam 340, Zeiss, Germany) at 10-
20 kV.

2.5. Hydrogel rheological measurements

Rheological measurements (n = 3) were taken using a temperature-
controlled, 35-mm diameter parallel plate rheometer (HAAKE MARS 60,
Thermo, Germany). The samples were added at a temperature of 4 °C,
which was then increased to 37 °C to induce gelation. The oscillatory
moduli of the samples were monitored at a frequency of 1 Hz and a strain
of 1%. After gelation, the samples were subsequently monitored using a
frequency sweep under 1% strain, and the storage modulus (G'), loss
modulus (G”) and complex viscosity (1*) were measured over a fre-
quency range (0.1-100 rad/s). The viscosity was also measured with a
shear rate from 0.001 to 100/s at 37 °C.

2.6. 3D printing of a SpGel patch

The printing process was carried out in a support bath. The fully
transparent and biocompatible support bath was prepared as previously
described using a microparticulate formulation method [28]. Briefly,
0.1% (w/v) microparticulate (composed of 0.32% (w/v) sodium algi-
nate, 0.25% (w/v) xanthan gum, 9.56 x 1073 M calcium carbonate and
19.15 x 103 M D-(+)-gluconic acid &-lacton) was resuspended in 1%
(w/v) xanthan gum to form the support bath. The bioink at a 3% (w/v)
concentration was generated by dissolving lyophilized SpGel powder in
PBS solution, which was supplemented with 0.04% (v/v) blue food dye
to visualize the printing process and the final pattern. A 10-ml syringe
fitted with a 30G needle was loaded with freshly prepared bioink (5 ml)
and then mounted onto a 3D extrusion printer (3D-bioplotter, Envi-
siontec). The extrusion pressure and printing speed were kept constant
at 1 bar and 25 mm/s, respectively. After printing, the SpGel hydrogel in
the support bath solidified at 37 °C to form the designed pattern.

2.7. Label-free quantitative proteomics

Label-free quantitative proteomics was used to analyze the retained
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protein content of pepsin-digested SpECM (Sp-Gel) and myocardial ECM
(Myo-Gel) [24]. Protein of lyophilized Sp-Gel and Myo-Gel was extrac-
ted by SDT lysis buffer (4% SDS, 100 mM DTT, 100 mM Tris-HCl pH
8.0), and the protein concentration was determined by a BCA Protein
Assay Kit (Thermo Fisher Scientific). Protein tryptic digestion was pro-
cessed by filter-aided sample preparation (FASP). The peptide was
desalted with C18 StageTip for further LC-MS analysis. One hundred
micrograms of extracted peptide samples was lyophilized and fraction-
ated in a reverse-phase column at a high pH in preparation for liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Chromato-
graphic separations were performed on an Easy nLC 1200 chromatog-
raphy system. Quantitative analysis of the samples was carried out on a
Q-Exactive Plus mass spectrometer (Thermo Scientific) using
data-dependent acquisition (DDA). MS data were acquired using a
data-dependent top20 method by dynamically choosing the most
abundant precursor ions from the survey scan (300-1800 m/z) for
high-energy collision dissociation (HCD) fragmentation. The MS data
were analyzed using MaxQuant software version 1.6.0.16. The MS data
were searched against the UniProt Protein Database (50331 total en-
tries, downloaded 04/02/2019). Label-free quantification was carried
out in MaxQuant.

2.8. Differentiation of hiPSCs into ECs and CMs

hiPSCs were provided by the National Collection of Authenticated
Cell Cultures (DYR0100, NCACC). The undifferentiated cells were
cultured on SpGel-coated plates, which were maintained in mTeSR™1
medium (StemCell Technologies, Canada) at 37 °C with 5% COj. The
medium was refreshed daily.

EC Differentiation of iPSCs: Cells were differentiated as previously
described with modifications [29]. Briefly, differentiation was initiated
after the cells reached 60% confluency. On day 0, the medium was
changed to RPMI-1640 containing 2% B-27 minus insulin (both from
Gibco) and 5 pM CHIR99021 (Selleckchem). On day 2, the medium was
changed to RPMI-1640 containing 2% B-27 minus insulin (both from
Gibco) and 2 pM CHIR99021 (Selleckchem). From day 4 to day 7, the
cells were exposed to RPMI-1640 containing 2% B-27 minus insulin plus
50 ng/ml vascular endothelial growth factor (VEGF; R&D Systems), 10
ng/ml fibroblast growth factor basic (FGFb; R&D Systems), 10 pM
Y-27632 (Sigma-Aldrich) and 1 pM SB 431542 (Sigma-Aldrich). From
day 7, the cells were maintained in EGM-2 (Lonza) plus 10% HI-FCS
(Gibco), 25 ng/ml VEGF, 2 ng/ml FGFb, 10 pM Y-27632 (Sigma-Al-
drich) and 1 pM SB 431542. EC differentiation was achieved after 14
days. The induced cells were treated with 20 pM PluriSIn-1 (StemCell
Technologies) for 48 h to obtain purified EC clusters.

