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Introduction
Currently, islet transplantation is the most promising 
therapeutic approach for reversin the natural progression 
of diabetes in patients with unstable diabetes or severe 
complications [1]. However, its clinical application is sig-
nificantly impeded by the relative shortage of donors. In 
recent years, remarkable advancements have been made 
in using stem cell-derived β (SC-β) cell transplantation to 
treat diabetes, and several approaches have progressed to 
the clinical trial stage [2, 3]. Notably, the unlimited pro-
liferation and differentiation potential of stem cells theo-
retically addresses the issue of β-cell scarcity. The current 
focus and challenge lies in regulating the generation of 
pancreatic-specific subpopulation cells and enhancing 
SC-β cell production while minimizing superfluous cells, 
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Abstract
Patient specific induced pluripotent stem cells (iPSCs) derived β cells represent an effective means for disease 
modeling and autologous diabetes cell replacement therapy. In this study, an AG73-5%gelatin methacryloyl 
(GelMA) /2% alginate methacrylate (AlgMA) hydrogel was employed to generate pancreatic progenitor (PP) 
organoids and improve stem cell-derived β (SC-β) cell differentiation protocol. The laminin-derived homolog AG73, 
which mimics certain cell‒matrix interactions, facilitates AKT signaling pathway activation to promote PDX1+/
NKX6.1+ PP organoid formation and effectively modulates subsequent epithelial–mesenchymal transition (EMT) 
in the endocrine lineage. The 5%GelMA/2%AlgMA hydrogel mimics the physiological stiffness of the pancreas, 
providing the optimal mechanical stress and spatial structure for PP organoid differentiation. The Syndecan-4 
(SDC4)-ITGAV complex plays a pivotal role in the early stages of pancreatic development by facilitating the 
formation of SOX9+/PDX1+ bipotent PPs. Our findings demonstrate that AG73-GelMA/AlgMA hydrogel-derived SC-β 
cells exhibit enhanced insulin secretion and accelerated hyperglycemia reversal in vivo. This study presents a cost-
effective, stable, and efficient alternative for the comprehensive 3D culture of SC-β cells in vitro by mitigating the 
uncertainties associated with conventional culture methods.
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particularly undifferentiated cells with tumorigenicity 
[4]. Within the established multistep pancreatic develop-
ment differentiation system, it is crucial to generate pan-
creatic progenitor cells (PPs) with an endocrine lineage 
differentiation trajectory, which would ultimately lead to 
functional β-cell differentiation [5]. For example, PDX1+ 
and NKX6.1+ PPs are regarded as progenitor cells with a 
monohormonal lineage that determines the generation of 
β-cells [6]. However, conventional differentiation mod-
els overlook how the in vivo extracellular matrix (ECM) 
microenvironment affects cell differentiation, resulting in 

nonphysiological responses and reduced differentiation 
efficiency.

In recent years, engineered defined hydrogels have 
gained popularity among researchers because of their 
ability to accurately replicate the ECM microenviron-
ment, substrate mechanics, and cell‒ligand interactions 
for stem cell cultivation and in vitro differentiation [7]. 
Moreover, defined hydrogels constructed with spe-
cific peptides or proteins can precisely control stem cell 
behavior and promote their directional differentiation. 
Kong et al. utilized a Supragel hydrogel to provide a 
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supporting stiffness of ∼1.5  kPa, which promoted more 
efficient human induced pluripotent stem cells (hiPSCs) 
differentiation into endodermal and subsequently, insu-
lin-secreting cells [8]. Several identified peptides, such as 
RGD, AG73, IKVAV, and GFOGER, have been adopted 
in research with promising outcomes [9]. In our previous 
study, we identified the LAMA2 hydrogel as a highly effi-
cacious biomimetic carrier that promotes the formation 
and maturation of the pancreatic endocrine lineage [10]. 
We also found that the self-differentiation and matura-
tion of insulin-producing cells (IPCs) could be promoted 
only by altering the ECM [11]. The manipulation of phys-
ical ECM cues to induce cell differentiation has recently 
gained increasing attention from researchers [12]. Syn-
decan-4 (SDC4), a mechanical cue-related protein iden-
tified by data-independent acquisition (DIA) sequencing, 
attracted our attention. SDC4 serves as a pivotal cell sur-
face mechanical signal transduction coreceptor, facili-
tating the formation of focal adhesions and stress fibers 
within cells through its interactions with integrins. These 
interactions activate the integrins, enabling the trans-
mission of ECM signals to the nucleus [13]. The peptide 
AG73 effectively allows cells to receive ECM stimulation 
by binding to the SDC4 domain through ligand‒receptor 
interactions [14].

Significant advancements in the fields of biomaterials 
and bioengineering have led to the emergence of a new 
era known as “organoid customization” [15]. Defined 
hydrogels offer broader opportunities to support the 
establishment of organoids because of their finely tuned 
biochemical and biophysical properties [16]. These 
organoids exhibit remarkable tissue heterogeneity that 
closely mimics that of native organs. For example, neu-
ral organoids constructed from polyethylene glycol (PEG) 
hydrogels exhibit increased neuronal diversity, reduced 
tissue heterogeneity, and potential physiological func-
tionality [17]. The establishment of pancreatic organoids 
has faced challenges, such as discrepancies in cell type 
and proportion within the structure, over decades of 
development. Additionally, pancreatic organoid cultures 
show significant variations between batches and individ-
uals [18]. Therefore, developing a stable and efficient sys-
tem for pancreatic differentiation holds great significance 
in achieving the goals in the biomanufacture of pancre-
atic islets.

In this project, tissue engineering and proteomics were 
integrated to construct an AG73 biomimetic hydrogel for 
reconstruction of the pancreatic developmental microen-
vironment, with the aim of obtaining high-efficiency PPs 
in vitro and stable SC-β cells for diabetes transplantation 
therapy. To demonstrate the clinical applicability of this 
investigation, patient-derived iPSCs were acquired to 
generate PP organoids for subsequent differentiation into 
SC-β cells. The findings here demonstrate that the AG73 

biomimetic hydrogel can enhance the generation of 
PDX1+/NKX6.1+ PP organoids and improve the differen-
tiation efficiency and function of SC-β cells. Additionally, 
mechanical signal transduction mediated by AG73-SDC4 
enhances the formation of SOX9+/PDX1+ bipotent PP 
organoids through regulation of the SDC4-ITGAV-AKT 
signaling axis. This study will contribute to optimizing 
the source of seed cells in diabetes stem cell replacement 
therapy and provide a novel approach via the combina-
tion of tissue engineering and stem cell therapy for the 
treatment of diabetes in both basic research and clinical 
studies.

Methods
DIA-based proteomics analysis and verification
As outlined in our previous research, pancreatic tissues 
were harvested from C57/BL6 mice in the first week (Fw, 
n = 3), third week (Tw, n = 3), and eighth week (Ew, n = 3) 
after birth and were subjected to DIA sequencing to cre-
ate a comprehensive profile of differentially expressed 
proteins (DEPs) during mouse pancreatic development. 
The procedures for protein extraction, high-pH reversed-
phase fractionation, high-performance liquid chroma-
tography‒mass tandem mass spectrometry (HPLC‒MS/
MS) analysis and data analysis were consistent with those 
detailed in our earlier study [10]. To validate the results 
obtained from DIA analysis, the pancreatic tissues from 
both C57/BL6 mice and humans were fixed, embedded, 
and analyzed via immunofluorescence (IF) staining. This 
study was approved by both the Ethics Committee of the 
Affiliated Hospital of Nantong University and the Animal 
Ethics Committee of Nantong University and was con-
ducted in accordance with the tenets of the Declaration 
of Helsinki.

