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Abstract 

Background  Induced pluripotent stem cells (iPSC) can be differentiated to cells in all three germ layers, as well 
as cells in the extraembryonic tissues. Efforts in iPSC differentiation into pancreatic progenitors in vitro have largely 
been focused on optimizing soluble growth cues in conventional two-dimensional (2D) culture, whereas the impact 
of three-dimensional (3D) matrix properties on the morphogenesis of iPSC remains elusive.

Methods  In this work, we employ gelatin-based thiol-norbornene photo-click hydrogels for in situ 3D differentiation 
of human iPSCs into pancreatic progenitors (PP). Molecular analysis and single-cell RNA-sequencing were utilized 
to elucidate on the distinct identities of subpopulations within the 2D and 3D differentiated cells.

Results  We found that, while established soluble cues led to predominately PP cells in 2D culture, differentiation 
of iPSCs using the same soluble factors led to prominent branching morphogenesis, ductal network formation, 
and generation of diverse endoderm populations. Through single-cell RNA-sequencing, we found that 3D differentia‑
tion resulted in enrichments of pan-endodermal cells and ductal cells. We further noted the emergence of a group 
of extraembryonic cells in 3D, which was absent in 2D differentiation. The unexpected emergence of extraembryonic 
cells in 3D was found to be associated with enrichment of Wnt and BMP signaling pathways, which may have con‑
tributed to the emergence of diverse cell populations. The expressions of PP signature genes PDX1 and NKX6.1 were 
restored through inhibition of Wnt signaling at the beginning of the posterior foregut stage.

Conclusions  To our knowledge, this work established the first 3D hydrogel system for in situ differentiation of human 
iPSCs into PPs.
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Background
Human-induced pluripotent stem cells (iPSCs) are capa-
ble of being differentiated into cells in all three germ lay-
ers—ectoderm, mesoderm, and endoderm [1–3]. Recent 
studies have also shown that iPSCs can be primed to 
undergo trophoblastic differentiation [4]. Efficient gen-
eration of pancreatic cell lineages requires that iPSCs be 
first differentiated into definitive endoderm (DE)  cells, 
which is facilitated by using Activin A, a member of the 
transforming growth factor β (TGF-β) superfamily [5]. 
Successful DE differentiation is characterized by the 
expression of SOX17, an endoderm-associated transcrip-
tion factor. Subsequent differentiation steps include the 
induction of primitive gut tube (PGT), posterior foregut 
(PF), and finally pancreatic progenitors (PP) cells. Cells 
expressing pancreatic and duodenal homeobox 1 (PDX1) 
and NKX6 homeobox 1 (NKX6.1) are considered multi-
potent PP cells. Further differentiation of multipotent 
PP cells leads to endocrine pancreatic islets composed 
primarily of α-, β-, γ-cells, as well as exocrine cells (i.e., 
pancreatic duct and acinar cells) that organized into 
a branching, polarized, and lumenized structure [6]. 
Attempts to recapitulate these embryonic developmental 
stages are primarily focused on optimizing the contents 
of soluble cues supplied in conventional two-dimensional 
(2D) cell culture vessels, which present unnaturally stiff 
and non-compliant environment [6]. However, the fate of 
embryonic cell development is also guided by the inter-
actions between the developing cells with the surround-
ing matrices, which present varying stiffness and matrix 
compositions throughout the developmental stages. As 
such, engineered three-dimensional (3D) matrices may 
provide a more biomimetic context where cells can self-
organize and interact with their local microenviron-
ment [7]. 3D cell cultures permit not only multi-axial 
cell–cell interactions, but also cell-extracellular matrix 
(ECM) interactions that are proven to influence the dif-
ferentiation of PSCs into other cell types [8–10]. To this 
end, engineered hydrogels are widely used as synthetic 
and biomimetic matrices for 3D cell culture, including 
embryonic stem cells (ESCs) and iPSCs. To the best of 
our knowledge, engineered hydrogels have not been used 
to study the effect of matrix properties on iPSC-derived 
PP differentiation.

Current protocols for PP differentiation have primarily 
focused on generating PDX1/NKX6.1 positive cells, fol-
lowed by maturation of PP cells into endocrine cells by 
transplanting the immature cells in vivo [11–13]. Matu-
ration of endocrine cells can also be achieved by seeding 
iPSC-derived PP cells on or within hydrogels consist-
ing of type 1 collagen, decellularized ECM (dECM), or 
tumor-derived Matrigel [14]. For example, Hogrebe and 
colleagues showed that increasing collagen substrate 

thickness led to softer matrix that encouraged endocrine 
induction of PP cells [15]. In another example, Breunig 
and coworkers demonstrated that PP cells encapsulated 
in Matrigel facilitated their differentiation into pancre-
atic duct-like organoids [16]. With respect to pluripotent 
stem cells to PP cell differentiation in 3D, Richardson 
and colleagues studied pancreatic differentiation of ESCs 
using barium-crosslinked alginate hydrogels with differ-
ent crosslinking density [10]. Notably, stiffer hydrogels 
enhanced endoderm differentiation but suppressed pan-
creatic differentiation, whereas softer hydrogels yielded 
cells with high PDX1 expression. Interestingly, PTF1A, 
another pancreatic differentiation marker, was signifi-
cantly upregulated in stiffer alginate gels. Unfortunately, 
NKX6.1, an important pancreatic progenitor marker, was 
not quantified in this study. Further, this study did not 
examine the effect of cell-ECM interactions on PP cell 
differentiation.

We have previously shown that photo-click thiol-nor-
bornene hydrogels supported iPSC culture and DE differ-
entiation [17, 18]. In particular, we developed synthetic 
and dynamically tunable hydrogels from poly(ethylene 
glycol)-norbornene (PEGNB) and protease-labile peptide 
crosslinker to support xeno-free growth and DE differ-
entiation of iPSCs [17]. We further integrated orthogo-
nal thiol-norbornene and norbornene–tetrazine click 
chemistries for constructing biologically derived gelatin-
norbornene (GelNB) hydrogels to support tri-germ layer 
differentiation of iPSCs [18]. In particular, we showed 
that naturally derived basement membrane matrix (Gel-
trex) was incapable of supporting in situ proliferation and 
differentiation of iPSCs. Using orthogonally crosslinked 
GelNB hydrogels with independently tunable bioactive 
motifs and matrix stiffness, we demonstrated that viabil-
ity of iPSC in 3D hydrogels negatively correlated with 
hydrogel stiffness. We also observed that GelNB hydro-
gels with shear moduli (G′) of 1.5  kPa were suited for 
in  situ 3D differentiation of iPSCs into neuroectoderm, 
mesoderm, and definitive endoderm.

Prior results have shown that hydrogels/substrates with 
higher stiffness supported definitive endoderm differen-
tiation but significantly hampered subsequent endocrine 
cell maturation [10, 15]. However, in our prior work, 
we showed that chemically crosslinked hydrogels with 
higher stiffness (G′ > 2  kPa) were not ideal for in  situ 
proliferation and differentiation of iPSCs [18]. Given 
that softer GelNB hydrogels were supportive of DE dif-
ferentiation, we sought to explore this photo-click hydro-
gel system for in situ proliferation and differentiation of 
iPSCs into PP cells. Under the same gelatin content, we 
investigated the effect of matrix stiffness on expression 
of foregut progenitor and pancreatic progenitor markers. 
Through immunostaining and single-cell transcriptomic 
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analyses, we characterized morphology of the multi-
cellular structures and identified populations of differ-
entiated cells following the 4-stage PP differentiation 
protocol. In 3D GelNB hydrogels, we further discovered 
a notable enrichment of extraembryonic cell popula-
tions, which were not observed in conventional 2D dif-
ferentiated cells. The emergence of extraembryonic cells 
was accompanied by elevated Wnt and BMP signaling. 
Finally, we restored PP cell differentiation in 3D by inhib-
iting Wnt and BMP pathways.

Materials and methods
Materials
Four-arm PEGSH (10  kDa) was purchased from Jen-
Kem Technology and Laysan Bio, respectively. Type A 
Gelatin was purchased from Amresco. Carbic anhy-
dride and 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide hydrochloride (EDC) were purchased from Acros. 
N-hydroxysuccinimide was purchased from TCI. Pho-
toinitiator lithium aryl phosphinate (LAP) was obtained 
from Sigma-Aldrich. All other chemicals were purchased 
from Fisher Scientific unless noted otherwise.