CM Differentiation of iPSCs: Cells were differentiated as previously
described [30]. Briefly, after iPSCs reached 85% confluence (day 0), the
medium was changed to RPMI-1640 medium (11875, Life Technolo-
gies), 213 pg/ml r-ascorbic acid 2-phosphate (Sigma-Aldrich), 500
pg/ml O. sativa-derived recombinant human albumin (A0237,
Sigma-Aldrich) and 6 pM CHIR99021 (Selleckchem). On day 2,
CHIR99021 was removed from the media, and 2 pM Wnt-C59 (Selleck
Chemicals) was added. At day 4, Wnt-C59 was removed. The medium
was changed every other day (48 h), and contracting cells were observed
from day 7. The contractile frequency was observed by a Leica micro-
scope and recorded with a video camera.

2.9. Flow cytometry analysis

Staining of the surface markers APC-CD31 (BioLegend), PerCP/
Cy5.5-CD144 (BioLegend) and mouse IgG2a (BioLegend) was per-
formed in PBS containing 2% fetal bovine serum (v/v) on ice. Flow
cytometry data were obtained with a FACSCanto II (BD Biosciences) and
analyzed by using FlowJo software (Tree Star).
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2.10. Vascular tube formation

hiPSC-derived ECs induced on SpGel were grown in EGM-2 media.
iECs were transferred to 24-well plates precoated with Matrigel at a
density of 120,000 cells in 300 pl media per well. Approximately 8 h
after plating, the cells were incubated with calcein AM following the
manufacturer’s instructions (BestBio) and imaged for endothelial tube
formation under green fluorescent light (Evos FL Auto, Life
Technologies).

2.11. Beating rate analysis and field potential recordings of hiPSC-derived
CMs

Beating rates of hiPSC-derived iCMs induced on SpGel or Matrigel
were recorded on a Leica microscope. The field potential was recorded
using a multielectrode array (MEA) system. The iCMs induced on SpGel
or Matrigel were transferred to a Matrigel-precoated (1:100 dilution) 24-
well MEA plate (5 x 10% cells per well) (AXION, Atlanta, GA, USA). Field
potentials were recorded 1 week after seeding using Axion BioSystems’
Maestro MEA systems. Field potential signals were analyzed with the
Axion Cardiac Data Plotting Tool.

2.12. Cytoprotection of iECs/iCMs against oxidative stress by SpGel
encapsulation

To investigate the cytoprotective effects of encapsulation with SpGel
on iECs/iCMs against oxidative stress, SpGel-encapsulated iECs/iCMs
and nonencapsulated iECs/iCMs were cultured in normal EGM-2 me-
dium or an ROS microenvironment containing 200 pM HO,. After
exposure to HoO for 2 h, Live/Dead staining was performed on the cells
following the manufacturer’s instructions (BestBio).

2.13. Transmission electron microscopy

After exposure to Hy0 for 2 h, SpGel-encapsulated iECs/iCMs and
iECs/iCMs alone were harvested, fixed with 1% glutaraldehyde in PBS
for 12 h and washed with PBS. Next, the samples were fixed with 1%
osmium tetroxide in PBS for 1 h. Then, the samples were dehydrated
using an ethanol series from 50% to 100%. After that, the samples were
impregnated with epoxy resin and polymerized in plastic dishes at 40 °C
for 48 h. Uranyl acetate and lead citrate staining were performed after
sectioning. Imaging was performed using a Hitachi H-7000 transmission
electron microscope (Hitachi).

2.14. Animal care and surgical procedure

All animal experiments were approved by the Ethics Committee of
the Army Medical University, China. Experiments were carried out in
accordance with the regulations of ethical approval for research on
laboratory animals. Male C57BL/6J mice (8-12 weeks) were purchased
from the Laboratory Animal Center of the Army Medical University.
Mouse MI was performed as described previously. In brief, mice were
anaesthetized with 1.0% inhaled isoflurane, and breathing was main-
tained by a ventilator. The left anterior descending (LAD) coronary ar-
tery was ligated with an 8-0 nylon suture after exposing the heart. These
MI models were randomly divided into 5 groups as follows (n = 6 in each
group): (1) Sham, (2) PBS, (3) iECs/iCMs alone, (4) SpGel alone, and (5)
iECs/iCMs + SpGel. A total of 1 x 10° iECs and 2 x 10° iCMs were
resuspended in 20 pl SpGel or PBS and intramyocardially injected into
the border region of the infarct area with 30G needles at 3 sites of the
myocardium. Mice were treated with cyclosporin A (10 mg/kg/day,
Neocyspin) every day until the end of the study.

2.15. Survival analysis of cell grafts using IVIS

MI was performed as described previously. To track the cell grafts in
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vivo, iECs/iCMs (3 x 105; iCMs and iECs at a ratio of 2:1) were incubated
with DiR (AAT Bioquest, USA) according to the manufacturer’s in-
structions. MI model mice were randomly divided into 2 groups as fol-
lows (n = 4 in each group): (1) DiR-iECs/iCMs and (2) DiR-iECs/iCMs
encapsulated in SpGel. A total of 1 x 10° iECs and 2 x 10° iCMs were
resuspended in 20 pl SpGel or PBS and intramyocardially injected into
the hearts. On days O and 7, the mice were imaged under general
anesthesia with 1.0% inhaled isoflurane using the IVIS 200 system
(Xenogen). The maximum signal from an ROI was measured using
Living Image software (Media Cybernetics).