Differentiation of SC-β cells from the hESC-H9 line
The hESC-H9 line was obtained from Professor Yan Liu 
of Nanjing Medical University, and the SC-β cell differ-
entiation strategies were described in our previous article 
[19]. For SC-β cell differentiation, two days after pas-
sage, hESCs seeded onto 6-well plates at 3 × 105 cells/cm2 
were differentiated via an adapted 6-stage protocol. Stage 
1 (5 days): definitive endoderm (DE); Stage 2 (3 days): 
primitive gut tube (PG); Stage 3 (3 days): posterior fore-
gut (PFG); Stage 4 (5 days): pancreatic progenitor cells 
(PPs); Stage 5 (7 days): endocrine progenitors (EPs); and 
Stage 6 (21 days): stem cell-derived β cells (SC-β cells). 
The PFGs and PPs from stages 3 and 4 were transfected 
with shRNA; the shRNA targeting SDC4 (SDC4-shRNA) 
was synthesized by GenePharma Biotechnology (Suzhou, 
China). jetOPTIMUS (Polyplus, France) was used for 
shRNA transfection according to the manufacturer’s pro-
tocol. The transfection efficiency was determined via IF, 
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quantitative real-time PCR (qRT‒PCR) and flow cytom-
etry (FCM).

Preparation of the AG73-GelMA/AlgMA hydrogel
The 5%GelMA/2%AlgMA hydrogel was prepared accord-
ing to our earlier study. GelMA (EFL, China) and AlgMA 
(EFL, China) were dissolved in PBS with 0.25% (w/v) lith-
ium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). 
This mixture was heated to 42  °C to ensure full dissolu-
tion, achieving final concentrations of 5% for GelMA and 
2% for AlgMA. The prepared hydrogel mixture was then 
sterilized using a 0.22 μm filter and subsequently stored at 
-20 °C until use. The peptide AG73 (CGGGRKRLQVQL-
SIRTC) was biosynthesized by Sangon Biotech. For pep-
tide grafting, AG73 was dissolved in the GelMA/AlgMA 
hydrogel solution with shaking for 24 h.

Characterization of the AG73-GelMA/AlgMA hydrogel
The protein structure of SDC4 was retrieved from the 
PDB database, and the polypeptide structure of AG73 
was predicted by SWISS-MODEL software. The PDB 
templates for SDC4 and AG73 were uploaded to the 
HDOCK server for molecular docking prediction. To 
confirm that AG73 was successfully grafted onto the 
hydrogel, the hybrid hydrogel was lyophilized and ground 
into a powder. After being dissolved in deuterated water, 
the maleimide peak was detected by an AVANCE III 
instrument. The hydrogel equilibrium swelling ratio was 
determined by assessing the changes in wet weight fol-
lowing immersion in PBS. The initial wet weights of the 
appropriately sized hydrogels were recorded as W0. The 
weights of the hydrogels were subsequently measured at 
specific time points (Wt) to calculate the swelling rate 
via the following formula: Swelling rate = (Wt-W0/W0) 
× 100%. To assess the rheological behavior, the stor-
age modulus (G′) and loss modulus (G″) were measured 
using an Anton Paar MCR 302 rheometer (Anton Paar 
Instruments, Graz, Austria). These measurements were 
conducted at 37 °C at a strain of 1% and utilizing a 25 mm 
diameter cone‒plate setup. Additionally, the compression 
modulus of the hydrogel was determined by analyzing 
the stress–strain curves, which were obtained using an 
electronic universal material testing machine (CMT6103, 
MTS, USA). The curves were recorded at a deformation 
rate of 1  mm/minute, and the modulus was calculated 
from the slope of the linear portions of these curves. 
To investigate the microstructural characteristics of the 
hydrogels, the hydrogels were first lyophilized for 48  h. 
The microstructures of the samples were subsequently 
analyzed by scanning electron microscopy (SEM; Gemini 
300, Zeiss, Germany). The porosity of the hydrogels was 
quantified by ImageJ software upon analysis of the SEM 
images. At least four samples from each experimental 

group were subjected to these tests to ensure consistent 
and reliable results.

hESC-H9 encapsulation and differentiation
The cell-loaded hydrogel bioink (5  million cells/mL) 
was encapsulated in vivo and 3D printed using a DLP 
printer (EFL-BP8601 series) following the methodology 
described in our previous study. Prior to printing, a con-
struct with a side length of 5  mm and a chain distance 
of 0.4 μm was designed. Printing was performed at a UV 
light intensity of 10 mW/cm2 for 60 s. A total of ten lay-
ers, each 100  μm thick, were printed. The printed con-
structs were subsequently transferred to culture plates 
and incubated in complete mTeSR™ Plus medium (100–
0276, STEMCELL Technologies) for 48 h before differen-
tiation. A four-stage protocol was employed to obtain the 
desired PPs. On day 5, the PPs were collected after the 
hydrogel was treated with collagenase, cultured, and dif-
ferentiated in a 6-well ultralow adsorption culture plate. 
PPs, EPs and SC-β cells were encapsulated in a 2% v/v 
agarose gel and subjected to IF staining or transmission 
electron microscopy (TEM) analysis.

Hydrogel cytocompatibility
To investigate the cytocompatibility of the hybrid hydro-
gels, hESCs were encapsulated within the hydrogel, and 
CCK-8 analysis and calcein-AM/PI staining were con-
ducted at the scheduled time points. The absorbance of 
each sample was measured at 450 nm with a microplate 
reader (MK3, Thermo Fisher Scientific, MA, United 
States), and the fluorescence images were observed and 
photographed with a Nikon Ti2-E microscope. To com-
pare the changes in the expression of transcription fac-
tors (TFs) among the PPs cultured in different hydrogels, 
the hydrogels were enzymatically degraded with collage-
nase, and the PPs were subsequently collected for qRT‒
PCR analysis.

Isolation and culture of adipose-derived stem cells (ADSCs) 
and generation of HiPSCs
Adipose tissues were obtained from the omenta of 
patients who underwent partial pancreatectomy and were 
isolated via collagenase digestion as previously described 
[20]. ADSCs from P3-P5 were used to generate hiPSCs 
via ReproRNATM-OKSGM (STEMCELL Technologies, 
05930) over approximately 20–28 days. Days 1–2: ADSCs 
(1 × 105 cells) were plated on Matrigel-coated 6-well 
plates overnight, and the growth medium was replaced 
the next day. The ReproRNATM Cocktail, containing 
ReproRNATM-OKSGM, Opti-MEM® I Reduced Serum 
Medium, ReproRNATM Transfection Supplement and 
ReproRNATM Transfection Reagent, was added to the 
medium for another 24  h of incubation. Days 3–6: The 
growth medium containing puromycin was changed 
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daily. Days 7–8: The growth medium without puromycin 
was changed daily. Days 9–15: ReproTeSRTM medium 
with B18R was changed daily. Days 16–28: The ReproT-
eSRTM medium (without B18R) was changed daily until 
hiPSC colonies formed. Typical hiPSC colonies were 
picked and passaged. To evaluate the ability of hiPSCs to 
form teratomas, 1 × 106 hiPSCs were resuspended in an 
appropriate amount of Matrigel and injected subcutane-
ously into NOD/SCID mice (n = 3). After 1 month, appro-
priately sized tumors were collected and histologically 
stained. FCM and IF were used to confirm the expression 
of the hiPSCs stemness marker.

mRNA sequencing (mRNA-seq) and single-cell RNA 
sequencing (scRNA-seq) of PP organoids
hiPSCs were encapsulated and differentiated as described 
in the previous sections. On day 5, mature PPs derived 
from the Matrigel, GelMA/AlgMA, and AG73-GelMA/
AlgMA groups were collected for mRNA sequencing 
(mRNA-seq), whereas on day 2, immature PPs were col-
lected for single-cell RNA sequencing (scRNA-seq). An 
siRNA targeting ITGAV or an AKT pathway inhibitor 
was introduced to the AG73-GelMA/AlgMA group dur-
ing the PFG and PP stages to investigate its effect on hiP-
SCs differentiation into PP organoids and the underlying 
mechanism.