Mechanical characterization of GelNB hydrogels
Macromer GelNB was synthesized as described previ-
ously [19, 20]. Photo-click hydrogels were fabricated by 
radical initiated thiol-norbornene photopolymerization. 
All gelatin-based hydrogels were crosslinked by 5 wt% 
GelNB and PEGSH (0.6 wt% for soft and 1.0 wt% for 
stiff GelNB gels). All hydrogels were polymerized in the 
presence of LAP (2  mM) and 2-min longwave UV-light 
(365  nm, 5 mW/cm2). After crosslinking, all gels were 
placed in sterile Dulbecco’s phosphate buffered saline 
(DPBS) at 37  °C overnight to achieve equilibrium swell-
ing. Oscillatory rheometry was performed on a Bohlin 
CV100 digital rheometer. Strain sweep mode was utilized 
to obtain elastic and loss moduli (G′ and G′′).

Maintenance and encapsulation of human iPSCs
Cellartis hiPSC12 cell line (ChiPSC12, Takara) was cul-
tured on vitronectin (VTN)-coated tissue plates in 
Essential 8TM (E8, Gibco) medium. VTN coating was 
conducted per manufacturer’s protocol without modifi-
cation. The media was supplemented with 10 µM ROCK 

inhibitor, Y-27632 (E8Y, Adipogen) for the first 24 h fol-
lowing thawing or passaging to prevent anoikis. Media 
were refreshed daily, and cells were passaged every 3–4 
days with 5 min treatment of TrypLETM Select dissocia-
tion reagent (Gibco).

Cells were encapsulated in the hydrogels with formu-
lations described above. All precursor components were 
mixed prior to adding the iPSCs to a final cell density of 
2 ×  106 cells/mL. hiPSC-containing precursor solutions 
were mixed gently and pipetted into a cylindrical syringe 
mold and placed under 365 nm light (5 mW/cm2) for 2 
min. Following gelation, the samples were transferred to 
a 24-well plate containing E8Y media. The E8Y media 
was refreshed on day 2 post-encapsulation,

DE and PP differentiation in 2D and 3D thiol‑ene 
crosslinked hydrogels
All differentiation studies were conducted using a 
commercial pancreatic progenitor differentiation kit 
(STEMCELL Technologies, Fig.  1A). 2D differentia-
tion studies were conducted following manufacturer’s 
protocol without modification. For 3D differentiation, 
hiPSCs were encapsulated as single cells and cultured 
in hydrogels until day 4, when pancreatic differen-
tiation was initiated. DE and PP lineage commitment 
was assessed 2  days and 14  days after starting differ-
entiation, respectively. Cell morphology was assessed 
by taking brightfield images at the end of each stage 
of differentiation, i.e., day 4, 6, 9, 12, and 17 for iPSC, 
DE, PGT, PF, and PP stages, respectively. For Wnt and 
BMP inhibition studies, either XAV939 (2 μM, Selleck 
Chemicals) or LDN193189 (200  nM, Selleck Chemi-
cals) or both were added to the media at the start of the 
PGT stage or PF stage as specified. For the vehicle con-
trol, equivalent volume of DMSO was added. Inhibitors 
and vehicle control media were refreshed daily. Live/
dead staining and confocal imaging was conducted at 
the iPSC, DE, and PP stages with 1  h incubation fol-
lowed by three 5-min washes with DPBS. Imaging 
was conducted on a confocal microscope (Olympus 
Fluoview FV100 laser scanning microscope) with at 
least three regions of interest per sample and at least 
100 μm z-stack thickness.

Fig. 1  Pancreatic differentiation of iPSCs in 3D led to prominent tubular network. a Expression of pluripotency genes OCT4/NANOG and DE 
signature genes SOX17/FOXA2 during S0, S1, and S4 of PP differentiation in 2D culture. b Expression of PP signature genes PDX1, SOX9, NKX6.1, 
and PTF1A in S0, S1, and S4 of PP differentiation in 2D culture. c Flow cytometry results of 2D-differentiated S4 cells stained with PDX1 and NKX6.1. 
d Schematic of thiol-norbornene photo-click reaction to form covalent thioether crosslink. e Shear moduli of GelNB hydrogels for 3D PP 
differentiation. 5 wt% GelNB was crosslinked by either 0.6 wt% or 1.0 wt% PEG4SH to create hydrogels with 0.5 kPa or 1 kPa shear moduli. 
A two-tailed t-test was utilized for statistical analysis (** represents p-value < 0.001). f Effect of GelNB hydrogel stiffness on the morphology of 3D 
encapsulated cells after DE (S1), PGT (S2), PF (S3), and PP (S4) differentiation. g Effect of 3D GelNB hydrogel stiffness on SOX9, GATA4, NKX6.1, 
and PDX1 expression. At least three representative images were taken (10 slices in each z-stack with a slice height of 10 µm)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Immunofluorescence staining and imaging
At specified time points, cell-laden hydrogels were 
washed once with DPBS for 5 min and fixed with para-
formaldehyde (PFA, 4%) for 45  min at room tempera-
ture. The fixed hydrogels were then washed once with 
DPBS and twice with blocking buffer composed of 1% 
bovine serum albumin (BSA) and 0.3% Triton X-100 for 
5 min each at room temperature. The gels were treated 
with blocking buffer for 1  h at room temperature fol-
lowed by incubation overnight at 4  °C in blocking 
buffer containing primary antibodies (Additional file 1: 
Table  S1). After three 45-min washes with blocking 
buffer, the samples were incubated overnight with the 
corresponding secondary antibodies (Additional file  1: 
Table  S1). After three additional 30-min washes with 
DPBS, the samples were counterstained with DAPI 
nuclear stain for 1 h, followed by three 10-min washes 
with DPBS. Imaging was conducted using a confocal 
microscope (Olympus Fluoview FV100 laser scanning 
microscope) with at least three regions of interest per 
sample and at least 100 μm z-stack thickness. Quanti-
fication of corrected total fluorescence was conducted 
using ImageJ software. In brief, the corrected total flu-
orescence (CTF) for each channel was determined by 
subtracting the area of a selected region multiplied by 
the mean fluorescence of the background readings from 
the integrated density. The CTF values for NKX6.1 and 
PDX1 were normalized to the nuclear CTF value. Three 
images per condition were assessed with three selected 
regions per image.

Flow cytometry of pancreatic progenitor cells 
differentiated in 2D culture
After 2D PP differentiation, cells were dissociated using 
TrypLE Select dissociation reagent, washed once with 
DPBS with centrifugation (1000  rpm for 3  min), and 
incubated with 1% PFA for 15  min. Following three 
washes with DPBS and centrifugation, the samples were 
blocked with blocking/permeabilization buffer for 1  h. 
Primary antibodies (Additional file  1: Table  S1) were 
added to the samples and incubated at 4  °C overnight. 
Three washes with blocking/permeabilization buffer and 
centrifugation were conducted followed by addition of 
secondary antibodies for one hour incubation. Stained 
samples were washed three additional times with DPBS 
followed by filtration with 40  μm cell strainer and flow 
cytometry on an BD LSR II flow cytometer. Analysis was 
conducted using FlowJo™ software.

RNA extraction, reverse transcription (RT), and quantitative 
PCR (qPCR) analysis
At specified time points, three hydrogels were pooled 
and incubated with Type 1 collagenase (50 U/mL) for 
1 h to liberate the cells. After one wash with DPBS, RNA 
was extracted with a NucleoSpin RNA II kit (Clontech) 
per manufacturer’s protocol. A NanoDrop 2000 spectro-
photometer (Thermo Scientific) was utilized to quantify 
RNA quality and concentration. RT-PCR was conducted 
using a PrimeScript RT reagent kit (Clontech). Following 
the generation of complementary DNA (cDNA), mRNA 
expression was assessed using SYBR Premix Ex TaqII 
kit (Clontech) with primers listed in Additional file  1: 
Table S2. For 2D pancreatic differentiation, GAPDH was 
utilized as the housekeeping gene (HKG). The expression 
was compared by assessing the fold-change relative to 
the HKG. For all other studies, 18S was used as the HKG. 
The expression was compared against a specified control 
group via the 2−ddCt methodology.

