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Abstract
Background Islet transplantation is a recommended treatment for type 1 diabetes but is limited by donor organ 
shortage. This study introduces an innovative approach for improving the differentiation and functionality of insulin-
producing cells (IPCs) from iPSCs using 3D spheroid formation and hydrogel matrix as an alternative pancreatic islet 
source. The extracellular matrix (ECM) is crucial for pancreatic islet functionality, but finding the ideal matrix for β-cell 
differentiation has been challenging. We aimed to advance IPC differentiation and maturation through an esterified 
collagen hydrogel, comparing its effectiveness with conventional basement membrane extract (BME) hydrogels.

Methods iPSCs were differentiated into IPCs using a small molecule-based sequential protocol, followed by spheroid 
formation in concave microwells. Rheological analysis, scanning electron microscopy, and proteomic profiling 
were used to characterize the chemical and physical properties of each matrix. IPCs, both in single-cell form and 
as spheroids, were embedded in either ionized collagen or BME hydrogels, which was followed by assessments of 
morphological changes, pancreatic islet-related gene expression, insulin secretion, and pathway activation using 
comprehensive analytical techniques.

Results Esterified collagen hydrogels markedly improved the structural integrity, insulin expression, and cell-cell 
interactions in IPC spheroids, forming densely packed insulin-expressing clusters, in contrast to the dispersed cells 
observed in BME cultures. Collagen hydrogel significantly enhanced the mRNA expression of crucial endocrine 
markers and maturation factors, with IPC spheroids showing accelerated differentiation from day 5, suggesting a 
faster differentiation compared to single cells in hydrogel encapsulation. Insulin secretion in response to glucose 
in collagen environments, with a GSIS index of 2.46 ± 0.05, exceeded those in 2D and BME, demonstrating superior 
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Background
Diabetes mellitus (DM) presents a global health challenge 
characterized by persistently high blood sugar levels that 
impose significant burdens on individuals and healthcare 
systems worldwide. Type 1 DM stems from an autoim-
mune assault on pancreatic islets, resulting in the failure 
of insulin production by β-cells [1]. Despite remarkable 
progress in therapeutic interventions, managing Type 1 
DM remains challenging, typically necessitating inten-
sive insulin regimens and continuous glucose monitor-
ing to avert complications and achieve optimal glycemic 
control [2]. Pancreatic islet transplantation has emerged 
as a promising strategy, offering the potential to not only 
alleviate symptoms but essentially restore the pancreas’ 
original function, thereby improving the quality of life of 
affected individuals [3, 4]. However, the limited availabil-
ity of pancreatic islets poses a considerable challenge to 
the widespread application of this treatment, catalyzing 
the exploration of alternative approaches such as stem 
cell-derived insulin-producing cell (IPC) therapy [5–8].

Advancements in stem cell differentiation technolo-
gies have paved the way toward generating IPCs. Never-
theless, these cells often fall short of fully mimicking the 
mature physiological functions characteristic of human 
pancreatic islet cells. Pancreatic islets, also known as the 
islets of Langerhans, comprise clusters of endocrine α, β, 
and δ cells intricately nestled within the pancreas. The 
architectural organization of these islets, optimizing cell–
cell interactions, particularly among β-cells, is crucial 
for the development of a mature insulin secretion pat-
tern [9–11]. The 3D structure of islets facilitates complex 
interactions and communication between cells, playing 
essential roles in the regulation of blood glucose levels 
and metabolism in response to glucose intake [12, 13].

The extracellular matrix (ECM), crucial for maintain-
ing the 3D structure of pancreatic islets, significantly 
enhances their functionality and survival [11]. Current 
3D culture techniques often utilize basement membrane 
extract (BME), such as Matrigel, which comprises various 
components like laminin, collagen type IV, and growth 
factors. However, the derivation of BME from mouse 

tumor tissues and its composition predominantly of 
tumor-derived proteins limit its direct clinical applicabil-
ity. Given these constraints and the need for ECM alter-
natives that better mimic the specific properties required 
by different cells and tissues, collagen—a primary ECM 
component renowned for its structural and tensile 
strength—has emerged as a viable candidate [14–17].

Collagen, widely used in clinical settings such as sur-
gery and orthopedics, has proven safety. Its biocom-
patibility, derived from being a biological component, 
enhances the function of transplanted cells and offers 
exceptional physical properties. Notably, our previ-
ous research demonstrated that esterified collagen can 
hydrate in neutral pH and its degradation rate can be 
controlled, making it highly clinically useful [18, 19]. Its 
cationic surface properties also improve cell attachment 
and functionality. Furthermore, several reports have 
enhanced the functionality of other biopolymers like 
hyaluronic acid through esterification [20, 21]. This study 
aims to assess the effectiveness of esterified collagen 
hydrogel as a supportive matrix for iPSC-derived IPCs. 
By comparing the differentiation and maturation capabil-
ities of IPCs embedded in collagen hydrogel versus those 
in BME, our research endeavors to advance pancreatic 
islet cell therapy for diabetes treatment, highlighting a 
promising direction with regard to overcoming current 
limitations in stem cell-derived therapies.

Methods
Induced pluripotent stem cells (iPSC) culture and 
differentiation into IPCs
Induced pluripotent stem cells (iPSCs) were provided by 
the Center for Stem Cell Research, Asan Medical Cen-
ter, Seoul, Korea. The study involving induced pluripo-
tent stem cells (iPSCs) was approved by the Institutional 
Review Board (IRB) of Asan Medical Center, Seoul, Korea 
(Project Title: Preferential lineage-specific differentiation 
of iPSC derived from human pancreas-derived cells into 
insulin-producing cells; Approval Number: 2917 − 0503; 
Approval Date: 2017-04-28).

pancreatic islet functionality. Pathway analysis highlighted enhanced insulin secretion capabilities, evidenced by the 
upregulation of genes like Secretogranin III and Chromogranin A in collagen cultures. In vivo transplantation results 
showed that collagen hydrogel enhanced cluster integrity, tissue integration, and insulin secretion compared to non-
embedded IPCs and BME groups.

Conclusion Esterified collagen hydrogels demonstrated superior efficacy over 2D and BME in promoting IPC 
differentiation and maturation, possibly through upregulation of the expression of key secretion pathway genes. Our 
findings suggest that using collagen hydrogels presents a promising approach to enhance insulin secretion efficiency 
in differentiating pancreatic β-cells, advancing cell therapy in diabetes cell therapy.