Glucose-stimulated insulin secretion (GSIS)
The SC-β cells from different groups were washed, incu-
bated in Krebs–Ringer’s solution (KRB) for 30 min, and 
then incubated in low-glucose (2 mM) or high-glucose 
(20 mM) KRB for 30  min. The insulin content in the 
supernatant was detected using an insulin enzyme-linked 
immunosorbent assay (ELISA) kit (Mercodia) and nor-
malized to the DNA content. Single SC-β cells were dis-
persed with accutase (07920, STEMCELL Technologies) 
and counted using a cell counter (C100-SE, RWD). The 
same procedures were performed for cell stimulation 
with 30 mM KCl and 10 nm exendin-4.

Transplantation in vivo
After 12 h of fasting, 7–8-week-old nude mice were intra-
peritoneally administered 120  mg/kg streptozotocin 
(STZ) on the first and third days. Fasting blood glucose 
levels exceeding 16.7 mM were considered successful 
indicators for modeling purposes. All animal experi-
ments conducted in this study received approval from the 
Animal Ethics Committee of Nantong University. SC-β 
cells from different groups were implanted into the sub-
renal capsule of type I diabetes mellitus (T1DM) mice 
(n = 6) (Fig. 5a), while diabetic mice without any interven-
tion were used as controls. Fasting blood glucose levels 
were monitored by collecting blood samples from the tail 
vein of each mouse at various time points. Twelve weeks 

after transplantation, the mice were sacrificed, and the 
grafts were extracted for histological staining and qRT‒
PCR analysis. Moreover, analysis of the C-peptide and 
the intraperitoneal glucose tolerance test (IPGTT) were 
performed as we reported previously [19].

mRNA-seq
Total RNA was extracted from PPs using a Total RNA Kit 
(Servicebio, China). Gene Denovo Biotechnology Co., 
Ltd. (Guangzhou, China) constructed the complemen-
tary DNA (cDNA) libraries and performed sequencing 
and transcriptome data analysis. Differential expression 
analysis between two distinct groups was carried out 
using DESeq2 software. All differentially expressed genes 
(DEGs) were subjected to biological processes via Gene 
Ontology (GO) biological process and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment 
analyses.

scRNA-seq and data analysis
The cells were dissociated into individual cells using 
accutase (07920, STEMCELL Technologies) and fil-
tered through a 40-µm cell strainer (352340, Corning). 
Single cells were subsequently isolated from the emul-
sions, and each cell was labeled with a unique set of 
oligonucleotides. The cDNA library was amplified via 
PCR. The pooled cDNA libraries from all groups were 
sequenced on the Illumina 10 × Genomics Chromium 
platform (10 × Genomics, Illumina) via paired-end reads. 
scRNA-seq analysis was conducted by Gene Denovo 
(Gene Denovo, China) following previously described 
methods. UMI counting and cell barcoding generated 
cell-by-gene matrices, which were individually imported 
into Seurat version 3.1.1 for cell cluster identification. 
Cells meeting specific criteria, such as having more than 
8000 UMIs, fewer than 500 or more than 4000 genes, 
and a mitochondrial gene percentage greater than 10%, 
were excluded from further analysis. Principal compo-
nent analysis (PCA) was performed to reduce dimen-
sionality. Seurat was used to implement a graph-based 
clustering approach where cells were embedded in a 
shared nearest neighbor (SNN) graph on the basis of 
similar gene expression patterns. SNN graph construc-
tion involved refining edge weights between cells on the 
basis of common overlap and Jaccard distance calcula-
tions. Clusters were generated via the Louvain method 
and visualized using t-distributed stochastic neighbor 
embedding (t-SNE) with the same principal components 
used for PCA visualization.

Flow cytometry (FCM)
Cells were fixed/permeabilized for 20 min and incubated 
with antibodies for 30  min at 4  °C. After being washed 
and resuspended in PBS, the cells were detected by BD 
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LSRFortessa and analyzed by FlowJo v10. Detailed infor-
mation regarding the antibodies used is given in table S1.

Immunofluorescence (IF)
After fixation in formaldehyde and embedding in OCT 
compound, the cells or tissues were sliced, and anti-
gen retrieval was performed using sodium citrate buf-
fer (Beyotime, China). The sections were subsequently 
treated with 0.5% Triton X-100 and 5% bovine serum 
albumin (BSA; Beyotime, China), followed by overnight 
incubation at 4 °C with primary antibodies. The sections 
were thoroughly washed the following day before being 
exposed to secondary antibodies and DAPI (Solarbio, 
China) for 1 h and 10 min, respectively. Finally, the sec-
tions were visualized and imaged under a Nikon Ti2-E 
microscope. Detailed information regarding the primary 
and secondary antibodiesused can be found in table S1.

Real-Time quantitative reverse transcription polymerase 
Chn reaction (qRT–PCR)
For total RNA extraction, a Total RNA Kit (Vazyme, 
China) was used, followed by cDNA synthesis using a 
First Strand cDNA Synthesis Kit (Vazyme, China). qRT‒
PCR analysis was conducted with SYBR Green Master 
Mix (Vazyme, China), and detection was performed with 
a QuantStudio 5 PCR system (Thermo Fisher Scientific, 
USA). The gene expression levels were quantified via the 
2–ΔΔCt method. The gene primers used can be found in 
our previous study and Table S2 [19].

Statistical analysis
The statistical analyses were performed using SPSS 22 
software. The data are presented as the means ± standard 
deviations and were obtained from at least three inde-
pendent experiments. All datasets were assessed for a 
normal distribution before conducting either a Student’s 
t test or one-way ANOVA for comparisons between 
groups. A value of P < 0.05 was considered to indicate sta-
tistical significance.