Single‑cell RNA‑sequencing of pancreatic progenitors
Cells were liberated from gel with 1  h 50 U/mL Type 1 
collagenase treatment and dissociated with TrypLE 
Select for 15  min. Following, the cells were washed to 
remove debris and filtered with 40  µm strainer. Cells 
were washed three additional times with DPBS with 
2%BSA (1000  rpm × 3  min). Approximately 10,000 sin-
gle cells were recovered, and cDNA libraries were gener-
ated utilizing the v3.1 Next GEM Single Cell 3’ reagent 
kit and a Chromium  single-cell system (10 × Genomics) 
and sequenced on a NovaSeq 6000 sequencer (Illumina) 
at the Center for Medical Genomics at Indiana Univer-
sity School of Medicine. Raw data were processed using 
the Cell Ranger pipeline. In brief, de-multiplex raw base 
sequence calls were aligned to human reference genome 
GRCh38 using RNAseq aligner Spliced Transcripts 
Alignment to a Reference (STAR). Aligned reads were 
traced back to individual cells, and gene expression in 
single cells was quantified using unique molecular identi-
fiers (UMIs).

RStudio v2021.09.0 running R language v4.1.2 was used 
as the platform for the analysis of the scRNA-seq data of 
the merged dataset of 2D control and GelNB condition. 
The initial normalization, clustering, and finding differ-
ential expressed genes (DEGs) were performed by Seurat 
package v4.1.0 [21]. The matrix of read-count data of each 
cell for each gene was loaded individually and converted 
to Seurat objects. Cells containing extremely high per-
centage of mitochondrial gene counts, or cells containing 
extremely high or low housekeeping gene (RPL27) were 
removed from the pool. After applying merge function of 



Page 6 of 17Arkenberg et al. Stem Cell Research & Therapy          (2023) 14:223 

Seurat to combine each dataset of 2D control and GelNB 
hydrogel, the gene expression levels were normalized by 
SCTransform function and variable gene identification 
was done at the same time. Dimension reduction was 
performed by the principal component analysis (PCA), 
and the number of the principal components was deter-
mined based on the elbow plot of the standard deviation 
explained by each principal component. Shared nearest 
neighbor graph construction and unsupervised cluster-
ing were performed, followed by finding differentially 
expressed genes (DEG) in each cluster for determina-
tion of cluster identity (Additional file  1: Table  S3), and 
uniform manifold approximation and projection plot 
(UMAP) was calculated. FindMarkers function of Seurat 
was performed to find DEGs in the pancreatic progeni-
tors between GelNB or 2D control, and the trophecto-
derm subsets in GelNB. The DEGs were used for volcano 
plots.

Pancreatic progenitors in 2D control and GelNB were 
processed by DESeq2 v1.34.0 [22], followed by Gene 
Set Enrichment Analysis (GSEA) using the Integra-
tive Differential expression and gene set Enrichment 
Analysis (iDEA) v1.0.1. Gene sets used for GSEA were 
downloaded from the Molecular Signatures Database 
(MSigDB) (http://​www.​gsea-​msigdb.​org/​gsea/​msigdb/​
colle​ctions.​jsp).

The scRNA-seq dataset is accessible in the Gene 
Expression Omnibus with accession code GSE229058. 
All source codes were uploaded to the GitHub reposi-
tory (https://​github.​com/​CHIEN​CHILIN/​Arken​berg_​et_​
al_​PPdiff). DESeq2 and GSEA codes were run on high-
throughput computing cluster and storage resources at 
Indiana University.

Statistical analysis
Statistical analyses were conducted using either two-way 
ANOVA with a Bonferroni’s post hoc test or two-tailed 
t-test using GraphPad Prism 8 software. Experiments 
were conducted independently at least three times. Data 
presented were Mean ± SEM. Single, double, triple, and 
quadruple asterisks correspond to p < 0.05, 0.01,  0.001, 
and 0.0001, respectively. A p < 0.05 was considered statis-
tically significant.

Results
Pancreatic differentiation of iPSCs in 3D led to prominent 
tubular network
To establish a benchmark of PP differentiation, ChiPSC12 
cells were plated in a 6-well plate and maintained in 
Essential 8 (E8) media until reaching 90% confluency, 
at which point PP differentiation was initiated using 
STEMDiffTM pancreatic progenitor kit. During differen-
tiation, the expression of signature genes for pluripotency 

(OCT4, NANOG), DE (SOX17, FOXA2), and PP (PDX1, 
SOX9, NKX6.1, and pancreas associated transcription 
factor 1a (PTF1A)) at the mRNA levels was quantified by 
real-time quantitative PCR (qPCR). As expected, expres-
sion of the pluripotency genes OCT4 and NANOG was 
high during proliferation stage (S0), decreased mark-
edly after DE differentiation (S1), and was completely 
undetectable after PP differentiation (S4) (Fig.  1a). Fur-
thermore, DE signature genes SOX17 and FOXA2 were 
only transiently detected after S1 (Fig. 1a). PP signature 
genes, including PDX1, NKX6.1, SOX9, and PTF1A, 
were detected in high levels only after S4 (Fig. 1b). Flow 
cytometry analysis of S4 cells revealed that over 40% of 
the differentiated cells co-expressed PDX1 and NKX6.1 
(Fig. 1c). For in situ 3D PP differentiation, we synthesized 
GelNB with low NB substitution, enabling the crosslink-
ing of cell-laden hydrogels with low shear moduli (G′ 
~ 0.5 kPa or 1 kPa. Fig.  1d). Of note, ROCK inhibitor 
Y-27632 was added in the first 4 days to maintain cell 
viability, followed by 2 additional days of culture in the 
absence of Y-27632. The removal of Y-27632 after 4 days 
of culture did not reduce cell viability as virtually all 
aggregates formed in both hydrogels were stained green 
(Additional file 1: Fig. S1a, iPSC panel). Next, cell-laden 
hydrogels were moved to DE differentiation media for 2 
additional days and the live/dead staining results dem-
onstrated nearly 100% cell viability (Additional file  1: 
Fig. S1a, DE panel). Successful DE differentiation was 
confirmed by significant upregulation of SOX17 and 
FOXA2 expression (Additional file 1: Fig. S1b). After DE 
differentiation, prominent sprouting was observed from 
cell clusters, which was accompanied by the expression 
of EMT-related markers (e.g., downregulation of CDH1 
and upregulation of CDH2, SNAI1, and VIM. Additional 
file 1: Fig. S1c).

Encouraged by the successful DE differentiation of 
iPSCs encapsulated in the soft 0.5 kPa GelNB hydrogels, 
we explored subsequent PP differentiation within hydro-
gels with different crosslinking density (i.e., 5 wt% GelNB 
with 0.6 wt% or 1 wt% PEGSH crosslinker for crosslink-
ing into hydrogels with ~0.5 kPa or 1 kPa, respectively. 
Fig. 1d). iPSC-laden GelNB hydrogels were treated with 
the 4-stage PP differentiation kit. During the first two 
stages of PP differentiation (DE and PGT), we observed 
minimal morphological differences between the two 
hydrogel formulations (Fig.  1e). DE differentiation (S1) 
led to infilling at the center of the aggregates as well 
as microprotrusions formation in the 0.5 kPa hydro-
gels (Additional file  1: Fig. S1a). At the PGT stage (S2), 
notable protrusions started to form in 0.5 kPa hydro-
gels, whereas 1 kPa hydrogels appeared to suppress this 
morphology. PGT clusters formed in 0.5 kPa GelNB 
hydrogels began to form a thin epithelium-like layer 

http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp
http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp
https://github.com/CHIENCHILIN/Arkenberg_et_al_PPdiff
https://github.com/CHIENCHILIN/Arkenberg_et_al_PPdiff
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with outward cell migration. At the PF stage (S3), 0.5 
kPa hydrogels supported budding epithelial structures, 
whereas 1 kPa hydrogels led to both solid aggregates and 
thin, cystic structures. After 4-stage of PP differentiation, 
multi-cellular aggregates were notable in both 0.5 kPa 
and 1 kPa hydrogels but only 0.5 kPa hydrogels supported 
pronounced tubular network formation. To assess the 
efficiency of pancreatic differentiation in 3D hydrogels, 
we evaluated the expression of a panel of PP-associated 
markers through immunofluorescence staining and con-
focal imaging (Fig.  1f ). We observed a high degree of 
endoderm-associated GATA4/SOX9 expression and the 
presence of few PDX1/NKX6.1-postive PP cells in both 
the 0.5 kPa and 1 kPa hydrogels.