2.16. Histology analysis of cell retention in the mouse hearts

To investigate the effects of SpGel on cell engraftment in vivo, iECs/
iCMs were prelabeled with PKH26 (Sigma-Aldrich) following the man-
ufacturer’s instructions and injected into the hearts (n = 6 per group).
On days 1 and 7, MI mice were euthanized, and their hearts were rapidly
excised. After fixation in 4% paraformaldehyde and dehydration in 30%
sucrose solution, the samples were embedded in OCT and cut into sec-
tions (7 pm). Hematoxylin and eosin (H&E) staining was performed, and
the samples were imaged with a Leica microscope. The nuclei were
stained with DAPI (Invitrogen). The immunofluorescence-stained sec-
tions were imaged with a fluorescence microscope (Evos FL Auto, Life
Technologies).

2.17. Echocardiographic measurement

On day 28 after surgery, the mice were anaesthetized with 1.0%
inhaled isoflurane, and echocardiography was performed on a Vevo
2100 (Visual Sonics, Canada). Left ventricular ejection fraction (LVEF),
fractional shortening (LVFS), left ventricular systolic diameter (LVSD)
and left ventricular diastolic diameter (LVDD) were calculated using
two-dimensional and M-mode images.

2.18. H&E and masson staining

At day 28 after the surgery, mice were euthanized, and the hearts
were excised. After washing with PBS, the hearts were fixed in 4%
paraformaldehyde, embedded in paraffin and cut into sections (4 pm).
Masson’s trichrome and H&E staining were performed to analyze the
infarct size of the infarct zone.

2.19. Immunostaining

Heart sections were stained with anti-MLC2V (Proteintech; 1:50),
anti-a-SMA (BOSTER; 1:50) and anti-CD31 (Abcam, 1:50) at 4 °C
overnight. The samples were washed with PBS and then incubated with
secondary antibodies at room temperature for 1 h. DAPI was used for
nuclear staining. The immunofluorescence-stained sections were
imaged with a Zeiss confocal microscope.

2.20. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0 soft-
ware with significance defined as p < 0.05. The results are reported as
the mean + standard deviation (SD). One-way analysis of variance
(ANOVA) was performed for analysis of variance between more than
two groups. Student’s t-test was used for comparisons between two
groups.

3. Results
3.1. Formation and characterization of thermoresponsive SpGel

SpGel was derived from decellularized porcine spleen tissue, which
was enzymatically dissolved to obtain a liquid thermoresponsive
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hydrogel (Fig. 1A). The liquid SpGel gelated after it was heated to 37 °C
in vitro or injected in vivo. H&E and Masson staining demonstrated that
cellular debris was removed after decellularization (Fig. 1B and C). The
collagen and glycosaminoglycan (GAG) contents were also quantified
(436.97 + 28.92 pg/mg and 4.19 + 0.71 pg/mg, respectively, Fig. 1D).
Histological analysis confirmed the retention of collagens, elastin and
GAG in SpGel (Fig. 1E). SEM analysis demonstrated the porous nano-
fibrous structure of SpGel with an average fiber diameter of 66.67 +
10.60 nm, while Matrigel exhibited a porous structure (20.16 + 7.04
pm) without nanofibers (Fig. 1F). Quantitative analysis of DNA content
confirmed a large reduction in DNA after decellularization (49.10 +
13.90 ng/ml), which was much lower than Matrigel (126.70 + 5.92 ng/
ml, Fig. 1G). A previous study reported that nanofibrous scaffolds
possess more biomimicking properties since the majority of ECM pro-
teins are fibrous [31]. To evaluate the viscoelastic properties of SpGel,
the storage and loss modulus (G’ and G”) of SpGel were determined with
a rheometer, showing the gelation process by rapidly increasing the
temperature from 4 °C to 37 °C (Fig. 1H, i). The loss modulus (G") was
greater than the storage modulus (G’) before gelation, while the storage
modulus (G') was 10-fold greater than the loss modulus (G”) after
gelation. The gelation time (time to 50% gelation) of SpGel was 1-2 min.
After gelation at 37 °C, the storage modulus (G’), loss modulus (G”) and
complex viscosity (n*) were measured over a frequency range of
0.1-100 rad/s (Fig. 1H, ii). The viscosity of SpGel decreased with an
increase in shear rate, which indicated that SpGel exhibited
shear-thinning behavior (Fig. S1). Due to the high thermoresponsive
property of SpGel, we further investigated its potential for direct 3D
bioprinting of tissue scaffolds in a fully transparent supporting medium.
SpGel labeled with blue food dye was used as a bioink for the direct
printing of reticulate patches (Fig. 11, i). After printing, the printed
reticulate patch gelated in the supporting medium under the control of
temperature-driven gelation (Fig. 11, ii and iii). To assess the cyto-
compatibility of SpGel as a cell scaffold, a CCK-8 assay was carried out,
which showed no significant difference between the SpGel group and the
control group (Fig. S2). The biodegradability of SpGel was also analyzed
by subcutaneous implantation, and the percentage of SpGel remaining
significantly decreased (30.85 + 9.69%) on day 14, implying that SpGel
is degradable (Fig. S3).