Results
SDC4 affects pancreatic development and the 
differentiation of PPs
To investigate the involvement of the DEPs during vari-
ous stages of pancreatic development in mice, we uti-
lized hierarchical clustering analysis to examine a set of 
1753 DEPs that were consistently differentially expressed 
across three developmental stages (for detailed informa-
tion, please refer to our previous study). By employing 
a cluster series test, we identified eight distinct protein 
expression profiles. Notably, SDC4 was robustly and 
consistently expressed, particularly in the pancreases of 
the mice in the TW and EW groups (Fig. 1a). IF analysis 
confirmed that the expression of SDC4 in the islet tissues 

of the EW mice was significantly greater than that in the 
islet tissues of the FW and TW mice, which correlates 
with the location of insulin expression (Fig. 1b, c). Mean-
while, in human pancreatic specimens, SDC4 expression 
was detected and showed a similar spatial overlap with 
insulin expression (Fig.  1d). According to our previous 
strategies for SC-β differentiation, we downregulated cel-
lular SDC4 at the PG and PFG stages and induce their dif-
ferentiation into PPs (Fig. 1e). The FCM results revealed a 
significantly lower percentage of NKX6.1+/PDX1+ PPs in 
the SDC4-shRNA group (15.35 ± 2.659%) than in the NC 
group (53.26 ± 2.738%) (P < 0.0001) (Fig.  1g and h). This 
finding strongly suggests a substantial decline in the dif-
ferentiation efficiency of PPs. IF and qRT‒PCR revealed a 
significant decrease in the expression of important TFs, 
including PDX1, SOX9, NKX6.1, GATA4, and PAX4, in 
SDC4-shRNA PPs (Fig. 1h, i). mRNA analysis upon treat-
ment with SDC4-shRNA and NC-shRNA validated the 
significant downregulation of these key TFs in PPs upon 
the loss of SDC4 (Fig. 1j). KEGG analysis revealed altera-
tions in crucial signaling pathways involved in pancreatic 
endocrine cell development, including insulin secretion 
and pancreatic secretion, following SDC4 downregula-
tion (Fig. 1k).

Preparation and cytocompatibility of the AG73 hydrogel
In our previous study, we successfully developed a biomi-
metic hydrogel composed of 5% GelMA and 2% AlgMA 
that possesses physiological stiffness similar to that of 
pancreatic tissue [11]. To reconstruct the microenviron-
ment during pancreatic development and facilitate the 
cellular response to mechanical signals from the ECM, 
we designed the AG73 hydrogel as a platform to evalu-
ate how AG73-SDC4-mediated signaling affects pancre-
atic differentiation (Fig.  2a). By conducting molecular 
docking simulations, we discovered that residue GLN-8 
of AG73 forms hydrogen bonds with HE-13 of SDC4, 
indicating a binding interaction between them (Fig. 2b). 
We formulated AG73 hydrogels at final concentrations 
of 0.1  mg/mL and 1  mg/mL (Fig.  2c). The presence of 
the characteristic maleimide peak in the AG73 hydrogel 
was confirmed via nuclear magnetic resonance (NMR) 
analysis, indicating the successful binding of AG73 to 
5%GelMA/2%AlgMA (Fig.  2d). The rheological proper-
ties of the hydrogel, including its storage modulus (G’, 
representing elasticity) and loss modulus (G”, indicating 
viscosity), were analyzed. The results revealed that upon 
exposure to UV radiation, the hybrid hydrogel exhibited 
improved elastic behavior and exceptional mechanical 
durability, with G’ surpassing G’’ (Fig. 2e). After immer-
sion in PBS for 48 hours, the hydrogel, low-AG73 hydro-
gel, and high-AG73 hydrogel exhibited swelling rates of 
38.5 ± 3.4%, 40.6 ± 5.4%, and 35.5 ± 2.2%, respectively, with 
no significant difference between them (Fig. 2f ) (P > 0.05). 
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On the basis of the stress‒strain curves, the compres-
sive moduli of the hydrogel, low-AG73 hydrogel, and 
high-AG73 hydrogel were 10.9 ± 1.9  kPa, 10.1 ± 1.6  kPa, 
and 9.0 ± 1.4 kPa on day 1 and 9.6 ± 1.6 kPa, 9.1 ± 0.9 kPa, 
and 8.5 ± 1.2  kPa on day 14, respectively (Fig.  2g and h) 

(P > 0.05). There was no significant difference in the com-
pressive moduli among the three hydrogels on either the 
first or fourteenth day. These results demonstrated that 
the incorporation of AG73 had no effect on the compres-
sion modulus of the hydrogel. Additionally, no significant 

Fig. 1  Role of SDC4 in pancreatic β cell differentiation. (a) Schematic of DIA analysis. (b, c) SDC4 was highly expressed in the pancreas of mice in EW 
(eighth week) groups, which correlated with the expression location of insulin (n = 4). (e) SDC4 expression was downregulated at the PG and PFG stages 
and continued to differentiate into PPs and SC-β cells. (g, h) FCM results revealed a significantly reduced positive rate of NKX6.1+/PDX1+ in PPs in SDC4-
shRNA group (n = 4) (P < 0.0001). (f) qRT-PCR results revealed a significant decrease in the expression of PDX1, SOX9, NKX6.1, GATA4, and PAX4, in PPs in 
SDC4-shRNA group (n = 6). (i) IF results revealed a significant decrease in the expression of SDC4, PDX1, and NKX6.1 in PPs in SDC4-shRNA group. (j) mRNA 
analysis validated the significant downregulation of key TFs in PPs in SDC4-shRNA group compared to NC-shRNA group (n = 3). (k) KEGG analysis revealed 
alterations in crucial signaling pathways involved in pancreatic β cell development following downregulation of SDC4 (n = 3)
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decrease in the compression modulus was observed 
on day 14, indicating the excellent stability of the pre-
pared hydrogels. The SEM results revealed that the pore 
sizes of the three hydrogel groups were 180.0 ± 15.8 µm, 
145.2 ± 9.8 µm, and 136.4 ± 9.3 µm, respectively (P < 0.001) 
(Fig. 2i and k). AG73 crosslinking led to a reduction in the 
pore size; however, the resulting pore size of the AG73 
hydrogel remained within an appropriate range can 

provided adequate space for cellular growth. The results 
of calcein-AM/PI staining revealed that the hESCs’ sur-
vival rate in the three hydrogel groups was satisfactory 
in day 3, and not many dead cells were observed (Fig. 2j). 
Furthermore, the CCK-8 results of hESCs proliferation 
in the hydrogels after 1 and 3 days were not significantly 
different among the three groups of hydrogels (Fig.  2l) 
(P > 0.05). To assess the potential of the hydrogel and 

Fig. 2  Fabrication and characterization of the AG73-GelMA/AlgMA hydrogel. (a) Schematic diagram of AG73-GelMA/AlgMA hydrogel. (b) GLN-8 site of 
AG73 forms hydrogen bonds with the HE-13 site of SDC4. (c) AG73-hydrogel with final concentrations of 0.1 mg/mL and 1 mg/mL. (d) The characteristic 
Malelmide peak in AG73-hydrogel was confirmed through NMR analysis. (e) Rheological properties of GelMA/AlgMA hydrogel and AG73-GelMA/AlgMA 
hydrogel (G’ = storage modulus, G’’ = loss modulus, G’ > G’’). (f) The swelling rates of the hydrogel. (g) Graph of stress (kPa) varying with strain (%) of the 
hydrogel. (h) Compression modulus of the hydrogel. (i) SEM of the hydrogel. (j) Calcein-AM/PI staining showed that large numbers of dead cells were 
not observed in the three hydrogel groups. (k) Pore diameter of the hydrogel (n = 4) (P < 0.001). (l) The CCK-8 results at specific time points indicated no 
statistically significant difference in cell proliferation among the three groups of hydrogels. (m) High AG73 hydrogel significantly improved the efficiency 
of PPs differentiation compared with hydrogel alone (n = 6) (P < 0.001)
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AG73 hydrogel to enhance the differentiation of hESCs 
into PPs, we encapsulated hESCs and subjected them to 
a four-stage differentiation protocol. Upon evaluation of 
the expression levels of the key TFs associated with PPs 
(PDX1, NKX6.1, SOX9, GATA4, GATA6, and PTF1A), 
our findings revealed that, compared with the hydrogel 
alone, the high-AG73 hydrogel significantly improved the 
differentiation efficiency of PPs (Fig. 2m).