Keywords Diabetes, Induced pluripotent stem cells, Differentiation, Insulin-producing cells, Extracellular matrix 
(ECM), Collagen
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The iPSCs were maintained on dishes coated with vit-
ronectin (Gibco, Carlsbad, CA, USA) and cultured in 
StemMACS iPS-Brew XF Human medium (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) supplemented with 10 
µM Y-27,632 (Selleck, Houston, TX, USA) at 37  °C in a 
5% CO2 atmosphere.

Induced pluripotent stem cells (iPSC) culture and 
differentiation into IPCs
For in vitro differentiation into insulin-producing cells 
(IPCs), a sequential differentiation protocol utilizing 
small molecules was employed. This protocol guided the 
iPSCs through stages of definitive endoderm, pancreatic 
progenitor cell specification, and IPC maturation [22]. 
The differentiation process, including the media and fac-
tors used at each stage, is illustrated in Fig. 1A.

For in vivo transplantation, a more refined protocol was 
used to enhance the differentiation efficiency of iPSCs 
into IPCs. This refined protocol included five stages, fol-
lowing a previously reported method [23]. Each stage 
medium was prepared with specific factors in MCDB131 
medium (Gibco) as follows: definitive endoderm stage 
with 10 ng/ml activin A and 3 µM CHIR99021, primitive 
gut tube stage with 50 ng/ml KGF, pancreatic progeni-
tor stage 1 with 50 ng/ml KGF, 0.2 µM TPPB, 0.25 µM 
Sant1, 2 µM retinoic acid, and 0.2 µM LDN, pancreatic 
progenitor stage 2 with 50 ng/ml KGF, 0.2 µM TPPB, 0.25 
µM Sant1, 0.1 µM RA, and 0.2 µM LDN, and endocrine 
progenitor stage with 10 µM heparin, 1 µM XXi, 10 µM 
Alk5i II, 1 µM T3, 0.25 µM Sant1, 0.1 µM RA, and 10 µM 
forskolin.

Spheroid formation of IPCs
IPC spheroids were generated using StemFIT 3D concave 
microwells (Microfit, Gyeonggi-do, Korea) pre-coated 
with 3% (w/v) bovine serum albumin (BSA; Cellnest, NJ, 
USA) to prevent cell adhesion. Pancreatic progenitor 
cells were seeded into these microwells, forming spher-
oids approximately 150 μm in diameter within 24 h.

Hydrogel embedding
The formed IPC spheroids were encapsulated in either 
ionized collagen hydrogel (CollaShield®; Dalim Tissen, 
Korea) or BME hydrogel (Cultrex® Basement Membrane 
Extract, Type 2; R&D Systems, MN, USA). Esterified 
collagen (EC) was produced by dissolving 1% (w/v) EC 
(Dalim Tissen, Seoul, Korea) in 0.1 M acetic acid (Junsei 
Chemical, Tokyo, Japan). The freeze-dried EC underwent 
crosslinking with 20 mM of 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC; Tokyo Chem-
ical, Tokyo, Japan) within an ethanol solution (Merck 
Millipore, MA, USA). This embedding process involved 
mixing cell suspensions (IPCs) and IPC spheroids with 
the respective hydrogel formulations and transferring 

them into culture wells to form a dome shape, followed 
by gelation at 37 °C for 30 min.

Hydrogel characterization
The physical and chemical properties of the hydrogels 
were evaluated using various characterization tech-
niques. Rheological properties were assessed using the 
Advanced Rheometric Expansion System (TA Instru-
ments, DE, USA). Collagen hydrogels at different con-
centrations were investigated using a Discovery Hybrid 
Rheometer-2 (TA Instruments, USA) with a steel 20 mm 
parallel plate geometry. A steady shear sweep test was 
conducted at 4  °C to determine the shear viscosities of 
the collagen hydrogels in the pre-gel state. Oscillatory 
frequency sweep tests analyzed the storage (G′) and loss 
(G″) moduli under a 2% strain and a frequency range of 
0.1–100 rad s-1, after incubating the pre-gels at 37 °C for 
30 min. An oscillatory temperature sweep test evaluated 
the gelation kinetics of the collagen hydrogels from 4 °C 
to 37  °C at a heating rate of 5  °C min − 1. For compari-
son, commercially available 1% BME hydrogel was used 
as a control. The same rheological tests, including steady 
shear sweep, oscillatory frequency sweep, and oscillatory 
temperature sweep, were performed on the BME hydro-
gel under the same conditions. All tests were performed 
in triplicate.

Scanning electron microscopy (SEM) (AIS1800C; 
Saron, Gyeonggi-do, Korea) visualized the surface mor-
phology of freeze-dried hydrogel samples.

The ECM compositions of collagen and BME hydro-
gels were identified using high-resolution liquid chroma-
tography-mass spectrometry-based proteomic analysis. 
Samples underwent in-solution protein digestion to form 
peptides. The procedure began with 8  M urea in 0.1  M 
ammonium bicarbonate to achieve a final concentration 
of at least 6  M. For reduction and alkylation, a mixture 
of 10 mM dithiothreitol and 30 mM iodoacetamide was 
applied. Following this step, 10 µg of Trypsin/Lys-C pro-
tease mix was added, and the samples were incubated at 
37  °C for 16 h. To stop the digestion, 0.4% trifluoroace-
tic acid was added, and the samples were desalted using 
C18 Harvard macro spin columns. The resulting peptides 
were lyophilized, reconstituted in 100 µL of 0.1% for-
mic acid, and quantified using a Q Exactive Plus Hybrid 
Quadrupole-Orbitrap mass spectrometer coupled with 
a Nanoacquity UPLC (Waters, Manchester, UK). Elution 
was performed through a trap column, and ionization 
was facilitated by an NSI system linked with a fused-silica 
column packed with 2 μm C18 particles, operating at an 
electric potential of 2.0 kV. During the MS/MS process, 
the maximal ion injection time and dynamic exclusion 
time were set to 60 ms and 30 s, respectively. Proteomic 
analysis was conducted using a Dionex UltiMate 3000 
RSLCnano system (Thermo Fisher Scientific) coupled 
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Fig. 1 Differentiation of iPSCs into Pancreatic Endocrine Cells (A) A schematic of the differentiation protocol outlining the media composition and factors 
used at each stage to generate pancreatic endocrine cells (PE) from human induced pluripotent stem cells (hiPSCs). (B) Representative mRNA expression 
levels of genes associated with pancreatic lineage, endocrine hormones, and iPSC-specific markers at different stages: iPSC, definitive endoderm (DE), 
pancreatic progenitor (PP), early pancreatic endocrine (early PE), and late pancreatic endocrine (late PE) stages (n = 3). Significance levels are denoted by 
*p < 0.05, **p < 0.005, and ***p < 0.001, with experiments performed in triplicate (n = 3). (C) Immunocytochemistry images demonstrate the differentia-
tion milestones: OCT4 (green) expression in iPSCs; CXCR4 (green) expression in definitive endoderm; PDX1 (green)/NKX6.1 (red) and NEUROD1 (green) 
expression in pancreatic progenitors; and PDX1 (green)/NKX6.1 (red), insulin (red)/glucagon (green), insulin (green)/NKX6.1 (red), and C-peptide (green) 
expression in late pancreatic endocrine cells. Nuclei are stained with DAPI (blue). Scale bars: 200 μm. Magnification: 20x
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with a Q Exactive Plus mass spectrometer (Thermo 
Fisher Scientific). Proteome Discoverer software (Version 
2.2; Thermo Fisher Scientific) processed the data, with 
protein identification and characterization performed 
by searching against the reviewed Human Uniprot-Swis-
sProt protein database. The mass spectrometry data sup-
porting the results reported in this paper are available as 
Supplementary Material.