3.2. Tissue-specific ECM components between the Sp-Gel and Myo-Gel

To identify tissue-specific protein components in the pepsin-digested
SpECM (Sp-Gel) and mECM (Myo-Gel), label-free MS-based proteomics
analysis was conducted. SDS-PAGE analysis showed that Sp-Gel shared
multiple components with Myo-Gel, and spleen-specific protein com-
ponents were further validated (Fig. 2A). The proteomic analysis
demonstrated that 1481 and 1065 protein species were identified in Sp-
Gel and Myo-Gel, respectively. Sp-Gel and Myo-Gel shared 858 protein
species, approximately 80% of the total protein species in Myo-Gel
(Fig. 2B). Hierarchical clustering analysis identified differentially
expressed proteins between the two groups (Fig. 2C). Subsequently,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were conducted. In Fig. 2D and E, different
function-related proteins were divided into two groups, namely, the
splenic-specific protein group (spleen specific) and the group of proteins
expressed in both Sp-Gel and Myo-Gel but with higher expression in Sp-
Gel (both). Proteins related to the biological processes of extracellular
structure organization, small molecule metabolic process, extracellular
structure organization, cell-substrate adhesion, cell junction organiza-
tion, and cell migration were more highly expressed in Sp-Gel than in
Myo-Gel. The molecular functions extracellular exosome, adherens
junction and cell adhesion molecule binding proteins were differentially
expressed between the two types of tissues. In addition, GO enrichment
analysis revealed downregulated oxidation-reduction process-related
proteins in Sp-Gel (Fig. S4). Differentially expressed proteins associated
with apoptosis, gap junctions, tight junctions, adherens junctions, focal
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Fig. 1. Characterization of the splenic ECM-based
nanofibrous hydrogel. (A) Schematic showing the
preparation of the splenic ECM-based hydrogel. (B)
Splenic tissue decellularization confirmation with
macroscopic and microscopic appearance. (C)
Comparison of cell density measured by H&E and
Masson staining (** p < 0.01). (D) Quantitative
analysis of collagens and GAGs in SpGel. (E) Histo-
logical sections of SpGel stained with Picrosirius
Red, Verhoeff’s and and Alcian Blue for collagen,
elastin and glycosaminoglycans, respectively. (F)
Scanning electron microscopy (SEM) images of
Matrigel and SpGel. (G) DNA quantification of SpGel
and Matrigel (n = 3, ** p < 0.01). (H) Rheological
measurements of SpGel. (i) Representative curves of
the storage (G’; red) and loss modulus (G”; blue),
showing gelation kinetics at 37 °C. (ii) Representa-
tive graph of the storage modulus (G’; red), loss
modulus (G”; blue), and complex viscosity (n*; gray)
of SpGel after gelation at 37 °C, plotted over angular
frequency. (I) 3D printing of the SpGel bioink in a
supporting medium. (i) SpGel patches were printed
in a supporting medium through an extrusion-based
3D bioprinter (0.04% (v/v) blue food dye was added
to the SpGel bioink). (ii) Top and (iii) side views of a
3D-bioprinted multilayered mesh pattern (15 x 15
x 2 mm). (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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Myo-Gel vs Sp-Gel
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Fig. 2. Proteomic analysis and validation. (A) SDS-PAGE gel analysis of Sp-Gel and Myo-Gel. (B) Venn diagram showing the proteomic results of Sp-Gel and Myo-Gel.
(C) Heatmap of cluster analysis of proteins within the Myo-Gel and Sp-Gel, n = 3. (D) Gene Ontology (GO) term enrichment analysis and (E) Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis of proteins within Sp-Gel and Myo-Gel. Comparison between spleen-specific proteins (spleen specific) and more

highly expressed proteins in Sp-Gel (both).

adhesion, cardiac muscle contraction, adrenergic signaling in CMs and
the Wnt signaling pathway are shown in Fig. 2E.

3.3. SpGel provided a platform for hiPSC differentiation

ECM viscoelasticity has been reported to affect cell growth, prolif-
eration, migration and differentiation by cell-matrix interactions via
mechanosensitive molecular pathways [32]. To explore the pluripo-
tency of hiPSCs after seeding on SpGel-covered dishes, the expression of
the pluripotent marker protein OCT4 was confirmed by immunostaining
(Fig. 3B). Next, hiPSCs were exposed to an endothelial differentiation
protocol [29], as shown in Fig. 3A. Immunofluorescence analysis
demonstrated that iECs highly expressed the endothelial markers vVWF
and CD31 (Fig. 3B). FACS analysis revealed that the proportion of
CD31+/CD144+ cells increased from 0.05% to 94.6% after differenti-
ation (Fig. 3C). SEM revealed the morphology of iECs on the nanofibrous
SpGel (Fig. 3D). Filopodia and protein filaments were observed on the
surface of spreading iECs, suggesting the adhesion and survival of iECs
on SpGel, as well as cell-matrix interactions. Next, we compared the tube
formation capacity of iECs with that of HUVECs (Fig. 3E). Tube length
was slightly higher in the iEC group than in the HUVEC group, and there
was no significant difference in the number of branches between the two
groups. The results confirmed the functional characteristics of ECs
induced on SpGel. qPCR also confirmed that iECs highly expressed
CD31, CD144, vWF and CDH5 (Fig. S5, i). Furthermore, SpGel was
mixed with calcein-AM-labeled iECs for 48 h. The reconstructed 3D
movie shows the 3D growth and tube formation ability of iECs on SpGel
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at different photographed focal planes (Movie S1).