PP differentiation in 3D led to diverse cell populations
To further assess the identities of the cell popula-
tions generated after the 4-stage PP differentiation, 
approximately 8,000 cells from 2D monolayer and 3D 
hydrogel differentiation were profiled using single-cell 
RNA-sequencing (scRNA-seq). Populations were anno-
tated by manually assessing the expression of markers 
associated with the specified cells (Fig. 2a and b). The top 
30 differentially expressed genes for all identified clusters 
are listed in Additional file 1: Table S1. In the 2D condi-
tion, ~64% of cells were identified as PP cells (combined 
clusters #0, #4, #7, and #8) for their expression of GATA4, 
NKX6.1, PDX1 (Fig.  2c). Among the four pancreatic 
populations, cluster #0 (i.e., PP-1) exhibited significant 
expression of tip-associated pancreatic progenitor mark-
ers DLK1, SPINK1, CLPS, CPA1, and CPA2 [23] (Addi-
tional file  1: Table  S1). While cluster #4 (i.e., PP-2) also 
expressed similar pancreatic progenitor markers (e.g., 
PDX1, NKX6.1), the top differentially expressed genes 
were primarily cell cycle-associated including TOP2A, 
CENPF, MKI67, UBE2C, and NUSAP1 among others 
[24], indicating that this cluster was highly proliferative. 
Cluster #1 (i.e., PP-1) differentially expressed genes asso-
ciated with acinar lineages, whereas cluster #7 (i.e., PP-3) 
might be associated with endocrine/ductal differentiation 
with high expression of NKX6.2, ONECUT1, and ANXA4 
[25–27]. Interestingly, this population also expressed 
CALB1 which is associated with the kidney duct [28]. 
Lastly, cluster #8 (i.e., PP-4) was enriched in inflamma-
tory and EMT-inducing markers, often associated with 
pancreatitis and pancreatic ductal adenocarcinoma, such 
as LTB [29], IL32 [30], and AREG [31]. Cluster #9 was 
assigned to endocrine cells for their high expression lev-
els of CHGA, INS, NEUROG3, and NKX2.2 [32] (~8.7%, 
cluster #9. Additional file 1: Fig. S2a). We also identified 
clusters #1 and #10 as a combination of anterior foregut 
progenitors (expressing IRX3, IRX5, SOX2, and SOX21 
[33]) (Fig. 2d), as well as an uncharacterized endodermal 

progenitor population (~14.5%). In addition, cluster 
#5 (~1.1%) was characterized as duct-like cell express-
ing known small ductal markers, AKAP12, AREG, SER-
PINA1, and SPP1 [34] (Fig. 2e), cluster #3 (1%) contained 
both early intestinal cells expressing CDX2, HOXA9, 
HOXB6, and HOXB9 [33] (Additional file  1: Fig. S2b) 
and early hepatocytes expressing ALB, CYP1A1, FGB, 
and TF [35, 36] (Additional file  1: Fig. S2c). In addition 
to endoderm-related cell populations, we also identified a 
small population (~2.4%) of endothelial cells (Additional 
file 1: Fig. S2d) and fibroblasts (Additional file 1: Fig. S2e) 
for their expression of CD34, CDH5, ESM1, KDR [37] 
and ACTA2, CD248, PDGFRA, LUM [38], respectively. 
Approximately 6.9% of cells (cluster #3) were character-
ized as neuronal cells as indicated by HES5, PANTR1, 
S100B, and STMN4 expression[39–42] (Additional 
file 1: Fig. S2f ). Finally, one small cluster (#2, ~1.4%) was 
labeled as extraembryonic-like cells for their expression 
of GATA3, TFAP2A, TFAP2C, and KRT7 [43] (Fig. 2f ).

After broadly annotating cell clusters within both 
2D and 3D samples, we compared each condition with 
respect to endoderm-associated markers. Specifically, 
the combined percentage of the four pancreatic clusters 
were 67% and 13% in 2D and 3D, respectively (Fig. 2b). 
Global expression of endoderm markers PDX1, NKX6.1, 
GATA4, and SOX9 was largely reduced when the cells 
were differentiated in 3D (Fig. 3a). Within the endoderm 
cell populations (clusters 0, 1, 3, 4, 5, 7, 8, 10, Fig. 3b), PP 
differentiation in 2D led to majority of PP cells (80%), fol-
lowed by foregut cells (18%) and a small population of 
hepatic/intestinal and ductal cells (~2.5%). In contrast, 
the biggest population in the 3D differentiated cells was 
foregut progenitors (33%), followed by hepatic/intestinal-
like cells (27%), ductal-like cells (20%), and PP cells (19%) 
(Fig.  3b). Within the ductal-like cell population (cluster 
5), we observed a population of cells expressing SPP1 and 
AKAP12 (Fig.  3c), which have been shown to associate 
with the pancreatic pro-ductal genotypes [34]. Further, 
this population was also enriched with AREG expression 
(Fig. 3c), which might be implicated in EMT [31]. Finally, 
we observed a notable population of cells (~20.5%, clus-
ter 2) with high levels of GATA3, TFAP2A, TFAP2C, and 
KRT7 expression (Fig. 2a, b, f ) that were typical of cells in 
the extraembryonic tissues.

PPs generated in 3D hydrogels are genetically distinct 
from their 2D counterparts
Although we observed a lower prevalence of PP cells in 
3D, we sought to compare differences in gene expression 
patterns within the PPs identified in 2D and 3D hydrogel 
conditions. Cluster #0 (i.e., PP-1) was chosen for com-
parisons between both groups given the high levels of PP 
marker expression (Fig.  2c) [23]. Relative to 2D culture, 
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Fig. 2  scRNA-seq analysis of PP-stage differentiating cells reveals emergence of extraembryonic cell populations in the hydrogels. a UMAP 
of scRNA-seq after 4-stage PP differentiation in 2D and 3D (0.5 kPa GelNB hydrogel) conditions. Data represent 7468 and 8447 total cells for 2D 
and 3D conditions, respectively. b Percentage of cell populations from scRNA-seq analysis in 2D and 3D conditions. c–f Dot plots of upregulated 
genes in pancreatic (c), ductal (d), foregut (e), and extraembryonic (f) clusters
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PP-1 cells generated in the hydrogels exhibited higher 
expression levels of pro-acinar (e.g., CTRB2, CPA1, and 
CPA2) [23, 44] and liver associated genes (e.g., ALDH1A1 
and ATF3) [45–47] (Fig.  4a and b). In addition to dis-
tinctions in cell identities, PP-1 cells in the 3D hydrogels 
were also enriched in genes associated with proliferation, 
including expression of TOP2A, CENPF, and ZNF503 
[24] (Fig.  4a). GSEA analysis comparing PP-1 cells 
within the 3D hydrogels relative to the 2D condition 
also showed differences in enrichment based on culture 
dimensionality. Specifically, pathways associated with cell 
division were enriched in 3D GelNB hydrogels (Fig. 4c). 
The enriched pathways include gene sets associated with 
cell division, cell cycle, and DNA replication. In addition, 
enriched pathways included canonical and noncanonical 

Wnt as well as TGFβ signaling. Differentiating cells in 3D 
hydrogels also led to distinct expression of MMPs, integ-
rins, and ECM molecules. Specifically, the expression of 
gelatinases MMP2 and MMP9, which aside from degrad-
ing gelatin, also degrades Type IV collagen[48, 49], was 
elevated in the 3D GelNB hydrogels than in 2D control 
(Fig.  4d). These MMPs were primarily localized to the 
fibroblast and extraembryonic populations but were also 
expressed in the pro-ductal cell population in 3D GelNB 
gels, especially for MMP2 expression.