Quantitative real-time PCR (qPCR)
Following RNA extraction using TRIzol reagents 
(Thermo Fisher Scientific) and cDNA synthesis (Super-
Script III First-Strand Synthesis System, Thermo Fisher 
Scientific), qRT-PCR was conducted on the LightCy-
cler® 480 II system (Roche Applied Science) using SYBR 
Green I Master mix (Roche Applied Science). Primer 
sets are listed in Table 1. The PCR amplification program 
included an initial polymerase activation step at 95  °C 

for 5 min, followed by 40 cycles of denaturation at 95 °C 
for 10 s, annealing at 57 °C for 20 s, and extension/detec-
tion at 72 °C for 40 s. Gene expression was normalized to 
GAPDH, with the delta CT method used to quantify rela-
tive expression levels. Statistical analyses were conducted 
using one-way analysis of variance (ANOVA) followed by 
a post hoc Tukey’s test.

Flow cytometry
3D cell clusters were dissociated into single cells using 
TrypLE™ (Thermo Fisher Scientific) and washed with 
phosphate-buffered saline (PBS). Cells were stained with 
BD Horizon™ Fixable Viability Stain 450 (BD Biosciences) 
to assess viability. For intracellular staining, cells were 
fixed and permeabilized using the BD Cytofix/Cytoperm™ 
Fixation/Permeabilization Kit (BD Biosciences). Nuclear 
permeabilization and staining were performed using the 
True-Nuclear™ Transcription Factor Buffer Set (BioLeg-
end). Primary antibodies against C-peptide (rat anti-C-
peptide, DSHB, GN-ID4-S, 1:300 dilution) and NKX6.1 
(mouse anti-NKX6.1, DSHB, F55A12-S, 1:100 dilution) 
were used. Secondary antibodies conjugated to fluoro-
phores were applied, followed by nuclear staining with 
DAPI. Flow cytometry analysis was performed using 
a Canto™ II flow cytometer (BD Biosciences), and data 
were analyzed using FlowJo software.

Viability assessment
Cell viability was assessed using trypan blue exclusion. 
Briefly, IPC spheroids were dissociated into single cells 
using TrypLE™, diluted in media, and mixed with an 
equal volume of 0.4% trypan blue (Gibco). Cell viabil-
ity was determined using a LUNA-II™ Automated Cell 
Counter (Logos Biosystems).

Immunofluorescence staining
Cells on slides were permeabilized with 0.1% Triton 
X-100 and blocked with 3% BSA for 1  h. Primary anti-
bodies used included mouse anti-OCT4 (1:100; Santa 
Cruz Biotechnology, sc-5279), goat anti-CXCR4 (1:300; 
Abcam, ab1670), mouse anti-NEUROD1 (1:200; Abcam, 
ab60704), mouse anti-glucagon (1:200; Abcam, ab10988), 
rabbit anti-insulin (1:200; Abcam, ab181547), goat anti-
PDX1 (1:200; R&D Systems, AF2419), rat anti-C-peptide 
(DSHB, GN-ID4-S), and mouse anti-NKX6.1 (DSHB, 
F55A12-S). Samples were incubated with primary anti-
bodies overnight at 4  °C. For secondary antibody label-
ing, cells were incubated with anti-rabbit IgG Cy3 (1:200; 
Bethyl Laboratories, A120-201C3), anti-goat IgG Alexa 
Fluor 488 (1:300; Thermo Fisher Scientific, A11055), 
anti-mouse IgG Alexa Fluor 488 (1:300; Thermo Fisher 
Scientific, A11029), anti-mouse IgG Alexa Fluor 555 
(1:300; Thermo Fisher Scientific, A21203), and anti-rat 
IgG Alexa Fluor 488 (1:300; Thermo Fisher Scientific, 

Table 1 Primer list for qPCR
Genes 5’ – 3’
OCT4 Forward  G T G G A G G A A G C T G A C A A C A A

Reverse  A A C A A A T T C T C C A G G T T G C C
NANOG Forward  C T G G C T G A A T C C T T C C T C T C

Reverse  C A T G A G A T T G A C T G G A T G G G
PDX1 Forward  G C A T C C C A G G T C T G T C T T C T

Reverse  C A C T G C C A G A A A G G T T T G A A
FOXA2 Forward  T C C G A C T G G A G C A G C T A C T A T G

Reverse  C C A C G T A C G A C G A C A T G T T C
ISL1 Forward  A T T T C C C T A T G T G T T G G T T G C G

Reverse  C G T T C T T G C T G A A G C C G A T G
NGN3 Forward  C T G G C T G A A T C C T T C C T C T C

Reverse  C A T G A G A T T G A C T G G A T G G G
NKX2.2 Forward  C G G C G A G T G C T T T T C T C C A A

Reverse  G C G C T T C A T C T T G T A G C G G
NKX6.1 Forward  C A C A C G A G A C C C A C T T T T T C

Reverse  C C G C C A A G T A T T T T G T T T C T
CK19 Forward  A A C G G C G A G C T A G A G G T G A

Reverse  G G A T G G T C G T G T A G T A G T G G C
Insulin Forward  G C A G C C T T T G T G A A C C A A C A C

Reverse  C C C C G C A C A C T A G G T A G A G A
Glucagon Forward  C C C A A G A T T T T G T G C A G T G G T T

Reverse  G C G G C C A A G T T C T T C A A C A A T
Somatostatin Forward  C T G T C T G A A C C C A A C C A G A C

Reverse  C A G C T C A A G C C T C A T T T C A T
Amylase Forward  T T C A G A C C T T G G T G G G A A A G A

Reverse  A C G A A C C C C A A C A T T G T T A C A T
Secretogranin III Forward  G T C T T C A T C A A C T A G A C G G G A C T

Reverse  A C A A T C T T G T C A A A C A C G G C T C
Chromogranin Forward  T A A A G G G G A T A C C G A G G T G A T G

Reverse  T C G G A G T G T C T C A A A A C A T T C C
Secretagogin Forward  A A C T G G G T A C T G A T G A C A C G G

Reverse  T C T T T A G A G G C A T C T T G G G T A G T
GAPDH Forward  G A A G G T G A A G G T C G G A G T

Reverse  G A A G A T G G T G A T G G G A T T T C
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A21208) for 2 h at 25 °C. Nuclei were stained using DAPI 
(Invitrogen, D1306).