HiPSCs generation and differentiation into PP organoids
To enhance the clinical significance of this study, we 
elected to utilize hiPSCs in subsequent experiments. 
ADSCs from P3 to P5 were selected to induce hiPSCs dif-
ferentiation (Fig. 3a). After approximately 28 days of dif-
ferentiation, the hiPSCs clones became visible (Fig.  3b). 
The FCM results revealed that a remarkable 95% of these 
hiPSCs were positive for NANOG/OCT4 and NANOG/
SOX2 expression (Fig. S1a). Moreover, IF analysis 
revealed robust expression of OCT4, NANOG, SOX2 
and SSEA4 (Fig. 3c). Concurrently, the hiPSCs presented 
positive ki67 expression, which is indicative of a robust 
proliferative capacity (Fig. S1b). Karyotype analysis of the 
chromosomes did not reveal any discernible mutations 
(Fig. S1c). The results of the tumor formation experiment 
demonstrated that subcutaneous injection of hiPSCs 
into nude mice induced teratoma formation, which was 
characterized by well-differentiated structures represent-
ing all three germ layers (the ectoderm, mesoderm, and 
entoderm), as revealed by histological staining (Fig. S1d).

After encapsulation into the hydrogels and differen-
tiation into PPs, the hiPSCs formed early cellular clus-
ters that continued to proliferate until they reached the 
PP stage, as observed via light microscopy (Fig. S2a). IF 
analysis was used to assess the differentiation efficiency 
of the PP organoids and revealed positive expression of 
the major TFs at different stages of cell differentiation, 
including the DE stage (FOXA2/SOX17), PFG stage 
(FOXA2/PDX1), and PP stage (PDX1/NKX6.1), and 
evaluate the effect of the AG73 hydrogel on PP organoid 
differentiation (Fig.  3e). The hydrogel group presented 
a significantly lower rate of positive TF expression. The 
FCM results further revealed significantly greater posi-
tive expression of PDX1/NKX6.1 in the PP organoids in 
the AG73 hydrogel group than in both the Matrigel group 
and the hydrogel group (Fig.  3f and g). Moreover, DEG 
analysis revealed significantly higher expression levels of 
key TFs (NKX6.2, PDX1, GCG, GATA6, etc.) in the PP 
organoids of the AG73 group than in those of the Matri-
gel group. Conversely, the hydrogel group presented 
lower expression levels of PDX1, GATA4 and NKXK6.2 
than did the Matrigel group (Fig. 3i and j). KEGG path-
way analysis revealed that there was enrichment of DEGs 
primarily in the ECM-receptor pathway, focal adhe-
sion, the PI3K-AKT signaling pathway and the MAPK 

signaling pathway. GO term enrichment analysis revealed 
that the major enriched biological processes and molecu-
lar functions were primarily system development, tissue 
development, the ECM, and the development of multi-
cellular organisms (Fig. S2c, S2d). Interestingly, we found 
that the PP organoids within the hydrogels exhibited a 
clear lumen-like structure, especially those in the AG73 
group (Fig. 3e, S2b). IF revealed that epithelial markers, 
such as EPCAM, were significantly upregulated, indicat-
ing that the AG73 hydrogel facilitated epithelial–mesen-
chymal transition (EMT) in the PP organoids (Fig. 3h).

To investigate the differentiation potential of PP organ-
oids, we extended their directed differentiation into EPs 
and SC-β cells (Fig. 4a). In the Matrigel group, EPs were 
generated via self-organization in AggreWell 400 plates, 
and the EPs in the AG73 group were released from the 
hydrogel by collagenase treatment. The EPs of the Matri-
gel group appeared to be more tightly packed than those 
of the AG73 group (Fig.  4c). However, both groups of 
SC-β cells eventually exhibited a tightly packed structure 
after 21 days culture. There was no statistically signifi-
cant difference in the average diameters of EP and SC-
islets between the two groups. The compact structure 
of AG73 hydrogel-derived SC-β was further confirmed 
by H&E staining (Fig.  4e). IF was used to evaluate the 
expression of NGN3 and YAP1 in the EPs in the Matri-
gel group and the AG73 hydrogel group. Our results indi-
cated that YAP1 expression in the released EP organoids 
was partially translocated to the cytoplasm, suggesting a 
decrease in YAP activity (Fig. 4b). The findings of previ-
ous studies have demonstrated that downregulation of 
YAP1 expression during the late stage of PPs develop-
ment promotes the differentiation of these cells into EPs 
[21]. Both groups of SC-β cells expressed NKX6.1, INSU-
LIN, and MAFA (Fig. 4f ). The differences in TF expres-
sion between the two groups was further analyzed via 
qRT‒PCR and FCM. The qRT‒PCR results revealed that 
the SC-β cells in the AG73 hydrogel group presented 
significantly higher expression levels of PDX1, NKX6.1, 
INS, MAFA, GCG and NEUROD1 than that in the 
Matrigel group (Fig. 4d). FCM revealed that the NKX6.1/
INS and NKX6.1/MAFA positive rates in the AG73 
hydrogel group were 65.5 ± 3.2% and 41.3 ± 2.1%, respec-
tively, which were significantly greater than those in the 
Matrigel group (52.8 ± 3.0%, P = 0.0011 and 31.6 ± 2.9%, 
P = 0.0015, respectively) (Fig. 4g and h). The TEM results 
revealed the presence of insulin granules in the SC-β cells 
of both groups, suggesting that the cells had matured 
(Fig.  4i). SC-β cell proliferation was also compared by 
evaluating ki67 expression, and there was no signifi-
cant difference between the SC-β cells derived from the 
AG73 hydrogel group and the Matrigel group. These 
findings suggest that both groups of cells did not exces-
sively proliferate (Fig. 4j). In addition, glucose, KCl, and 
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exenatide-4 were applied to the SC-β cells stimulate insu-
lin, and significantly more insulin secretion was observed 
in the AG73 hydrogel group than that in the Matrigel 
group (Fig. 4k, l and m).

In vivo transplantation into diabetic mice
The ability of SC-β cells to regulate blood glucose levels 
in diabetic mice was confirmed after a 12-week trans-
plantation experiment conducted in vivo. IF staining 