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.04.010.

Cardiomyocyte differentiation [30] was also induced on SpGel
following a cardiac lineage differentiation protocol (Fig. 4A). Immuno-
fluorescence staining demonstrated that iCMs highly expressed
cardiomyocyte-specific marker proteins, such as a-actinin, ¢TnT and
MLC2V (Fig. 4B). qPCR also confirmed that iCMs expressed MYL3,
SLC8A1 and TNNT2 (Figure S5, ii). The morphology of iCMs on SpGel
was shown by SEM (Fig. 4C). The results demonstrated that the
myocardial fiber bundles were arranged tightly and regularly. To
explore the function of iCMs, contractile frequency was recorded with a
video camera (Movies S2 and S3), iCMs induced on SpGel revealed an
increased contraction amplitude and a higher beating frequency
(approximately 60 beats/min) than iCMs induced on Matrigel-covered
dishes (approximately 10 beats/min). To explore the electrophysiolog-
ical features of iCMs induced on SpGel or Matrigel-covered dishes, a
multielectrode array (MEA) system was used to record the field potential
in real time. MEA analyses revealed that iCMs induced on SpGel showed
a higher beating frequency of approximately 63.38 + 2.76 beats/min
compared to the iCMs induced on Matrigel-covered dish (13.92 + 3.50
beats/min), and a higher field potential (FP) amplitude was observed
(Fig. 4E). The field potential duration (FPD) of iCMs induced on SpGel
(391.43 + 43.71 ms) was significantly increased compared with those
induced on Matrigel-covered dishes (104.62 + 23.17 ms), which indi-
cated that iCMs induced on SpGel may promote functional improvement
during CM differentiation (Fig. 4D). Furthermore, the ultrastructure of
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Fig. 3. Differentiation of hiPSCs into induced
endothelial cells (iECs) on SpGel. (A) Sche-
matic of the hiPSC-EC differentiation protocol.
(B) Immunostaining of undifferentiated hiPSCs
and iECs. hiPSCs were confirmed via the
expression of OCT4 (red), while iECs were
confirmed via the concomitant expression of
VvWF (green) and CD31 (red). (C) The differ-
entiation of the iEC population was evaluated
by flow cytometry analysis of CD31 and CD144
coexpression. Flow cytometry analysis of CD31
and CD144 expression in iPSCs and iECs. (D)
Pseudocolor SEM images of hiPSC-ECs (red) on
SpGel. (E) hiPSC-ECs and HUVECs formed
tubular structures and were stained for calcein
AM (green). Quantitative analysis of vascular
tube formation shows the number of branches
and the tube length (* p < 0.05). (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)



G. Guan et al.

A Cardiac differentiation Cardiomyocytes Cell purification
DO D2 D4 D8-12
iPSCsl Stage 1 | Stage 2 | Stage 3 Stage 4
+ CIM +CIM +CIM + CIM
+6 pM +2 pM Wnt-C59 ( Medium change every 48h ) +5 mM sodium DL-lactate
CHIRY9021 no D-glucose
CIM: Cardiomyocyte Induced Media
% RPMI 1640 medium
= + 500 pg/ml O. sativa—derived recombinant human albumin
%’ + 213 pg/ml l-ascorbic acid 2-phosphate
50 pm
— Y, —
iCMs induced on iCMs induced
Matrigel-covered glass on SpGel
B
=
<
a
=
=
o
2
5.
5
g
B 50
& 50 pm
=
< .
8
>
o
Q
s
2
=
£
‘f-.é 50 pm
& —
C SEM D iCMs induced on Matrigel iCMs induced on SpGel
0.2
01 _
S OOV E
= g 0 [" &
@»n K} i -
= s 3
5 > 01 >
=
Q 02 0.8
- o 0 04 08 12 18 20 0 04 08 12 18 20
20,!‘“‘ Time (s) Time (s)
Sl
E iCMs induced on Matrigel iCMs induced on SpGel
0.2 0.2
_ 01 _ 01
5 3
% 0 hodadbnddiddadd = 0
T £
2 01 2 o1
0.2 0.2
5 15 25 35 45 55 5 709 11 13 15
Time (s) Time (s)
=
=
=)