TUNEL staining was performed using the in-situ 
cell death detection kit (Roche Diagnostics GmbH, 
Mannheim, Germany) following the manufacturer’s pro-
tocol. Samples were imaged using the EVOS® FL Auto 
Cell Imaging System (Thermo Fisher Scientific).

Enzyme-linked immunosorbent assay (ELISA)
Insulin and C-peptide levels were quantified using ELISA 
kits (Alpco, NH, USA; Mercodia, Uppsala, Sweden) 
according to the manufacturers’ protocols. Glucose-
stimulated insulin secretion assays involved incubating 
cells in Krebs-Ringer bicarbonate (KRB) buffer with var-
ied glucose concentrations, determining the stimulation 
index based on insulin secretion ratios under high- ver-
sus low-glucose conditions. For the glucose-stimulated 
insulin secretion assay, IPCs and IPC spheroids were 
incubated in KRB buffer (128 mM NaCl, 5 mM NaHCO3, 
1 mM NaHCO3, 5mM KCl, 2.7 mM CaCl2, 1.2 mM 
KH2PO4, 1.2 mM MgCl2, and 10 mM HEPES, 0.5% BSA) 
with varying glucose concentrations at 37 °C. The buffer 
contained glucose concentrations of 2 mM, 20 mM, and 
20 mM with 30 mM KCl. Following sequential incuba-
tions, supernatants were collected, and the stimulation 
index was calculated as the ratio of insulin secretion 
in high-glucose media to that secreted in low-glucose 
media.

Microarray analysis of the IPC spheroids in collagen or BME 
hydrogel
Gene expression in IPC spheroids embedded in differ-
ent hydrogels was profiled using Agilent SurePrint G3 
Human GE 8 × 60  K V3 Microarrays (Agilent Technolo-
gies), following the manufacturer’s protocols. Raw data 
were extracted using the Agilent Feature Extraction Soft-
ware (v11.0.1.1), and array probes with Flag A in samples 
were filtered out. The selected processed signal value 
was log-transformed and normalized using the quantile 
method. The statistical significance of the expression 
data was determined using fold changes of more than 2 
between two groups. Data analysis, including normal-
ization, was performed with R software, complemented 
by protein–protein interaction analysis via the STRING 
database. The microarray data supporting the results 
reported in this paper are available as Supplementary 
Material.

In vivo Assessment of IPC spheroids and esterified collagen 
hydrogel
The animal experiments were conducted with the 
approval of the Institutional Animal Care and Use 
Committee (IACUC) at the Asan Institute for Life Sci-
ences (Project Title: Experiments on differentiation and 

diabetes control of insulin-producing cells produced by 
3D culture; Approval Number: 2022-12-212; Approval 
Date: 2022-08-16). All procedures adhered to relevant 
guidelines and regulations. This study was conducted in 
accordance with the ARRIVE guidelines 2.0 to ensure the 
rigorous and reproducible reporting of animal research. 
A completed ARRIVE checklist has been submitted along 
with this manuscript. The anesthesia method used was 
isoflurane, and euthanasia was performed by CO₂ inha-
lation. IPC spheroids (n = 3 groups: non-embedded, BME 
hydrogel-embedded, and collagen hydrogel-embedded) 
were prepared and subcutaneously implanted into the 
dorsal region of 8-week-old male diabetic nude mice 
(10^7 cells per transplant). Blood serum from non-
transplanted diabetic mice served as a negative control. 
Human C-peptide levels were measured using a human 
C-peptide ELISA kit to assess insulin secretion. After 
four weeks, mice were euthanized, and tissues were har-
vested, fixed in 10% formalin, embedded in paraffin, sec-
tioned (4  μm), and stained with hematoxylin and eosin 
(H&E). Immunohistochemistry was performed using rat 
anti-C-peptide primary antibodies.

The in vivo degradation rate of esterified collagen 
hydrogel was evaluated in 8-week-old SD rats. One mil-
liliter of collagen hydrogel was subcutaneously injected 
into the dorsal region of rats (n = 4). Animals were eutha-
nized at specific time points (days 1, 3, 7, 14, 21, 28, 42, 
56, and 70), and implants were recovered, lyophilized, 
and weighed to determine degradation rate.

Statistical analysis
We performed all statistical analyses using GraphPad 
Prism 8.0.1 (GraphPad Software, San Diego, CA, USA). 
We evaluated between-group differences using one-way 
analysis of variance and post-hoc analysis after a normal-
ity test. We corrected errors with Tukey’s method in the 
post-hoc analysis. We considered data with p < 0.05 as 
statistically significant.

Results
iPSC differentiation into IPCs
Under the conditions of our experiment, we validated 
a differentiation protocol for induced pluripotent stem 
cells (iPSCs). Quantitative mRNA analysis conducted at 
the end of each differentiation stage revealed a significant 
reduction in the expression of the pluripotency markers 
OCT4 and NANOG following definitive endoderm (DE) 
induction. Concurrently, we observed an increase in the 
expression of transcription factors essential for initiating 
pancreatic lineage differentiation, namely PDX1, FOXA2, 
ISL1, NKX2.2, and NKX6.1, as depicted in Fig. 1B. From 
the pancreatic progenitor (PP) stage, there was a notable 
increase in the expression of specific genes such as PDX1, 
FOXA2, ISL1, NGN3, NKX2.2, and NKX6.1, confirming 
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the onset of pancreatic lineage commitment. Notably, 
at the pancreatic endocrine (PE) stage on day 10 (D10), 
there was a marked increase in the levels of PDX1, 
NGN3, NeuroD1, NKX2.2, and NKX6.1, which are criti-
cal markers for IPC differentiation.