Extraembryonic cell populations were present 
after pancreatic differentiation in 3D but not 2D.
In addition to the variation of PP/endoderm cell popu-
lations between 2 and 3D differentiation protocols, we 

Fig. 3  Differentiation in 3D hydrogels reduces pancreatic progenitor populations but enriches other endodermal cells. a Violin plots of pancreatic 
progenitor markers PDX1, NKX6.1, GATA4, and SOX9 following pancreatic progenitor differentiation in 2D and 3D conditions. b Percentage 
of endodermal cell populations from scRNA-seq analysis in 2D and 3D conditions. c Feature plots of ductal cell markers SPP1, AKAP12, and AREG 
in 2D and 3D conditions
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Fig. 4  PPs in hydrogels are genetically distinct from 2D cultured counterparts. a Volcano plot showing enrichment of genes within cluster 0 
in 2D (left) and GelNB (right). b Violin plots of pro-acinar marker expression in 2D and GelNB conditions. c Bubble plots of enriched gene sets 
within cluster 0 in GelNB relative to the 2D control. d Feature plots of MMP2 and MMP9 expression in 2D and GelNB conditions
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observed a dramatically higher percentage (~ 20-fold 
increase) of cells harboring extraembryonic genes 
(cluster #2) in the 3D gels compared with the 2D con-
trol (Fig.  2a, b, f ). This population exhibited expression 
of trophectoderm transcriptional regulators, GATA3, 
TFAP2A, TFAP2C, and KRT7 [43] (Additional file  1: 
Figs. S3a, S3b). Interestingly, GATA2, another regulator 
of trophectoderm cell function [43] had minimal expres-
sion in all conditions (Additional file 1: Fig. S3a). We also 
assessed other known markers of trophectoderm cell 
populations including TP63, CDH5, HLA-G, MMP9, and 
PLAU, which were all significantly upregulated in the 3D 
hydrogels (Additional file 1: Fig. S3a), further confirming 
the identity of the trophectoderm cells emerged in the 
hydrogel samples after PP differentiation [50, 51]. Within 
the extraembryonic cells, we identified two subpopula-
tions delineated by expression of MMP9. Interestingly, 
the MMP9 subset was enriched in expression of other 
‘typical’ trophectoderm markers, including KRT7, PLAU, 
KRT19, S100A10, and S100A6 [52] (Fig. 5a, b). Examina-
tion of enriched gene sets comparing the extraembryonic 
populations in 2D and 3D samples revealed upregulation 
of a number of morphogenesis-specific pathways in the 
3D GelNB condition (Fig.  5c). While the exact mecha-
nisms by which 3D hydrogels generated extraembry-
onic cells from iPSCs are unknown and further studies 
are warranted, these trophectoderm-like cells expressed 
Wnts including WNT3, WNT5A, WNT6, and WNT9B as 
well as BMP4, BMP5, BMP7, and GDF6 that might influ-
ence downstream differentiation of iPSCs into endoderm 
lineages (Additional file  1: Fig. S4a and S4b). Immu-
nostaining of TFAP2A, a trophectoderm marker, revealed 
that the trophectoderm cells appeared at the center of the 
aggregate during PGT stage of differentiation and prolif-
erated substantially in the subsequent stages (Fig. 5d).

Inhibition of BMP and Wnt signaling enhanced PP cell 
differentiation in GelNB hydrogels
We hypothesized that elevated endogenous Wnt and 
BMP expression from cells within the 3D samples may 
be hindering pancreatic differentiation; therefore, we 
employed BMP inhibitor LDN193189 and Wnt inhibi-
tor XAV939 to assess the influence of pathway inhibi-
tion on PP differentiation outcome, with DMSO added 
as a vehicle control. Consistent with prior results, cells 
in the vehicle control group formed pronounced tubular 
structure after 4-stage PP differentiation, but few cells 
were positive for PP markers NKX6.1 and PDX1 (Vehicle, 
Fig. 6a). Addition of BMP inhibitor LDN193189 starting 
either from Stage 2 (i.e., following DE stage) or Stage 3 
(i.e., after PGT stage) did not affect cell viability but led 
to large cell spheroids rather than the branched epithe-
lium observed in the vehicle control group (S2+LDN 

& S3+LDN. Fig.  6a). BMP inhibition also reduced the 
number of PP cells as indicated by immunostaining and 
imaging (Fig. 6a) and qPCR results (Fig. 6d). On the other 
hand, addition of Wnt inhibitor XAV939 starting from 
the PGT stage (S2) led to widespread cell death (Addi-
tional file  1: Fig. S5), We also treated the cells with the 
inhibitors at the start of the PF stage and identified dif-
ferences in aggregate morphology and PP cell fate. We 
observed more ductal morphologies with some rounded 
aggregates in the BMP-inhibited condition (S3+LDN, 
Fig.  6a), thin epithelial structures in the Wnt-inhibited 
condition (S3+XAV, Fig. 6a), and both rounded and duct 
epithelium morphologies in the dual inhibited condition 
(S3+LDN+XAV, Fig.  6a). Critically, inhibition of Wnt 
signaling at the PF stage did not significantly reduce the 
cell viability but promoted PP cell identity with a higher 
number of PDX1+/NKX6.1+ progenitors (Fig.  6b and 
c) relative to the vehicle control. This was confirmed by 
qPCR, with ~10-fold and ~14-fold increase in PDX1 and 
NKX6.1 expression, respectively (Fig.  6e). Interestingly, 
minimal difference in SOX9 expression was observed; 
however, a ~10-fold increase in pro-acinar marker 
PTF1A was measured in the BMP inhibitor treated sam-
ple alone, suggesting that BMP signaling may be impli-
cated in reducing the pro-acinar PP cell differentiation.

Discussion
ChiPSC12, an iPSC line derived from skin fibroblasts of 
a 24-year-old healthy adult male of European descent, 
was chosen as it has been successfully differentiated into 
pancreatic β-cells in conventional 2D mono-layer culture 
and in 3D spheroids [53]. We first verified pancreatic dif-
ferentiation in 2D with the ChiPSC12 cell line using a 
commercially available kit (Fig. 1a–c). As expected, stage-
specific markers were present with corresponding stages 
of differentiation. We have shown that matrices and sub-
strates with moderately high stiffness (e.g., G′ ~ 1.5 kPa) 
supported DE differentiation from iPSCs [17]. It was not 
clear; however, whether the DE cells could be further dif-
ferentiated into PP cells in 3D. As higher matrix stiffness 
led to low cell viability, we reasoned that softer hydrogels 
might facilitate cell proliferation and morphogenesis [54, 
55]. However, it was not clear if chemically crosslinked 
hydrogels with softer mechanics (e.g., G′ < 1  kPa) could 
also support DE differentiation. Here, we show that the 
0.5  kPa hydrogels supported DE differentiation (Addi-
tional file  1: Fig. S1). In contrast to the 1.5  kPa gels, 
the softer hydrogels permitted formation of protru-
sions resembling migratory phenotypes with elevated 
expression of EMT markers. This EMT phenotype was 
consistent with observations in the literature [56–58]. 
Following assessment of DE differentiation in the 0.5 kPa 
GelNB hydrogels, we monitored the morphology of the 
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Fig. 5  Emergence of extraembryonic cells in 3D hydrogels following PP differentiation. a Volcano plot showing enrichment of genes within cluster 
2. b Feature plot of cluster 2 showing cells with MMP9 upregulation. c Bubble plots of enriched gene sets within cluster 2 in 3D relative to the 2D 
control. d Representative immunostaining images of TFAP2A-positive extraembryonic cells at each stage of differentiation in 3D GelNB hydrogels. 
At least 3 regions of interest were imaged (10 slices in each z-stack with a slice height of 10 µm)
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Fig. 6  Small molecule inhibition of BMP and Wnt signaling pathways during pancreatic differentiation. a Representative live/dead 
and immunostained images of treated cells at the PP stage. Quantification of b NKX6.1 and c PDX1 fluorescence normalized to the nuclear stain 
in the immunostaining images. Statistical significance was determined by a one-way ANOVA relative to the vehicle control. (**p < 0.01, N = 3 images 
per condition). d PDX1/NKX6.1/SOX9/PTF1A mRNA expression with or without LDN treatment starting at the S2 stage. e PDX1/NKX6.1/SOX9/PTF1A 
mRNA expression with or without LDN/XAV treatment starting at the S3 stage. For panels d and e, significance was determined via two-way ANOVA 
relative to the vehicle control. (**** represents p < 0.0001, N = 3 samples per condition)