iCMs induced on Matrigel-covered glass iCMs induced on Spgel

4422

Bioactive Materials 6 (2021) 4415-4429

Fig. 4. Differentiation of hiPSCs into induced car-
diomyocytes (iCMs) on SpGel. (A) Schematic of the
hiPSC-CM differentiation protocol. Bright-field im-
ages of iCMs induced on Matrigel- or SpGel-covered
dishes. (B) Immunostaining of hiPSC-derived CMs
(iCM) for a-actinin (green), c¢TnT (red), MLC2V
(red) and nuclei (blue). (C) SEM images of hiPSC-
CMs on SpGel. (D) Representative traces of aver-
aged field potential (FP) of iCMs induced on SpGel-
or Matrigel-covered plates recorded by MEA (n =
16). (E) Representative raw traces of MEA re-
cordings from different groups of hiPSC-derived
CMs. (F) Ultrastructural analysis of iCMs generated
on SpGel- or Matrigel-covered glass by transmission
electron microscopy (TEM) to identify myofibrils
(Mf), Z-lines and gap junctions. Representative areas
of sarcomeric disarray are indicated (*). Sarco-
meres, Z-line structures and gap junctions are indi-
cated by black arrows, red arrows and white arrows,
respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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iCMs (Fig. 4F) generated on SpGel- or Matrigel-covered glass was
characterized by transmission electron microscopy (TEM). Sarcomeres,
Z-line structures and gap junctions were clearly observed in the SpGel
group, while in the Matrigel-covered glass group, sarcomeric disarray
without Z-line structures was observed. These results indicated that
SpGel could interact with seeded cells and promote the structural
maturation of iCMs.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.04.010.

3.4. Cytoprotective effect of SpGel on oxidant stress damage in iECs/iCMs

Since hypoxia and oxidative stress are suggested to be the main
causes of the death of transplanted cells in the ischemic area [33], we
next examined whether the encapsulation of iECs/iCMs with SpGel
could protect the cells from oxidative stress in vitro. As shown in Fig. 5A,
iPSC-derived ECs and iPSC-derived CMs were harvested from
SpGel-covered plates and encapsulated within the nanofibrous SpGel for
3D culture. Pseudocolor SEM and H&E staining images revealed the
morphology and distribution of iECs/iCMs within SpGel. The
co-cultured iECs and iCMs were characterized by immunofluorescence
staining 48 h after coculture (Fig. 5B). Confocal microscopic examina-
tion demonstrated cell membrane interactions between iECs (red,
huCD31) and iCMs (green, a-actinin). Next, 200 uM H,0, was added to
induce oxidative stress damage. The cytoprotective effects of SpGel on
the survival of iECs/iCMs were explored by live/dead staining (Fig. 5C)
following 2 h of HyO, treatment. No significant difference was found
between the SpGel and control groups before HyO5 treatment (Fig. 5D),
which indicated that SpGel supported cell growth without cytotoxicity
(p = 0.9975). Compared with the normal control, HyO, induced massive
cell death (p < 0.0001), and viability was significantly improved in the
presence of SpGel compared with the absence of SpGel (p < 0.0001).
TEM graphs (Fig. 5E) demonstrated disrupted cytoarchitecture, cell
vacuolation and necrosis in cells without SpGel after treatment with
H20,. However, cells on SpGel appeared to be free of serious structural
deformity, and autophagic vacuoles in the cytoplasm were observed.
These results indicated that encapsulation of iECs/iCMs within SpGel
could protect cultured cells from oxidative stress damage.

3.5. Survival of cell grafts after transplantation into mouse MI hearts

A schematic of the animal experiment is presented in Fig. 6A. The MI
mouse model was created by ligation of the left anterior descending
artery. To investigate the effects of SpGel on iEC/iCM engraftment and
survival in vivo, we prelabeled iECs/iCMs with DiR and injected them
into infarcted mouse hearts with or without SpGel. Seven days after
injection, fluorescent imaging revealed that SpGel encapsulation
significantly improved cell retention in the ischemic heart (Fig. 6B and
E, p = 0.0014). To confirm iEC/iCM retention, hearts were excised and
placed in an IVIS Imaging System to track DiR-iEC/iCM immunofluo-
rescence on day 3 post injection (Fig. 6C). A quantitative analysis
revealed that the fluorescence intensity of the cells-SpGel group was 6
times higher than that of the cell-only group (Fig. 6F, p = 0.0260).
Subsequently, PKH26-labeled SpGel-iECs/iCMs and PBS-iECs/iCMs
were injected into the infarcted hearts. H&E staining and immuno-
staining (Fig. 6D and G) analyses of sectioned heart tissues indicated
that the retention rate of SpGel-iECs/iCMs was approximately 7-fold and
3-fold higher than that of PBS-iECs/iCMs on day 1 (p < 0.0001) and day
7 (p = 0.0376), respectively. These results suggested that encapsulation
in SpGel significantly increased the retention of the cell grafts in the
mouse hearts.