This enhancement in expression suggests a success-
ful progression toward IPC phenotypes. The morpho-
logical evidence for their differentiation into pancreatic 
progenitor cells was provided through immunostaining 
with established markers, as shown in Fig.  1C. Collec-
tively, these results indicate the successful differentiation 
of iPSCs into a pancreatic progenitor phenotype, setting 
the stage for their potential maturation into functional 
pancreatic islet-like cells in our optimized experimental 
setup.

Rheological characterization and structural analysis of 
hydrogels
We evaluated the gelation and rheological properties of 
various collagen concentrations and 1% BME hydrogels. 
Collagen at 0.5% concentration did not gel after a 60-min-
ute incubation period. In contrast, 1% and 1.5% collagen 
concentrations exhibited successful gelation. Rheological 
measurements showed that 1% collagen hydrogel closely 
matched the modulus of 1% BME gel at a low shear rate 
(Fig.  2A). Cross-linked hydrogels of both collagen and 
BME remained stable over a broad range of shear fre-
quencies (0.1–1000 rad/s). SEM imaging provided insight 
into the microstructure of the hydrogels, revealing that 
both 1% and 1.5% collagen and 1% BME hydrogels pos-
sessed a highly porous architecture suitable for cellular 
transport and biomolecule diffusion (Fig. 2B). The main 
protein components of the hydrogels were quantified; 
collagen hydrogels were predominantly composed of 

Fig. 2 Rheological and Structural Properties of BME and Collagen Hydrogels (A) Rheological behavior of BME and collagen hydrogels, illustrating gela-
tion kinetics and stability. The modulus over time and response to shear rate and frequency were analyzed for 1% BME and collagen hydrogels at varying 
concentrations (0.5%, 1%, 1.5%, and 3%). (B) Scanning electron microscopy (SEM) images showcasing the porous structure of 1% BME, 1% collagen, and 
1.5% collagen hydrogels
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collagen type I alpha 1 chain (65.77%), while BME hydro-
gels were rich in laminin subunits (alpha-1, beta-1, and 
gamma-1), comprising 77.5% of the total protein content 
(Table 2).

Morphological changes in IPCs and IPC spheroids in 
collagen and BME hydrogels
Our experimental setup involved the cultivation of IPC 
spheroids using microconcave wells and subsequently 
embedding these spheroids, as well as IPC suspensions, 
into collagen and BME hydrogels. Figure  3A shows the 
microscopy images of iPCs and IPC spheroid both in 
microconcave wells and suspensions. Observations 
on days 1 and 10 revealed that IPCs and IPC spheroids 
in the BME hydrogel, where single cells and spheroids 
frequently transitioned into cyst-like structures, remi-
niscent of ducts (Fig.  3B, indicated by red arrows). IPC 
spheroids retained their shape better in collagen than in 
BME hydrogels over 10 days. Collagen-embedded spher-
oids showed denser packing, indicative of more robust 
cell–cell interactions. Following a 10-day culture period, 
immunolabeling for insulin was performed. In BME 
hydrogels, insulin-positive cells were sparsely distributed, 
whereas collagen hydrogels showed abundant insulin-
positive cell clusters, indicative of advanced differentia-
tion (Fig. 3C).

To compare collagen-embedded spheroids with non-
embedded spheroids and evaluate the impact of colla-
gen embedding on the generation of insulin-producing 
cells (IPCs), we performed immunocytochemistry (ICC) 
and flow cytometry analyses. These analyses compared 
the expression of C-peptide and the maturation marker 
NKX6.1 between the groups. In both the non-embed-
ded and collagen-embedded groups, cells formed intact 

spheroidal morphologies and displayed differentiated 
C-peptide-positive cells (Fig. 3D). IPC spheroids cultured 
in both BME and collagen hydrogels exhibited a higher 
number of C-peptide-expressing cells than non-embed-
ded IPCs, with a notable increase in NKX6.1 expression 
specifically in the collagen-embedded group.

Cell viability assays using trypan blue staining demon-
strated no significant differences in cell survival between 
the groups (viability rates: non-embedded: 87.5 ± 2.6%, 
BME: 88.33 ± 1.6%, collagen: 87.17 ± 5.6%). Similarly, 
TUNEL staining indicated no apoptosis in the hydrogel-
embedded cells, suggesting that both collagen and BME 
hydrogels are biocompatible.

Gene expression in IPCs and IPC spheroids within collagen 
and BME hydrogels
After a 10-day culture period, IPCs in collagen hydrogels 
demonstrated substantial increases in the expression of 
islet hormone genes compared to pancreatic progenitor 
cells prior to embedding. The expression of INS increased 
by 46.75 ± 3.13-fold in 2D cultures, 210.65 ± 37.03-fold in 
BME, and 278.14 ± 47.14-fold in collagen. GCG levels 
escalated to 137.29 ± 59.18 in 2D, 189.43 ± 18.22 in BME, 
and reached 584.73 ± 93.99 in collagen. Similarly, SST lev-
els rose to 8.66 ± 2.03 in 2D, 8.62 ± 2.86 in BME, and sig-
nificantly increased to 63.69 ± 10.60 in collagen (Fig. 4A). 
Although the increase in gene expression for IPC spher-
oids in collagen was consistent, significant enhancement 
was noted as early as day 5, signifying accelerated dif-
ferentiation relative to single cells in hydrogels (Fig. 4B). 
CK19 levels, which signify non-endocrine or duct-like 
differentiation, remained consistently low across all 
conditions without significant variance (0.35 ± 0.11 for 
2D, 0.29 ± 0.04 for BME, and 0.38 ± 0.07 for Collagen), 

Table 2 Composition of Collagen and BME Hydrogel Proteins
Collagen BME
Gene Name Protein Name Percent (%) Gene Name Protein Name Per-

cent 
(%)

COL1A1 Collagen type I alpha 1 chain 65.77 Lama1 Laminin subunit alpha-1 37.16
KRT5 Keratin 5 13.29 Lamb1 Laminin subunit beta-1 23.69
COL3A1 Collagen alpha-1(III) chain precursor 11.44 Nid1 Nidogen-1 17.36
FAM98A Family with sequence similarity 98 

member A
4.59 Lamc1 Laminin subunit gamma-1 16.61

DSPP DSPP600 3.37 Hspg2 Basement membrane-specific hepa-
ran sulfate proteoglycan core protein