Page 14 of 17Arkenberg et al. Stem Cell Research & Therapy          (2023) 14:223 

aggregates at various stages of differentiation (Fig.  1e). 
Interestingly, in these mostly elastic GelNB hydrogels, we 
observed hollow and cystic iPSC aggregates after 4-days 
of culture, which were similar to that reported using fast 
stress-relaxing alginate hydrogels [17, 59]. This suggests 
that protease degradable hydrogels (e.g., GelNB) with 
soft mechanics might be sufficient to induce the forma-
tion of polarized aggregates for pancreatic differentia-
tion. Continued observation of morphological changes 
at each stage of differentiation revealed significant migra-
tion away from the core of the aggregates at the PGT 
stage and initial epithelialization and budding in the PF 
stage. At the PP stage, a plexus of branched tubules was 
prevalent in the 0.5  kPa gels. These stage-specific mor-
phological differences appeared to resemble early pan-
creatic organogenesis in vivo, which was characterized by 
the appearance of a microlumenal network that mature 
into acinar and ductal networks [60, 61]. It has been 
shown that the pancreatic endoderm interacts with the 
matrix through integrin signaling, and this interactions 
may also be influencing polarization and branching of 
the endoderm epithelium [60, 62]. This process appeared 
to be mechanically dependent, as the stiffer (G′ ~ 1 kPa) 
hydrogels restricted the branching development, which 
may be a prerequisite for pancreatic duct formation [63]. 
While morphological distinctions were clear, an assess-
ment of the molecular identity of the cells was necessary 
to confirm the presence of the target pancreatic cells. 
Interestingly, we observed general expression of pan-
endoderm markers GATA4 and SOX9, but the expres-
sion of pancreatic progenitor markers PDX1 and NKX6.1 
was not detected in high levels regardless of matrix stiff-
ness. This suggests that the tubular/ductal structures 
observed in the 3D GelNB hydrogels may not be pancre-
atic progenitors.

To identify cell populations within our differenti-
ated samples, we conducted scRNA-seq on both the 
2D and 3D-treated cells (Figs. 2 and 3). Consistent with 
our immunostaining results, compared with 2D sam-
ples, differentiation in 3D hydrogels led to significantly 
lower percentages of pancreatic progenitor populations, 
including clusters #0 (PP-1), #4 (PP-2), 7 (PP-3), and #8 
(PP-4) and elevated levels of other endoderm and non-
endoderm cells. Uniquely, we identified a population of 
ductal cell expressing SPP1, AKAP12, and AREG (Fig. 3c). 
Upregulation of AREG was shown to increase EGFR/
ERK signaling to drive cell migration and invasion [31]. 
We speculate that this population may be associated 
with the branched network at the PP stage within the 3D 
samples; however, additional investigation is warranted. 
Together, these data suggest that pancreatic differentia-
tion of iPSCs within 3D hydrogels led to fewer PP cells 
but resulted in higher proportions of diverse endodermal 

(e.g., pro-hepatic and pro-intestinal cells), extraembry-
onic lineages, and potentially pro-ductal cells exhibiting 
migratory and assembly characteristics. The pronounced 
tubular network in 0.5 kPa hydrogels accompanied with 
reduction in PP cell populations, enrichment of other 
endodermal cells, and the emergence of extraembryonic 
cell populations indicated a crucial role of 3D microen-
vironment in stem cell fate determination. Beyond the 
optimization of soluble factors, further investigations are 
warranted for in situ 3D generation of pancreatic cells.

While notably less efficient, we did observe pancreatic 
progenitor populations within the hydrogels. To probe 
the differences between progenitors in 2D and 3D, we 
assessed differentiation expressed genes and employed 
the use of the iDEA pipeline to identify enriched gene 
sets within PP-1 cells in the two conditions (Fig.  4a–c). 
Interestingly, cells within the 3D gels were not only 
enriched in cell cycle-specific pathways but also pathways 
associated with both canonical and non-canonical Wnt 
signaling pathways [59], which are implicated in multi-
ple morphogenetic processes of pancreatic development 
such as specification of the pancreatic endoderm, pan-
creatic bud formation, and epithelial cell expansion [64]. 
In addition, PP-1 cells in 3D hydrogels were enriched 
in ECM receptor and integrin cell surface interactions. 
While PP-1 cells in all conditions express traditional PP 
markers, PDX1/NKX6.1, given the enrichment in prolif-
eration-associated gene enrichment pathways, we sus-
pect the PPs in the 3D hydrogels may be less “mature” 
than those identified in 2D, potentially between the pos-
terior foregut and PP stages. We suspect that the hydro-
gels may be ‘delaying’ the development and maturation of 
PPs, leaving cells in a cycling and more progenitor state.

Given the increased prevalence of extraembryonic 
cells, we conducted a similar assessment of gene expres-
sion and gene set enrichment comparing the extraem-
bryonic cells in 2D and 3D (Fig.  5). Interestingly, we 
observed an MMP9+ subset resembling ‘typical’ extraem-
bryonic cells [52]; however, all cluster 2 cells expressed 
canonical markers GATA3, TFAP2A, and KRT7 (Fig.  5a 
and b). Upregulated pathways in the cluster 2 cells in 3D 
compared to 2D were associated with Wnt, BMP, Notch, 
TGF-β, and hedgehog signaling, as well as morphogenesis 
of branching, tubular structures (Fig. 5c). This is consist-
ent with the role of the trophectoderm layer in develop-
mental processes, as the trophectoderm interacts directly 
with the endometrium and facilitates uterine invasion 
[65, 66]. In particular, Wnt signaling plays a critical role 
in the generation of CDX2+ intestinal/duodenal lineages, 
but requires repression for pancreatic and liver develop-
ment [67, 68]. Further, BMP inhibition via small molecule 
treatment was shown to enhance pancreatic progeni-
tor differentiation [67]. The extraembryonic cells were 
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observed at the PGT stage and appeared proliferative as 
indicated by the increased number of TFAP2A+ cells in 
the gels (Fig. 5d). Additionally, these cells did not appear 
to assemble into the tubular structures, but rather spread 
loosely as mesenchymal-like cells. We speculated that the 
initial stage of iPSC proliferation into the cystic aggre-
gates may be reverting the conventional, primed state 
iPSCs into a more naïve stem cell state [69] as it has been 
shown elsewhere that naïve stem cells exhibit greater 
propensity for trophectoderm stem cell differentiation 
[69]. However, future studies are needed to verify this 
hypothesis.

As mentioned above, we speculated that BMP and Wnt 
in the 3D hydrogels may be driving the duct-like and bud-
ding morphology and repressing pancreatic progenitor fate. 
Therefore, we hypothesized that inhibiting Wnts and BMPs 
at the right stage may reduce the morphogenic changes in 
the differentiating clusters and drive the differentiating cells 
toward a PP cell fate (Fig. 6). We initially attempted to inhibit 
Wnt and BMP at the PGT stage; however, a notable reduc-
tion in viability was observed in the Wnt-inhibited condition 
(Additional file: Fig. S5). This suggests that Wnt signaling is 
critical at early stages of pancreatic development to support 
cell viability. Interestingly, inhibition of BMP alone yielded 
high expression of PTF1A, an acinar cell marker. Previously, 
Haller et al. established a 4-stage differentiation protocol for 
generating pancreatic endocrine progenitors from iPSCs 
[70]. Noggin, a broad BMP inhibitor, was added in stage 
3 (PGT) and 4 (PF), suggesting that BMP signaling is not 
desired for pancreatic progenitor differentiation. Regardless, 
inhibition of both BMP and Wnt signaling starting at the PF 
stage yielded highly elevated expression of pancreatic pro-
genitor markers. While BMP inhibitor was likely added in 
the stages 3 and 4 supplements in the PP differentiation kit, 
the emergence of extraembryonic cells may have produced 
additional diffusible BMP and Wnt ligands that necessitate 
the addition of extra BMP/Wnt inhibitors for the desired PP 
differentiation. Taken together, these results confirm that the 
elevated gene expression of Wnts and BMPs, revealed by the 
RNA-seq results, influenced downstream assembly of com-
plex epithelium structures as well as pancreatic fate within 
the 3D GelNB hydrogels.