Fig. 3  hiPSCs Generation and differentiation into PP organoids. (a) ADSCs were induced differentiation into hiPSCs. (b) The formation of iPSCs clones 
became visible in 28 days of differentiation. (c) IF analysis revealed robust expression of OCT4, NANOG, SOX2 and SSEA4. (d) Diagram of hiPSCs differen-
tiating into PP organoids and SC-β cells within the hydrogel. (e) IF analysis revealed positive expression of the major TFs at different stages of cell differ-
entiation, including DE stage (FOXA2/SOX17), PFG stage (FOXA2/PDX1), and PP stage (PDX1/NKX6.1). (f, g) The FCM results demonstrated a significantly 
higher positive expression of PDX1/NKX6.1 in PP organoids within the AG73 hydrogel group compared to both the Matrigel group and the hydrogel 
group (n = 4). (h) Significant upregulation of EPCAM in PP organoids in AG73 hydrogel. (i) Up-regulated genes and down-regulated genes in groups hy-
drogel group and Matrigel group, Matrigel group and AG73 group. (j) DEGs results revealed significantly higher expression levels of NKX6.2, PDX1, GCG, 
GATA6 et al. in PP organoids of the AG73 group compared to the Matrigel group. The hydrogel group exhibited lower expression levels of PDX1, GATA4 
and NKXK6.2 compared to the Matrigel group
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revealed that the differentiated SC-β cells from both 
groups continued to express insulin and NKX6.1 after 
transplantation in vivo (Fig.  5g). The positive rate of 
INS+/NKX6.1 + cells derived from AG73 was sig-
nificantly higher compared to that in the Matrigel 
group (P = 0.0011) (Fig.  5h). Moreover, serum levels of 
human C-peptide did not significantly differ at 1 week 

posttransplantation (P > 0.05). However, there was a sig-
nificantly greater disparity in the serum levels of human 
C-peptide between the AG73 group and the Matri-
gel group at 6 weeks after transplantation (P = 0.0027) 
(Fig. 5b). Next, we evaluated the increase in body weight, 
blood glucose levels, and glucose tolerance and clearance. 
The observed changes in blood glucose levels within 

Fig. 4  PPs differentiated into EPs and SC-β cells. (a) PP organoids were differentiated into EPs and SC-β cells. (b) The expression of NGN3 and YAP1 in 
EPs within the Matrigel group and AG73-hydrogel group. (c) EPs and SC-β cells from Matrigel and AG73-hydrogel group and no statistically significant 
difference in their sizes. (d) qRT-PCR results revealed that SC-β cells in the AG73-hydrogel group exhibited significantly higher expression levels of PDX1, 
NKX6.1, INS, MAFA, GCG and NEUROD1 compared to the Matrigel group (n =4). (e) AG73-hydrogel derived SC-β cells exhibited a tightly packed structure. 
(f) Both groups of SC-β cells exhibited the expression of NKX6.1, INSULIN, and MAFA. (g, h) The positive rates of NKX6.1/INS and NKX6.1/MAFA in the AG73-
hydrogel group was higher compared to those in the Matrigel group. (i) TEM results showed insulin granules in SC-β cells of both groups (White arrow). 
(j) ki67 expression of SC-β cells in the Matrigel and AG73-hydrogel group (n = 4). (k, l, m) Insulin levels in the SC-β cells were stimulated with glucose, KCL, 
and exenatide-4 (n = 4)
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120 min after intraperitoneal glucose injection indicated 
that diabetic mice treated with SC-β cells derived from 
the AG73 hydrogel exhibited significantly greater glu-
cose tolerance and clearance than did mice in the Matri-
gel-treated group (Fig. 5c and d). Additionally, the body 
weights of the mice transplanted with SC-β cells derived 
from the AG73 hydrogel were notably greater than those 
of the mice transplanted with Matrigel at 12 weeks 
(Fig. 5f ).

A significant difference in blood glucose levels was 
observed between the AG73 hydrogel group and the 
Matrigel group at 6 weeks after transplantation (P < 0.05). 
The blood glucose levels of the AG73 hydrogel group 
were 6.5 ± 1.1 mmol/mL, whereas those of the Matrigel 
group were 11.3 ± 1.5 mmol/mL. By week 11 posttrans-
plantation, both groups demonstrated improvements in 
their blood glucose levels, with measurements of 6.2 ± 0.4 
mmol/mL for the AG73 hydrogel group and 6.6 ± 0.4 

Fig. 5  SC-β cells transplantation in diabetic mice. (a) SC-β cells were implanted into the renal capsule of T1DM mice. (b) The serum levels of human 
C-peptide in the two groups of SC-β cells at 1 and 6 week post-transplantation. (c, d) The changes in blood glucose levels within 120 min after in-
traperitoneal glucose injection (n = 6). (e) Fast blood glucose of diabetic mice engrafted with SC-β cells of different groups up to 12 weeks (n = 6). (f) 
Mice transplanted with AG73 hydrogel derived SC-β cells demonstrated a notably higher post-transplantation increase in body weight (n = 6). (g, h) 
Transplanted SC-β cells differentiated from the two groups continued to express insulin and NKX6.1 after transplantation in vivo and the positive rate of 
INS+/NKX6.1 + cells derived from AG73 was significantly higher compared to that in the Matrigel group (n = 4) (P = 0.0011). (i) IF staining of Ki67 in the 
transplanted area (Ki67%<1%)
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mmol/mL for the Matrigel group, indicating effective 
restoration of normal blood glucose levels. Compared 
with those transplanted with Matrigel, diabetic mice that 
received SC-β cells derived from the AG73 hydrogel pre-
sented a more rapid decrease in blood glucose levels, and 
this reduction ability appeared approximately 6 weeks 
after transplantation, as opposed to the 9 weeks required 
by the Matrigel group (Fig.  5e). Moreover, shortly after 
graft removal, both groups of recipients experienced 
hyperglycemia, indicating that glucose homeostasis was 
altered due to the transplanted SC-β cells. No significant 
tumor formation was observed in the kidneys 12 weeks 
after transplantation of SC-β cells, indicating a favorable 
safety profile for SC-β cell transplantation. Addition-
ally, IF staining of Ki67 in the transplanted area revealed 
no evidence of excessive proliferation among the trans-
planted SC-β cells (Ki67%<1%) (Fig. 5i).

Single-cell transcriptome analysis of the PP organoids
To investigate how the AG73 hydrogel affects PP organ-
oid development at the cellular cluster level, scRNA-seq 
was performed on day 2 of the PFG transformation into 
PPs. All cells were classified into 15 clusters via t-SNE 
analysis. The predominant clusters in the AG73 hydrogel 
group were clusters 1, 3, 7, 8 and 9, whereas clusters 0, 1, 
4 and 6 were primarily observed in the control hydrogel 
group (Fig. 6a and b).

Next, we identified development-related genes 
expressed in PPs from both the hydrogel group and the 
AG73 hydrogel group. Notably, the key TFs PDX1, SOX9, 
NKX6.2, GATA4, GATA6 and HES1 were significantly 
upregulated in clusters 1, 2, and 7 (Fig. 6c). t-SNE analy-
sis was subsequently conducted to examine the expres-
sion patterns of SOX9, GATA4, PDX1, and SDC4 as well 
as their distributions across different clusters. Interest-
ingly, while PDX1, SOX9, and GATA4 were upregulated 
in the AG73 hydrogel group compared with the hydro-
gel group, the expression of SDC4 did not significantly 
differ between these two groups (Fig.  6d). Analysis of 
the entire TF subpopulation revealed that cluster 7 pre-
sented high expression levels of PDX1, SOX9, and YAP1 
(Fig.  6f ). The cells expressing PDX1, SOX9, and YAP1 
were identified as bipotent PPs on the basis of previous 
studies (Fig.  6e) [22]. Subsequently, IF confirmed that 
PDX1 and SOX9 were expressed in the PP organoids, 
as both were detected in both experimental groups but 
they were present at higher levels in the AG73 hydro-
gel group (Fig.  6g, h). Cell cycle analysis revealed that 
there was an increase in the proportion of cells in G1 
phase among the AG73 hydrogel-derived PP organoids 
compared with those in the hydrogel group, indicating 
the suppression of cell cycle progression (Fig.  6i and j). 
DEG analysis also revealed significant upregulation of 
the pancreatic endocrine factors FOXA2, SOX4, HES1, 