1.67

ALB Serum albumin 0.55 Pxdn Peroxidasin homolog 0.42
KRT84 Keratin 84 0.31 Fn1 Fibronectin 0.19
COL1A2 Collagen alpha-2(I) chain precursor 0.27 Hist1h4a Histone H4 0.18
FLG2 Filaggrin family member 2 0.13 Serpinh1 Serpin H1 0.17
PSCA Prostate stem cell antigen 0.07 Myh4 Myosin-4 0.14
ANXA2 Annexin 0.06 Nid2 Nidogen-2 0.12
KRT10 Keratin 10 0.06 Actb Actin, cytoplasmic 1 0.12
HIST1H2B Histone H2B 0.05 Fgg Fibrinogen gamma chain 0.12
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indicating that while endocrine-related gene expression 
rose, undesirable differentiation was minimized and uni-
form. Furthermore, expression of PDX1, crucial for pan-
creatic functionality, notably increased in the collagen 
group, being 3.94 times higher than 2D and 6.81 times 

higher than BME. While NKX6.1 expression showed no 
significant difference among single-cell groups, and a ten-
dency to decrease in the collagen single-cell group com-
pared to 2D, it surged in spheroids by day 10, with more 
than a fivefold increase in the collagen group compared 

Fig. 4 mRNA Expression Profiles of IPCs and IPC Spheroids in Collagen and BME Hydrogels Relative mRNA expression levels of genes associated with 
pancreatic function and endocrine differentiation in (A) IPCs and (B) IPC spheroids. Pancreas-related and endocrine genes in (A) IPCs and (B) IPC spher-
oids cultured in collagen and BME hydrogels relative to a conventional 2D culture. These cells were cultured in either collagen or BME hydrogels, with 
results compared against traditional 2D culture systems. Post-encapsulation analyses were conducted at days 5 and 10. Significance levels are denoted 
by *p < 0.05, **p < 0.005, and ***p < 0.001, with experiments performed in triplicate (n = 3)
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to 2D. In contrast, differentiation markers NGN3 and 
NKX2.2 showed increased expression in the collagen 
group by day 5, similar to trends observed in 2D cultures, 
but by day 10, the difference was not significant.

Insulin and C-peptide secretion profiles in IPCs and IPC 
spheroids
The functional maturation of IPCs was evaluated by mea-
suring insulin and c-peptide secretion. Over time, both 
IPC suspensions and IPC spheroids embedded in hydro-
gels showed an increasing trend in insulin release, with a 
notable peak at day 13 (Fig. 5A). IPC spheroids, especially 
those in collagen hydrogels, exhibited the highest insulin 
and c-peptide levels. Measurement of c-peptide release 
on day 11 paralleled these findings, with collagen-embed-
ded IPC spheroids demonstrating the most substantial 
secretion (Fig. 5B).

A glucose-stimulated insulin secretion (GSIS) assay 
revealed differential insulin secretion in response 
to glucose concentrations. Unlike 2D cultured cells, 
which showed negligible response, cells in hydrogels, 

particularly those in collagen, responded to changes in 
glucose concentration. Collagen-embedded IPCs and 
IPC spheroids displayed the highest insulin secretion, 
indicating an enhanced glucose-responsive functionality 
similar to pancreatic islets (Fig. 5C and D).

Differential gene expression in Collagen enhances granule 
formation and insulin secretion
Microarray analysis was performed to explore the genetic 
basis for the observed insulin secretion functionality in 
IPC spheroids cultured in collagen versus BME hydro-
gels. To further understand the mechanisms underlying 
enhanced insulin secretion in IPC spheroids within colla-
gen hydrogels, we identified a list of genes demonstrating 
more than a two-fold differential expression, as presented 
in Table  3. Interaction network analysis using STRING 
indicated a pronounced upregulation in the expression 
of transcription factors related to insulin-producing 
cells, growth factors, and cell–matrix interactions. Nota-
bly, the expression of genes involved in granule forma-
tion and secretion was particularly increased, suggesting 

Fig. 5 Quantitative Analysis of Insulin and C-Peptide Production in IPC Hydrogel Cultures (A) Sequential insulin secretion in IPCs and spheroids within 
collagen and BME hydrogels, with day 13 showing peak levels for collagen. (B) C-peptide secretion levels measured on day 11. (C) Measurement of in-
sulin secretion under varying glucose conditions, including low (2 mM) and high (20 mM) glucose, and high glucose with KCl (20 mM Glucose + 30 mM 
KCl). (D) Glucose-stimulated insulin secretion (GSIS) index measuring insulin secretion response to glucose challenges. The GSIS index was calculated by 
comparing the amount of insulin secreted in high-glucose media to that in low-glucose media, confirming enhanced glucose responsiveness of IPCs in 
collagen hydrogels. (*p < 0.05, n = 4)
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a potential role of these genes in enhancing glucose-
responsive insulin secretion in collagen-embedded 
spheroids (Fig. 6A).

To verify the involvement of identified genes in insu-
lin secretion, we conducted qPCR analysis to assess the 
mRNA expression levels of secretogranin III, chromo-
granin A, and secretagogin. In both IPCs and IPC spher-
oids cultured within collagen matrixes, all three genes 
exhibited increased expression, with the highest levels 
observed in IPC spheroids embedded in collagen, under-
scoring their contribution to the enhanced functionality 
of IPCs (Fig. 6B).

In vivo assessment of IPC spheroids and esterified collagen 
hydrogel
To evaluate the in vivo efficacy of esterified collagen 
hydrogel for IPC delivery, we subcutaneously implanted 
IPC spheroids in three groups: non-embedded, BME 
hydrogel-embedded, and collagen hydrogel-embedded, 
into diabetic nude mice. Histological analysis after four 
weeks revealed distinct outcomes (Fig.  7A). The BME 
group exhibited duct-like structures with scattered 
insulin-positive cells, while the collagen group main-
tained spheroid integrity, demonstrated improved tissue 
integration, and showed increased insulin expression. 
Non-embedded IPCs formed unorganized clusters with 

limited integration. Although all groups exhibited suc-
cessful cell engraftment, blood C-peptide levels remained 
significantly lower than normal human levels, indicating 
the need for prolonged maturation (Fig. 7B).

To assess the biocompatibility of the esterified col-
lagen hydrogel, we evaluated its degradation profile in 
vivo. Subcutaneous implantation in rats showed a rapid 
degradation rate, with over 50% of the hydrogel degrad-
ing within one week and complete absorption by 70 days 
(Fig. 7C).