Conclusions
In conclusion, we utilized thiol-norbornene orthogonal 
photo-click chemistry to construct hydrogels for evalu-
ating the effect of 3D hydrogel properties on pancreatic 
differentiation of human iPSCs. After confirming the 
utility of a commercially available kit for differentiation 
of ChiPSC12 cell line into primarily PP cells, we inves-
tigated the effect of hydrogel crosslinking density on 
the expression of pancreatic markers and multi-stage 

morphogenesis. Differentiation into DE cells was con-
firmed in ~ 0.5  kPa hydrogels and was accompanied 
by elevated EMT response. Utilizing single-cell tran-
scriptomics, we determined that aggregate formation 
in hydrogels led to off-target endodermal and extraem-
bryonic differentiation, as well as unique cell-ECM 
interactions. Differentiating cells within hydrogels were 
enriched in genes associated with BMP and Wnt sign-
aling, and upon suppression of these pathways at the 
PGT stage, PP cell populations were greatly increased. 
Future work will include using engineered hydrogels 
for further characterization of the branched epithelial 
structures, enhancing pancreatic differentiation effi-
ciency by identifying strategies to suppress or promote 
trophectoderm-like cell differentiation, and additional 
differentiation of the cells into maturated exocrine and 
endocrine organoids.

Abbreviations
iPSCs	� Induced pluripotent stem cells
2D	� Two-dimensional
3D	� Three-dimensional
PP	� Pancreatic progenitor
DE	� Definitive endoderm
TGF-β	� Transforming growth factor beta
PGT	� Primitive gut tube
PF	� Posterior foregut
PDX1	� Pancreatic and duodenal homeobox 1
NKX6.1	� NKX6 homeobox 1
ECM	� Extracellular matrix
ESC	� Embryonic stem cells
dECM	� Decellularized ECM
PEGNB	� Poly(ethylene glycol)-norbornene
GelNB	� Gelatin-norbornene
EDC	� 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
NHS	� N-hydroxysuccinimide
LAP	� Lithium aryl phosphinate
PEGSH	� 4-Arm poly(ethylene glycol) thiol
DPBS	� Dulbecco’s phosphate buffered saline
VTN	� Vitronectin
PFA	� Paraformaldehyde
BSA	� Bovine serum albumin
RT	� Reverse transcription
qPCR	� Quantitative PCR
HKG	� Housekeeping gene
STAR​	� Spliced Transcripts Alignment to Reference
DEGs	� Differential expressed genes
PCA	� Principle component analysis
UMAP	� Uniform manifest approximation and projection plot
GSEA	� Gene set enrichment analysis
iDEA	� Integrative differential expression and gene set enrichment 

analysis
MSigDB	� Molecular Signatures Database

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13287-​023-​03457-7.

Additional file 1. Supplementary tables and figures.

https://doi.org/10.1186/s13287-023-03457-7
https://doi.org/10.1186/s13287-023-03457-7


Page 16 of 17Arkenberg et al. Stem Cell Research & Therapy          (2023) 14:223 

Acknowledgements
This work does not involve human participants, human material, human data, 
or animals. The authors would like to thank the Indiana University School of 
Medicine Center for Medical Genomics and Flow Cytometry Resource Facility 
for performing the single-cell sequencing and flow cytometry experiments. 
All other experiments and data were collected and analyzed by the authors.

Author contributions
MRA designed the study, performed experiments, analyzed data, and wrote 
the manuscript. YU provided technical expertise and analyzed data. EH pro‑
vided technical expertise and critical discussion. CCL conceived and designed 
the study, oversaw experiments, and wrote the manuscript. All authors read 
and approved the final manuscript.

Funding
This work was supported by National Cancer Institute (NCI, R01CA227737 to 
CL), National Institute of Diabetes and Digestive and Kidney Disease (NIDDK, 
R01DK127436 to CL), National Institute of Deafness and Other Communica‑
tive Disorders (NIDCD, R01DC020628 to EH), Thomas J. Linnemeier Guidant 
Foundation Endowment (to CL), and National Science Foundation Graduate 
Research Fellowship Program (GRFP, to MA).

Availability of data and materials
The scRNA-seq dataset is accessible in the Gene Expression Omnibus with 
accession code GSE229058 at https://​www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​
cgi?​acc=​GSE22​9058. All other datasets used and/or analyzed during the cur‑
rent study are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Completing interests
The authors declare that they have no competing interests.

Received: 8 February 2023   Accepted: 17 August 2023

References
	1.	 Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, 

Studer L. Highly efficient neural conversion of human ES and iPS cells by 
dual inhibition of SMAD signaling. Nat Biotechnol. 2009;27(3):275–80.

	2.	 Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Vallance JE, Tolle K, et al. 
Directed differentiation of human pluripotent stem cells into intestinal 
tissue in vitro. Nature. 2011;470(7332):105–9.

	3.	 Lam AQ, Freedman BS, Morizane R, Lerou PH, Valerius MT, Bonventre JV. 
Rapid and efficient differentiation of human pluripotent stem cells into 
intermediate mesoderm that forms tubules expressing kidney proximal 
tubular markers. J Am Soc Nephrol. 2014;25(6):1211–25.

	4.	 Dong C, Beltcheva M, Gontarz P, Zhang B, Popli P, Fischer LA, et al. Deriva‑
tion of trophoblast stem cells from naïve human pluripotent stem cells. 
Elife. 2020;9:e52504.

	5.	 Sulzbacher S, Schroeder IS, Truong TT, Wobus AM. Activin A-induced 
differentiation of embryonic stem cells into endoderm and pancreatic 
progenitors—the influence of differentiation factors and culture condi‑
tions. Stem Cell Rev Rep. 2009;5(2):159–73.

	6.	 Cozzitorto C, Spagnoli FM. Pancreas organogenesis: The interplay 
between surrounding microenvironment (s) and epithelium-intrinsic 
factors. Curr Top Dev Biol. 2019;132:221–56.

	7.	 Ntamo Y, Samodien E, Burger J, Muller N, Muller CJ, Chellan N. In vitro 
Characterization of Insulin− Producing β-Cell Spheroids. Front cell 
Develop Biol. 2021;8:623889.

	8.	 Dixon JE, Shah DA, Rogers C, Hall S, Weston N, Parmenter CD, et al. 
Combined hydrogels that switch human pluripotent stem cells from self-
renewal to differentiation. Proc Natl Acad Sci. 2014;111(15):5580–5.

	9.	 Ovadia EM, Colby DW, Kloxin AM. Designing well-defined photopolymer‑
ized synthetic matrices for three-dimensional culture and differentiation 
of induced pluripotent stem cells. Biomater Sci. 2018;6(6):1358–70.

	10.	 Richardson T, Barner S, Candiello J, Kumta PN, Banerjee I. Capsule stiffness 
regulates the efficiency of pancreatic differentiation of human embryonic 
stem cells. Acta Biomater. 2016;35:153–65.

	11.	 Hohwieler M, Illing A, Hermann PC, Mayer T, Stockmann M, Perkhofer 
L, et al. Human pluripotent stem cell-derived acinar/ductal organoids 
generate human pancreas upon orthotopic transplantation and allow 
disease modelling. Gut. 2017;66(3):473–86.

	12.	 Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly OG, Eliazer S, et al. 
Pancreatic endoderm derived from human embryonic stem cells gener‑
ates glucose-responsive insulin-secreting cells in vivo. Nat Biotechnol. 
2008;26(4):443–52.

	13.	 Sun Z-Y, Yu T-Y, Jiang F-X, Wang W. Functional maturation of immature β 
cells: a roadblock for stem cell therapy for type 1 diabetes. World J Stem 
Cells. 2021;13(3):193.