and other related genes in clusters 1 and 7 (Fig.  6k). 
Meanwhile, Figure S3 illustrates the marker genes for 
different clusters along with the KEGG analyses of clus-
ter 0, 1, and 7. The further refined pseudotime analysis 
revealed a potential lineage relationship between the 
cells in clusters 1 and 7, suggesting that cluster 1 cells 
may serve as precursors for the development of cluster 
7 cells (Fig. S4). Furthermore, identified significant genes 
that drive PP organoid differentiation via RNA profiling, 
the generation of rate scatter plots and characterization 
of the distinct kinetic behaviors for each gene (Fig. S5). 
The cell–cell and cell–ECM interactions in the hydrogel 
were further analyzed. The AG73 hydrogel-derived PP 
organoids presented more ligand‒receptor pairs between 
distinct clusters, indicating enhanced intercellular com-
munication (Fig.  7a). The HSPG signaling family, which 
includes SDC4, was found to be upregulated in AG73 
hydrogel-derived PP organoids (Fig. 7c) [23]. Subsequent 
analysis revealed a significant increase in the abundance 
of SDC4-related receptors and ligands within the AG73 
hydrogel-derived PP organoids. Additionally, substan-
tial activation of numerous closely associated receptors, 
such as FN and those in the integrin family, was observed 
(Fig. 7b). Moreover, STRING database analysis suggested 
extensive links between SDC4, FN and integrins (Fig. 7d). 
Fibronectin contains domains that can engage both 
SDC4 and integrins. The expression pattern of ITGAV 
in both groups was further validated via t-SNE analysis, 
revealing that clusters 1 and 7 were significantly enriched 
within the AG73 hydrogel group (Fig.  7e). To validate 
our hypothesis, we initially conducted IF to confirm 
the coexpression of SDC4 and ITGAV in the PP organ-
oids. We found that while SDC4 was expressed in both 
groups, the expression of ITGAV was notably greater in 
the AG73 hydrogel group (Fig.  7f ). To further validate 
how ITGAV affects PP organoids development, an siRNA 
targeting ITGAV was introduced to the AG73 hydrogel 
group during the PFG and PP stages, and the culture was 
maintained until the PP stage was completed. IF analysis 
revealed a concomitant reduction in ITGAV expression, 
as well as diminished levels of the key TFs PDX1 and 
SOX9, within the PP organoids (Fig.  7g and h). More-
over, qRT‒PCR analysis confirmed that the expression 
levels of TFs, such as PDX1, NKX6.1, SOX9, GATA4, 
GATA6 and PAX4 in PP organoids also decreased along 
with ITGAV downregulation in PP organoids (Fig. S6a). 
The role of AKT signaling in PP organoids differentiation 
was subsequently investigated by incorporating inhibi-
tors targeting the AKT signaling pathway during the PG 
and PFG stages. IF analysis revealed a reduction in SOX9 
and GATA4 expression within the PP organoids (Fig. 7i), 
supporting our findings. Additionally, qRT‒PCR analysis 
confirmed the decreases in the expression levels of PDX1, 
NKX6.1, SOX9 and GATA4, following inhibition of the 
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AKT signaling pathway (Fig. S6b). Finally, we examined 
the altered adhesion properties of PP organoids in hydro-
gels and found that SANIL2 and N-CAD were upregu-
lated in the AG73 hydrogel group, whereas E-CAD was 
downregulated. These findings suggest that the AG73 
hydrogel promotes EMT in PP organoids (Fig. 7j, k).

Discussion
The development and functional maintenance of pan-
creatic endocrine and exocrine cells heavily rely on the 
intricate structure of the ECM, which not only serves as 
a physical and immune barrier for pancreatic cell homeo-
stasis but also facilitates intercellular communication and 
matrix signaling [24]. In this study, we aimed to recon-
struct the specialized proendocrine niche that is pres-
ent during β-cell differentiation in vitro after identifying 

Fig. 6  Single-Cell Transcriptome Analysis of PP organoids. (a) PPs were classified into 15 clusters using t-SNE analysis. (b) The predominant clusters in 
the AG73 hydrogel group were clusters 1, 3, 7, 8 and 9, while clusters 0, 1, 4 and 6 were primarily observed in the control hydrogel group. (c) PDX1, SOX9, 
NKX6.2, GATA4, GATA6 and HES1 showed significant upregulation in clusters 1, 2, and 7. (d) The expression patterns of SOX9, GATA4, PDX1, and SDC4 as 
well as their distribution across different clusters. (e) The cells expressing PDX1, SOX9, and YAP1 were identified as bipotent pancreatic progenitors. (f) 
TFs analysis of the entire subpopulation revealed that cluster 7 exhibited high expression levels of PDX1, SOX9, and YAP1. (g, h) The expression of PDX1 
and SOX9 in PP organoids in both groups (n = 4). (i, j) The cell cycle analysis revealed an increased proportion of cells in the G1 phase for AG73 hydrogel-
derived PP organoids. (k) DEGs analysis revealed a significant upregulation of pancreatic endocrine factors FOXA2, SOX4, HES1, and other related genes 
in both cluster 1 and cluster 7
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SDC4 as a potential key signal transduction protein asso-
ciated with pancreatic organogenesis, differentiation and 
maturation. On the basis of the ligand‒receptor interac-
tions between SDC4 and laminin-derived AG73, we con-
structed an AG73-GelMA/AlgMA hydrogel to induce 
the differentiation of PDX1+/NKX6.1+ PP organoids. Our 
research demonstrated that the AG73 hydrogel offers 

sufficient biomechanical support and precise biochemi-
cal signal guidance, facilitating hiPSCs differentiation 
into pancreatic endocrine lineages. This is in line with the 
findings of laminin, which, in conjunction with LAMA, 
facilitates the differentiation of mesenchymal cells into 
insulin-producing cells [25].