Discussion
Our study focused on the crucial role of 3D culture and 
the ECM environment in the differentiation and matu-
ration of IPCs derived from iPSCs due to their ability 
to mimic the physiological environment of pancreatic 
tissues more accurately [24]. In pancreatic tissue engi-
neering, various polymers and matrix proteins, includ-
ing collagen [18, 19, 25], laminin [26], alginate [11], and 
polyethylene glycol (PEG) [27], play crucial roles beyond 
structural support, influencing cell functionality. While 
previous research has explored ECM components, lim-
ited knowledge is available about the specific matrix 
that optimally supports IPC cell differentiation. Culti-
vating immature precursor cells, such as differentiated 
cells from stem cells, especially in comparison with adult 

Table 3 Top upregulated genes in IPC spheroids in Collagen compared to BME hydrogels
Gene symbol Genebank Accession Description Fold change
SCG3 NM_001165257 secretogranin III 5.09
RTL1 NM_001134888 retrotransposon-like 1 4.34
SPINK1 NM_003122 serine peptidase inhibitor, Kazal type 1 4.32
GCG NM_002054 Glucagon 4.21
CPA2 NM_001869 carboxypeptidase A2 (pancreatic) 3.30
LYZ NM_000239 Lysozyme 2.96
SOX2 NM_003106 SRY box 2 2.84
CRABP1 NM_004378 cellular retinoic acid binding protein 1 2.70
DLK1 NM_003836 delta-like 1 homolog (Drosophila) 2.53
LOC102723575 XR_913141 uncharacterized LOC102723575 2.51
CHGA NM_001275 chromogranin A 2.36
OR52K2 NM_001005172 olfactory receptor, family 52, subfamily K, member 2 2.30
HS6ST3 NM_153456 heparan sulfate 6-O-sulfotransferase 3 2.29
STMN2 NM_001199214 stathmin 2 2.27
RFX4 NM_001206691 regulatory factor X, 4 (influences HLA class II expression) 2.25
CGA NM_000735 glycoprotein hormones, alpha polypeptide 2.24
TM4SF4 NM_004617 transmembrane 4 L six family member 4 2.21
CDH10 NM_006727 cadherin 10, type 2 (T2-cadherin) 2.17
SST NM_001048 Somatostatin 2.16
ADCY8 NM_001115 adenylate cyclase 8 (brain) 2.14
ZIC2 NM_007129 Zic family member 2 2.13
SCGN NM_006998 secretagogin, EF-hand calcium binding protein 2.12
STXBP5L NM_001308330 syntaxin binding protein 5-like 2.10
ZIC5 NM_033132 Zic family member 5 2.09
ATP1A3 NM_001256213 ATPase, Na+/K + transporting, alpha 3 polypeptide 2.08
LOC102724094 NR_120519 uncharacterized LOC102724094 2.08



Page 13 of 17Moon et al. Stem Cell Research & Therapy          (2024) 15:374 

islets, necessitates a detailed analysis and application of 
the culture environment’s physical and chemical prop-
erties to prevent undesirable differentiation pathways or 
compromise the functionality of the differentiated cells.

Currently, basement membrane matrixes, known com-
mercially as BME and Matrigel, are commonly used for 

3D cultures. However, they present challenges for clinical 
applications and may not accurately mimic the natural 
composition of the pancreas. This limitation is primarily 
attributed to their derivation from mouse tumor tissues. 
Proteomic profiling of human pancreatic tissues across 
different developmental stages revealed an enriched 

Fig. 6 Gene Expression Analysis and Pathway Involvement in IPC Spheroids Cultured in Collagen and BME Hydrogels (A) Network visualization of gene 
interactions based on microarray analysis, highlighting the differential gene expression in IPC spheroids embedded in collagen compared to BME hy-
drogels. Key genes with more than two-fold expression changes are emphasized. The gene network is represented by color-coded squares, where a 
red square denotes genes related to pancreas development and growth factors, a green square signifies genes associated with cell–cell and cell–ECM 
interactions, and a blue square highlights genes involved in granule formation and secretion. (B) Relative mRNA expression analysis of secretogranin III, 
chromogranin A, and secretagogin validates the microarray findings, confirming their elevated expression in collagen hydrogel cultures, particularly in 
IPC spheroids. The expression levels are shown to be significantly increased compared to those in BME and 2D cultures, underscoring their role in the 
maturation and functional enhancement of IPC spheroids cultured in collagen hydrogels. Statistical significance is indicated by asterisks (*p < 0.05, n = 3)
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presence of ECM proteins such as COL12A1, COL14A1, 
and COL5A1, particularly in fetal and juvenile tissues, 
suggesting their integral involvement in organ matu-
ration [28]. Additionally, ECM proteins like COL2A1, 
LAMA4, EMILIN1, and FN1 exhibited high expression 
levels in fetal and juvenile stages, with a decline noted in 
adult tissues. While decellularized pancreatic matrixes 
have shown promise in enhancing islet function, their 
mass production remains challenging [29–31]. Consid-
ering the potential for clinical application, ease of use, 
and the ECM protein compositions of the pancreas, col-
lagen hydrogels can be considered a promising candi-
date material. Previous research, including our own, has 
highlighted the potential of collagen, especially ionized 
neutral collagen, in supporting the function and trans-
plantation of islet cells and IPCs [18, 19]. Compared to 

BME or Matrigel, which are derived from mouse tumor 
tissues and commonly used in existing research, colla-
gen is already widely used in clinical settings, ensuring its 
safety. Additionally, its superior physical properties make 
it suitable for use as a scaffold or carrier in cell therapy 
applications.

In clinical settings, collagen hydrogels are often used 
at a viscosity of 3% or higher to increase retention, com-
monly in surgical and orthopedic operations. Our study 
optimized the concentration suitable for in vitro 3D cul-
ture. We found that 1–1.5% collagen concentrations are 
optimal for in vitro 3D cultures, allowing effective gela-
tion at 37ºC without compromising cell viability. Lower 
viscosities failed to gel, and higher concentrations led 
to excessive viscosity that could cause cell death. Our 
selection of a 1.5% collagen concentration was based on 

Fig. 7 In Vivo Assessment of IPC Spheroids and Esterified Collagen Hydrogel (A) Histological analysis (H&E and C-peptide staining) of subcutaneously 
implanted IPC spheroids in diabetic nude mice. The BME group exhibited duct-like structure formation, while the collagen group maintained spheroid 
integrity and demonstrated improved tissue integration. Scale bars: 200 μm. Magnification: 20x. (B) Blood C-peptide levels in diabetic nude mice at 2- and 
4-weeks post-implantation. (C) In vivo degradation rate of esterified collagen hydrogel. Over 50% of the hydrogel degraded within 7 days, with complete 
absorption by day 70
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its ability to form a porous network, essential for stable, 
long-term culture. This concentration was optimal for 
maintaining structural integrity and facilitating cell-laden 
capacity, as confirmed through rheological analysis and 
SEM observations. Not only the physical properties of 
the materials but also their chemical composition can 
significantly affect the cells. In this study, protein analysis 
was conducted to determine the protein composition of 
the collagen hydrogel and BME.