3.6. In vivo evaluation of cardiac function, cardiac fibrosis and
angiogenesis

We further investigated the therapeutic effects of iECs/iCMs
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encapsulated with SpGel on MI mice. After MI induction, mice were
randomized into five groups: (1) sham, thoracotomy without MI sur-
gery; (2) MI + PBS alone, intramyocardially injected with 20 pl of PBS;
(3) MI + SpGel alone, intramyocardially injected with 20 pl of SpGel; (4)
MI + iECs/iCMs in PBS, intramyocardially injected with 3 x 10° iECs/
iCMs in 20 pl of PBS; and (5) MI + iECs/iCMs in SpGel, intra-
myocardially injected with 3 x 10° iECs/iCMs in 20 pl of SpGel. To
evaluate the therapeutic effects of grafts on cardiac function in MI mice,
echocardiography was performed 4 weeks post injection. As shown in
Fig. 7A, the SpGel-iEC/iCM group had significantly increased left ven-
tricular ejection fraction (LVEF) and decreased left ventricular systolic
diameter (LVSD) and LV diastolic diameter (LVDD) compared to the PBS
group. The PBS group (31.68 + 2.17%) showed a 33.67 + 1.69%
decrease in LVEF compared to the sham group (65.35 + 5.39%). Injec-
tion of SpGel-iECs/iCMs led to the highest LVEF measurements (54.53 +
2.09%) at 4 weeks, while the PBS-iEC/iCM group (46.88 + 1.73%) and
SpGel group (39.91 + 1.34%) showed a slight increase in LVEF
compared to the PBS group (Fig. 7B). Representative videos of cardiac
ultrasound are shown in the supplemental material (Movies S4-8). The
results revealed that treatment with SpGel-iECs/iCMs promoted a higher
recovery of cardiac function than any other treatment. Furthermore,
Masson staining at 4 weeks revealed that infarct fibrosis was reduced by
injection of iECs/iCMs encapsulated with SpGel (Fig. 7C). As shown in
Fig. 7C and D, treatment of MI with SpGel-iECs/iCMs (16.64 + 4.59%)
significantly decreased the extent of infarct fibrosis compared to treat-
ment with PBS-iECs/iCMs, SpGel and PBS (33.04 + 7.13% vs 44.59 +
3.80% and 60.40 + 4.30%, respectively). The results also demonstrated
a higher survival rate and integration of SpGel-encapsulated cells (iCMs,
MLC2V, green) than cells alone in the infarcted hearts (Fig. 8A). As
shown in Fig. 8B-E, the arterial and capillary densities in the SpGel-iEC/
iCM-treated group were significantly higher than those in the PBS group,
indicating that treatment with SpGel-iECs/iCMs promoted neo-
vascularization in the infarcted region. Overall, we demonstrated
improved cardiac function, reduced infarct size, increased capillary
density, and improved cell graft retention in SpGel-iEC/iCM-treated MI
mice.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.04.010

4. Discussion

In this study, we show that thermoresponsive nanofibrous SpGel
could be used as an ideal platform for hiPSC attachment and differen-
tiation, and it may serve as an injectable cell therapy carrier to enhance
cell transplantation and promote cardiac repair. The tissue specificity of
SpGel was investigated by proteomic analysis. A comparison was con-
ducted between Sp-Gel and Myo-Gel, and the results showed that Sp-Gel
shared 80% of the total protein species in Myo-Gel, including collagen I,
collagen 1V, fibronectin, laminin, elastin and growth factors, which is
consistent with previous studies [29,34]. Sp-Gel may play an important
role in cardiac repair, similar to Myo-Gel. Moreover, we found 623 other
tissue-specific protein species in the Sp-Gel that were associated with
biological process and molecular function terms. Proteins related to
cell-substrate adhesion, gap junctions, cardiac muscle contraction,
adrenergic signaling in CMs and the Wnt signaling pathway were highly
expressed in Sp-Gel. Proteins related to cardiac regeneration and repair,
such as agrin [35], TGF-p [36] and EGF [37], were also identified in
Sp-Gel by MS analysis.