Fig. 7  Molecular mechanism of AG73 hydrogel promoting PP organoids formation. (a) AG73 hydrogel derived PP organoids exhibited a higher abun-
dance of ligand-receptor pairs between distinct clusters. (b) Numerous receptors such as FN and the integrin family were activated observed in the AG73 
hydrogel group. (c) The HSPG signaling family was upregulated in AG73 hydrogel-derived PP organoids. (d) String database suggested extensive links 
between SDC4, FN and integrins. (e) t-SNE analysis showed the expression pattern of ITGAV in the two groups. (f) SDC4 was expressed in both groups, the 
expression of ITGAV was notably stronger in the AG73 hydrogel group (n = 4). (g, h) IF analysis revealed a concomitant reduction in ITGAV expression, as 
well as diminished levels of key TFs PDX1 and SOX9 within the PP organoids (n = 4). (i) IF analysis revealed a reduction in SOX9 and GATA4 expression in PP 
organoids while inhibiting AKT signaling pathway (n = 4). (j) E-CAD expression was downregulated and SNAIL2 expression was upregulated in the AG73 
hydrogel group (n = 4). (k) N-CAD expression was upregulated in the AG73 hydrogel group (n = 4). (l) Molecular mechanism of AG73 hydrogel promoting 
PP organoids formation
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In this study, we used the peptide AG73 at a concen-
tration of 1  mg/mL to mimic the physiological role of 
laminin in pancreatic lineage development and demon-
strated its significant positive regulatory effect. In the 
last decade, substantial advancements have been made 
in the cultivation of tumor organoids utilizing the ECM, 
and scientists have successfully cultivated pancreatic 
organoids by employing Matrigel and hydrogels [26, 27]. 
In 2021, Alexander Kleger and Senthil K. Muthuswamy’s 
group both published a strategy to differentiate hiPSCs 
into pancreatic duct-like organoids (PDLOs) [28, 29]. 
The hiPSCs were cultured in a 2D system for 13 days, 
followed by culture of SOX9+/PDX1+ PPs in a 3D envi-
ronment for 17 days to generate PDLOs. These PDLOs 
with a duct-like morphology were subsequently utilized 
to establish intraductal papillary mucinous neoplasm 
(IPMN) organoids. Our research addresses the technical 
gap in obtaining PP organoids by employing 3D iPSC cul-
tivation. Despite the widespread utilization of Matrigel 
and native ECM in cell and organoid culture, the unclear 
compositions and interbatch variability pose challenges 
in terms of precisely adjusting the material properties, 
including the mechanical and biochemical characteris-
tics. Furthermore, the clinical translational potential of 
natural hydrogels is impeded by the potential for immu-
nogenic reactions resulting from pathogen contamina-
tion [30]. To overcome the potential detrimental effects 
of specific components of the natural ECM on stem cell 
differentiation, we fabricated a hybrid hydrogel compris-
ing GelMA with enhanced cellular bioactivity and rigid 
AlgMA containing hydrophilic groups for in vitro differ-
entiation into pancreatic lineages. The application poten-
tial of GelMA/AlgMA in bone and cartilage regeneration 
has been demonstrated, yet there remains a dearth of 
systematic research pertaining to the direction of pan-
creatic differentiation and maturation [31]. In our previ-
ous study, a 5%GelMA/2%AlgMA hydrogel mimicking 
the physiological stiffness of the pancreas was confirmed 
to have good cytocompatibility and promote the func-
tion of insulin-producing cells. In this study, we fabri-
cated an AG73-5%GelMA/2%AlgMA hydrogel on the 
basis of the receptor‒ligand interaction between AG73 
and SDC4, with the aim of inducing the differentiation 
of PP organoids. We developed a 3D culture system for 
hiPSC-derived PP organoids, which were maintained for 
up to 13 days in conventional 2D induction medium. In 
addition to the AG73-SDC4-guided biochemical signals, 
AlgMA demonstrated remarkable biological stability and 
chemical inertness, enabling a strategy for inducing the 
prolonged differentiation of PP organoids. We also com-
pared the compressive moduli of the hydrogels on days 1 
and 14, and the results revealed that there was no signifi-
cant decrease.

Syndecans, as members of the transmembrane glycan 
protein family, can initiate transmembrane signaling 
pathways at the cell surface and regulate transcriptional 
functions within cells [32]. SDC4 has been shown to 
be important for PG formation [33]. Our study further 
revealed that SDC4 plays a pivotal role in regulating the 
formation of PPs during the early stages of pancreatic lin-
eage development. 2D culture confirmed that SDC4 defi-
ciency reduced the differentiation efficiency of PDX1+/
NKX6.1+ PPs. In contrast to the GelMA/AlgMA hydro-
gel, the incorporation of AG73 significantly enhanced 
the differentiation efficiency of the PDX1+/NKX6.1+ PP 
organoids. Researchers are increasingly recognizing the 
pivotal roles mechanical signals play in governing cell 
fate [15]. Mechanistically, the addition of AG73 activated 
the SDC4/ITGAV complex and facilitated the generation 
of bipotent PPs expressing SOX9+/PDX1+ at the early 
stage of differentiation via the AKT signaling pathway. 
These findings demonstrated that SDC4 has the ability 
to activate cellular transcriptional functions by precisely 
discerning mechanical cues from the ECM. Studies have 
demonstrated that NGN3+ pancreatic ductal epithelial 
cells are activated and migrate from the basement mem-
brane to the pancreatic stroma during islet formation. 
This process involves transient EMT, which is character-
ized by the downregulation of E-cadherin and the upreg-
ulation of Snail2 and N-cadherin [34]. Interestingly, the 
addition of AG73 to PP organoids resulted in the upreg-
ulation of SNAIL and N-cad and the downregulation of 
E-cad. This led to a concurrent reduction in intercellular 
CDH1‒CDH1 junctions while maintaining CDH2‒CDH2 
junctions. This finding is consistent with existing reports 
that AG73 can increase the adhesion, viability, and N-cad 
expression of cells encapsulated within hydrogels [14].

SOX9+/PDX1+ bipotent PPs have been recognized for 
their capacity to differentiate into both pancreatic endo-
crine and exocrine lineages. By modulating YAP1 expres-
sion, the fate of bipotent PPs can be altered, leading to 
distinct lineages toward the duct or endocrine system. 
In this study, we successfully generated PP organoids 
that robustly coexpressed PDX1, SOX9, and NKX6.1. A 
recent study demonstrated that PDX1+/SOX9+/NKX6.1+ 
PPs exhibited a remarkable capacity to generate homoge-
neous SC islets with exceptional efficiency [35]. Further 
differentiation revealed that substitution of the EP induc-
tion medium in the AG73 hydrogel culture resulted in 
an accelerated decrease in YAP1 expression during the 
transition into NGN3+ EPs, ultimately yielding superior 
SC-β cells. YAP1 has been shown to play distinct roles 
in pancreatic β-cells during different stages. During the 
PP stage, YAP1 activation maintains the proliferation 
and differentiation capacities of PPs; however, during 
subsequent differentiation, YAP1 activation attenuates 
the ability of PPs to further differentiate into SC-β cells, 
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ultimately leading to reduced efficiency [21]. Therefore, 
we released the organoids from the hydrogel for contin-
ued culture at the stage of PPs, as sustained ECM signal-
ing may induce YAP1 transition activation. Our results 
indicated that YAP1 expression in the released EP organ-
oids was partially translocated to the cytoplasm, suggest-
ing a decrease in YAP activity. The nuclear import and 
export of YAP1 are regulated by its phosphorylation sta-
tus, and future studies will aim to refine detection meth-
ods for this process. In conclusion, patient-derived PP 
organoids derived from ADSCs hold promise as a viable 
source of cells for cell replacement therapy in patients 
with type 1 and severe type 2 diabetes mellitus. Recently, 
several clinical trials have demonstrated favorable out-
comes within a short timeframe using autologous insu-
lin-producing cells derived from hiPSCs.

Conclusion
Stem cell replacement for diabetes treatment holds 
promise as a potential cure, yet the technical challenges 
of ensuring the quality, safety, and standardized pro-
duction of the transplanted cells hinder its widespread 
clinical implementation. In the present study, the AG73 
polypeptide and GelMA/AlgMA were employed to 
engineer hydrogels as ECM mimics, which have stable 
chemical properties, adjustable physical structures, 
and a straightforward production process. Moreover, 
the use of the AG73-GelMA/AlgMA hydrogel culture 
enables the stable and efficient formation of heteroge-
neous but relatively homogeneous PP organoid cells, 
enhances biosafety, reduces off-target effects, and 
decreases production costs. In future studies, we will 
screen additional efficacious peptides to optimize the in 
vitro differentiation of SC-β cells by simulating the intri-
cate microenvironment of natural pancreatic develop-
ment. Concurrently, we will leverage the reproducible 
and adjustable components and structures of engineered 
hydrogels to investigate the pivotal regulatory effects and 
molecular mechanisms of the ECM components and 
mechanical stress on pancreatic lineage development.
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