We assessed the effectiveness of collagen hydrogel as 
a scaffold for differentiating and maturing IPCs derived 
from iPSCs, in comparison to BME hydrogel. The 
observed differences in morphological characteristics 
and cellular distribution between IPCs and IPC spher-
oids in collagen versus BME hydrogels can be attributed 
to their unique physical properties and protein compo-
sitions. IPCs and IPC spheroids cultured in BME exhib-
ited an increased formation of cyst-like structures over 
extended culture periods, particularly evident in spher-
oid cultures. This phenomenon could be attributed to the 
composition of BME, which primarily consists of laminin 
α1, β1, and γ1. These laminin structures predominantly 
appear around blood vessels and ductal structures dur-
ing pancreatic development, representing a type of lam-
inin different from that found in islet cells, potentially 
promoting the formation of duct-like structures [32]. 
Further research is required to explore this hypothesis. 
Additionally, BME’s susceptibility to degradation by 
matrix metalloproteinases (MMPs) secreted from cells 
might contribute to the dissolution of the surrounding 
hydrogel, revealing cyst formation. Collagen hydrogels, 
however, supported the intact spheroidal shape of IPCs 
without cyst formation, due to their resistance to MMP 
degradation and their specific composition. Moreover, 
IPC spheroids in collagen demonstrated better insulin 
expression and cell–cell interactions, forming densely 
packed clusters of insulin-expressing cells, unlike the iso-
lated cells and sporadic insulin expression observed in 
BME cultures.

Our study also demonstrated the ability of collagen 
hydrogel to significantly enhance the expression of genes 
related to IPC differentiation. The expression of PDX1, a 
key pancreatic differentiation factor [33], was increased 
in the hydrogel groups compared to that in 2D cultures, 
with a notable rise observed in collagen. Early stages 
(Day 5) showed no significant difference in endocrine-
related gene expression in single cells; however, a marked 
increase was evident by day 10 in hydrogels. Spher-
oid encapsulation in hydrogels led to rapid endocrine 
expression from day 5, underscoring the importance of 
3D spheroid structures in enhancing endocrine differ-
entiation. Unlike that during the differentiation toward 
undesired cell types, the expression of ductal markers like 
CK19 remained unaffected, while glucagon levels rose, 

suggesting broad endocrine cell differentiation enhance-
ment. This underscores the need for targeted differen-
tiation protocols toward IPCs. Key transcription factors 
pivotal for progression from progenitor to late-stage 
IPCs, including NGN3 [34], NKX2.1, and NKX6.1 [35], 
showed increased expression in the collagen group. 
Notably, NKX6.1, expressed only in mature cells, showed 
a similar or slightly lower trend when IPCs were encap-
sulated as single cells compared to that in 2D culture but 
showed a more than five-fold increase in IPC spheroids 
in the collagen group. This upregulation indicates the 
synergy of cell–cell and cell–ECM interactions in 3D 
cultures. Insulin and c-peptide secretion analyses fur-
ther validated these findings, positioning IPC spheroids 
closer to an islet-like state, especially in collagen hydro-
gels, which significantly enhanced functional outcomes. 
This pronounced insulin response to glucose in colla-
gen-embedded cells underscores the critical role of a 3D 
matrix in simulating a natural islet setting. These insights 
reveal that collagen hydrogels offer a more effective and 
biomimetic strategy for IPC cultivation and advancement 
over BME hydrogels, facilitating better differentiation 
and maturation into functional endocrine cells.

To investigate the underlying mechanisms by which 
collagen hydrogels enhance glucose responsiveness 
and maturation markers compared to BME hydrogels, 
gene expression profiles of IPC spheroids derived from 
both hydrogel environments were subjected to micro-
array analysis. Examination of differentially expressed 
genes (DEGs) exceeding a two-fold change via STRING 
analysis provided insight into the pivotal mechanisms 
involved. A notable increase in the expression of genes 
related to granule formation, insulin secretion, and 
ECM interactions suggests a synergistic effect that pro-
motes IPC maturation within the collagen hydrogel’s 3D 
structure. Importantly, genes involved in the creation 
of granules and hormone secretion showed heightened 
expression, likely aiding in the increased insulin secre-
tion observed in response to glucose levels. Validation 
centered on assessing mRNA levels of secretogranin III 
[36], chromogranin A [37], and secretagogin [38], which 
were all significantly higher in the collagen environment. 
This upregulation within IPC spheroids cultured in colla-
gen hydrogels reveals the genetic basis for their enhanced 
maturation and functionality.

The use of esterified collagen hydrogel offers signifi-
cant advantages for local retention and engraftment of 
differentiated cells in vivo. Unlike tumor-derived BME, 
collagen is widely used in medical applications, ensur-
ing its safety. Its ability to dissolve in neutral media 
without requiring additional cross-linking makes it suit-
able for direct implantation. Our preliminary transplant 
results showed a improvement in cell engraftment, 
structural integrity, and insulin/C-peptide secretion in 



Page 16 of 17Moon et al. Stem Cell Research & Therapy          (2024) 15:374 

collagen-embedded IPCs compared to non-embedded 
and BME-embedded IPCs. While C-peptide levels in 
diabetic animals were lower than normal human levels, 
indicating the need for longer maturation periods, the 
observed C-peptide secretion suggests high potential for 
blood glucose regulation with extended observation.

Although collagen is generally considered biocompat-
ible, further studies are warranted to assess its long-term 
safety and potential immunogenicity. Additionally, while 
the hydrogel scaffold enables localized delivery, strate-
gies to induce vascularization in subcutaneous tissue are 
essential for clinical translation. Our study highlights the 
potential of collagen hydrogels as a promising scaffold for 
IPC delivery. Future research should focus on long-term 
in vivo studies to evaluate glucose control, optimization 
of differentiation protocols, and development of strate-
gies to enhance vascularization.

In conclusion, our investigation demonstrates the 
potential of collagen hydrogels as a conducive scaffold 
for the differentiation and maturation of iPSC-derived 
IPCs, offering promising prospects for cell-based thera-
peutic strategies for diabetes. The utilization of a physi-
ologically relevant 3D microenvironment, as provided by 
collagen hydrogels, fulfills the structural and functional 
requirements of developing IPCs and activates essential 
signaling pathways for their functional maturation. These 
findings have significant implications for regenerative 
medicine, emphasizing the critical role of ECM mimet-
ics in advancing cell therapy and tissue engineering 
applications.
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