Since Wnt signaling promotes CM [2,38] and EC [39,40] differenti-
ation from hPSCs, SpGel may serve as a platform for hiPSC differentia-
tion into ECs and CMs. Previous studies have suggested that ECM and
substrate stiffness affect the differentiation of MSCs into cells such as
osteogenic cells, neural cells, and adipocytes via various signaling
pathways, such as the ROCK, FAK, Src, ERK, and MAP kinase pathways
[41-44]. hiPSCs were seeded on SpGel and were able to proliferate and
express the pluripotency protein OCT4. Following the endothelial and
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Fig. 5. Cytoprotective effects of SpGel
encapsulation against H,Os. (A) Sche-
matic of the three-dimensional culture
model of iECs and iCMs in SpGel. (B)
Immunostaining of cocultured iCMs
(a-actinin, green) and iECs (CD31, red)
and nuclei (blue). (C) Encapsulation of
iECs/iCMs with SpGel increased cell sur-
vival in the presence of H,O, (200 pM), as
determined by the live/dead assay. (D)
Quantitative analysis of cell survival
levels (**** p < 0.0001). (E) Ultrastruc-
tural analysis of iECs/iCMs in H,O, with
or without SpGel. Arrows indicate
apoptosis and cell vacuolation. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 6. Survival and engraftment of iECs/
iCMs after injection into MI mouse hearts.
(A) Schematic of animal experiments to
explore the possible treatment of iECs/iCMs
with SpGel in a mouse MI model. (B) DiR-
labeled iECs/iCMs imaged under IVIS
showing retention in each group on day
0 and day 7 post injection. (C) Fluorescence
imaging of the heart on day 3 post injection.
(D) Day 1 and day 7 after injection of
PKH26-labeled (red) iECs/iCMs with or
without SpGel. Representative H&E staining
and immunostaining of sectioned heart tis-
sues. Scale bars = 100 pm. Quantitative
analysis of (E) in vivo IVIS epifluorescence
measurements and (F) fluorescence imaging
in the heart. (G) Quantitative analysis of
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cardiac differentiation protocol, hiPSCs efficiently differentiated into
ECs and CMs, respectively. CM-specific and EC-specific markers were
identified in the two kinds of induced cells. ECs induced on SpGel
exhibited tube-forming ability similar to that of HUVECs. Interestingly,
iCMs induced on SpGel showed a higher beating frequency and FP
amplitude than those induced on Matrigel, suggesting that SpGel may
promote the functional improvement of iCMs [45]. Since the safety of
mouse sarcoma tumor-derived Matrigel for clinical applications remains
to be evaluated [46], our work indicated that SpGel could replace
Matrigel as a supporting microenvironment for iPSC culture and dif-
ferentiation. Yiwei Xu et al. also reported that a spinal cord-derived
DSCM gel could be used for 3D culture of neural stem/progenitor cells
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(NSPCs) and demonstrated that the DSCM gel promoted the prolifera-
tion, migration and differentiation of NSPCs [26]. An ECM hydrogel
derived from human omental tissues also demonstrated efficient cardiac,
cortical and adipogenic differentiation within the hydrogel [47].

From mass spectrometry data, the downregulated oxidation-
reduction process, as well as upregulated cell-substrate adhesion and
extracellular structure organization process in SpGel, suggested that
SpGel could be used as a carrier for cell transplantation, which might
yield greater benefits than commonly utilized myocardial ECM hydrogel
alone in the treatment of myocardial infarction. Cell retention was
significantly improved in SpGel-encapsulated cell grafts one week after
ML Intramyocardial injection of SpGel-loaded iECs/iCMs efficiently
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Fig. 7. Enhancement of cardiac function and reduction in cardiac fibrosis by SpGel-iEC/iCM injection after myocardial infarction. (A) Echocardiographic mea-
surement of cardiac function of mice in different treatment groups on day 28 after myocardial infarction. (B) Statistical analysis of ejection fraction, fractional
shortening, LVDS and LVDD was performed based on the echocardiographic results (n = 7, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (C) Heart
photography, H&E staining and Masson staining of mouse hearts in different treatment groups at day 28 after myocardial infarction. (D) Statistical analysis of the

infarct size based on Masson’s staining.

preserved the cardiac fraction and promoted neovascularization
compared to the control PBS injection. SpGel may provide cell grafts
with a microenvironment favorable for cell attachment and vasculari-
zation. We also observed that SpGel injection alone mildly increased the
cardiac function and angiogenesis in the infarcted tissues, which may be
related to the presence of structural matrix proteins, GAGs [48] and
growth factors (including agrin [35], TGF-p [36] and EGF [37]) in
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SpGel. Since ECM degradation products have been reported to have
mitogenic and chemoattractant effects on endothelial cells and stem
cells [11,49], SpGel degradation products might play a role in cardiac
function repair and neoangiogenesis.

Due to the high biocompatibility and 3D bioprinting property of
SpGel, SpGel bioink combined with free-form printing technology would
be one of the right candidates to print cell-laden structures and fabricate
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Fig. 8. The increase in cell graft retention and angiogenesis after SpGel-iEC/iCM injection. Inmunofluorescence staining of (A) MLC2V (green), (B) a-SMA (red) (C)
CD31 (red) at day 28 after myocardial infarction. Quantitative analysis of (D) arteriole density (a-SMA+) and (E) capillary density (CD317) (* p < 0.05, *** p <
0.001, * p < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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complex biological structures, which is a promising approach for organ
and tissue engineering [17]. For the application of 3D printing SpGel
patches, structural modification of enhanced bioadhesive and mechan-
ical properties will be the object of future studies [50]. In further studies,
the molecular mechanisms of functional improvement in cardiac dif-
ferentiation and the antioxidant and cardiac repair mechanisms of SpGel
need to be elucidated. Large animal models of myocardial ischemia will
also be applied to validate the efficacy of treatment with
SpGel-encapsulated iECs/iCMs for preclinical research.

5. Conclusion

In conclusion, we developed a thermoresponsive nanofibrous splenic
matrix hydrogel (SpGel) to maintain the culture and promote the dif-
ferentiation of hiPSCs. In vivo study indicated that application of SpGel-
encapsulated iEC/iCMs effectively improved cell graft retention, accel-
erated cardiac function recovery, inhibited fibrosis and promoted
revascularization of ischemic tissue. Moreover, SpGel could also be used
as a biocompatible bioink for 3D printing cardiac organoids in the
future. This study revealed that SpGel could be used as a platform for the
culture and differentiation of hiPSCs, and an injectable cell trans-
plantation carrier for regenerative medicine research and clinical utility.
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