	14.	 Tran R, Moraes C, Hoesli CA. Developmentally-inspired biomimetic 
Culture models to produce functional islet-like cells from pluripotent 
precursors. Front Bioeng Biotechnol. 2020;8:1147.

	15.	 Hogrebe NJ, Augsornworawat P, Maxwell KG, Velazco-Cruz L, Millman JR. 
Targeting the cytoskeleton to direct pancreatic differentiation of human 
pluripotent stem cells. Nat Biotechnol. 2020;38(4):460–70.

	16.	 Breunig M, Merkle J, Wagner M, Melzer MK, Barth TF, Engleitner T, et al. 
Modeling plasticity and dysplasia of pancreatic ductal organoids derived 
from human pluripotent stem cells. Cell Stem Cell. 2021;28:1105–24.

	17.	 Arkenberg MR, Dimmitt NH, Johnson HC, Koehler KR, Lin CC. Dynamic 
click hydrogels for xeno-free culture of induced pluripotent stem cells. 
Adv Biosyst. 2020;4(11):2000129.

	18.	 Arkenberg MR, Koehler K, Lin C-C. Heparinized gelatin-based hydrogels 
for differentiation of induced pluripotent stem cells. Biomacromol. 
2022;23:4141–52.

	19.	 Arkenberg MR, Lin C-C. Orthogonal enzymatic reactions for rapid 
crosslinking and dynamic tuning of PEG–peptide hydrogels. Biomater Sci. 
2017;5(11):2231–40.

	20.	 Mũnoz Z, Shih H, Lin C-C. Gelatin hydrogels formed by orthogonal 
thiol–norbornene photochemistry for cell encapsulation. Biomater Sci. 
2014;2(8):1063–72.

	21.	 Hao Y, Hao S, Andersen-Nissen E, Mauck WM III, Zheng S, Butler 
A, et al. Integrated analysis of multimodal single-cell data. Cell. 
2021;184(13):3573-87. e29.

	22.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):1–21.

	23.	 Gonçalves CA, Larsen M, Jung S, Stratmann J, Nakamura A, Leuschner M, 
et al. A 3D system to model human pancreas development and its refer‑
ence single-cell transcriptome atlas identify signaling pathways required 
for progenitor expansion. Nat Commun. 2021;12(1):1–17.

	24.	 Li J-M, Kim S, Zhang Y, Bian F, Hu J, Lu R, et al. Single-cell transcriptomics 
identifies a unique entity and signature markers of transit-amplifying cells 
in human corneal limbus. Investig Ophthalmol Vis Sci. 2021;62(9):36.

	25.	 Nelson SB, Schaffer AE, Sander M. The transcription factors Nkx6. 1 
and Nkx6. 2 possess equivalent activities in promoting beta-cell fate 
specification in Pdx1+ pancreatic progenitor cells. Development. 
2007;134(13):2491–500.

	26.	 Heller S, Li Z, Lin Q, Geusz R, Breunig M, Hohwieler M, et al. Transcriptional 
changes and the role of ONECUT1 in hPSC pancreatic differentiation. 
Commun Biol. 2021;4(1):1–12.

	27.	 Chen L, Pan X, Zhang Y-H, Huang T, Cai Y-D. Analysis of gene expres‑
sion differences between different pancreatic cells. ACS Omega. 
2019;4(4):6421–35.

	28.	 Limbutara K, Chou C-L, Knepper MA. Quantitative proteomics of all 14 
renal tubule segments in rat. J Am Soc Nephrol. 2020;31(6):1255–66.

	29.	 Vishnupriya P, Aparna A, Viswanadha VP. Lipoxygenase (LOX) 
pathway: a promising target to combat cancer. Curr Pharm Des. 
2021;27(31):3349–69.

	30.	 Takagi K, Shimomura A, Imura J, Mori H, Noguchi A, Tanaka S, et al. Inter‑
leukin-32 regulates downstream molecules and promotes the invasion of 
pancreatic cancer cells. Oncol Lett. 2022;23(1):1–7.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229058
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229058


Page 17 of 17Arkenberg et al. Stem Cell Research & Therapy          (2023) 14:223 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	31.	 Wang L, Wang L, Zhang H, Lu J, Zhang Z, Wu H, et al. AREG mediates 
the epithelial-mesenchymal transition in pancreatic cancer cells via the 
EGFR/ERK/NF-κB signalling pathway. Oncol Rep. 2020;43(5):1558–68.

	32.	 Churchill AJ, Gutiérrez GD, Singer RA, Lorberbaum DS, Fischer KA, Sussel 
L. Genetic evidence that Nkx2. 2 acts primarily downstream of Neurog3 
in pancreatic endocrine lineage development. Elife. 2017;6:e20010.

	33.	 Sherwood RI, Chen TYA, Melton DA. Transcriptional dynamics of endoder‑
mal organ formation. Deve Dyn. 2009;238(1):29–42.

	34.	 Qadir MMF, Álvarez-Cubela S, Klein D, van Dijk J, Muñiz-Anquela R, 
Moreno-Hernández YB, et al. Single-cell resolution analysis of the 
human pancreatic ductal progenitor cell niche. Proc Natl Acad Sci. 
2020;117(20):10876–87.

	35.	 Viiri LE, Rantapero T, Kiamehr M, Alexanova A, Oittinen M, Viiri K, et al. 
Extensive reprogramming of the nascent transcriptome during iPSC to 
hepatocyte differentiation. Sci Rep. 2019;9(1):1–12.

	36.	 Yu Y, Jiang L, Wang H, Shen Z, Cheng Q, Zhang P, et al. Hepatic transferrin 
plays a role in systemic iron homeostasis and liver ferroptosis. Blood. 
2020;136(6):726–39.

	37.	 Wada Y, Li D, Merley A, Zukauskas A, Aird WC, Dvorak HF, et al. A multi-
gene transcriptional profiling approach to the discovery of cell signature 
markers. Cytotechnology. 2011;63(1):25–33.

	38.	 Solé-Boldo L, Raddatz G, Schütz S, Mallm J-P, Rippe K, Lonsdorf AS, et al. 
Single-cell transcriptomes of the human skin reveal age-related loss of 
fibroblast priming. Commun Biol. 2020;3(1):1–12.

	39.	 Bansod S, Kageyama R, Ohtsuka T. Hes5 regulates the transition timing of 
neurogenesis and gliogenesis in mammalian neocortical development. 
Development. 2017;144(17):3156–67.

	40.	 Goff LA, Groff AF, Sauvageau M, Trayes-Gibson Z, Sanchez-Gomez DB, 
Morse M, et al. Spatiotemporal expression and transcriptional perturba‑
tions by long noncoding RNAs in the mouse brain. Proc Natl Acad Sci. 
2015;112(22):6855–62.

	41.	 Vives V, Alonso G, Solal AC, Joubert D, Legraverend C. Visualization of 
S100B-positive neurons and glia in the central nervous system of EGFP 
transgenic mice. J Comp Neurol. 2003;457(4):404–19.

	42.	 Lin M-J, Lee S-J. Stathmin-like 4 is critical for the maintenance of 
neural progenitor cells in dorsal midbrain of zebrafish larvae. Sci Rep. 
2016;6(1):1–15.

	43.	 Krendl C, Shaposhnikov D, Rishko V, Ori C, Ziegenhain C, Sass S, et al. 
GATA2/3-TFAP2A/C transcription factor network couples human pluri‑
potent stem cell differentiation to trophectoderm with repression of 
pluripotency. Proc Natl Acad Sci. 2017;114(45):E9579–88.

	44.	 Szabó A, Sahin-Tóth M. Determinants of chymotrypsin C cleavage speci‑
ficity in the calcium-binding loop of human cationic trypsinogen. FEBS J. 
2012;279(23):4283–92.

	45.	 Ito K, Zolfaghari R, Hao L, Ross AC. Inflammation rapidly modulates the 
expression of ALDH1A1 (RALDH1) and vimentin in the liver and hepatic 
macrophages of rats in vivo. Nutr Metab. 2014;11(1):1–13.

	46.	 Hansen JS, Rutti S, Arous C, Clemmesen JO, Secher NH, Drescher A, et al. 
Circulating follistatin is liver-derived and regulated by the glucagon-to-
insulin ratio. J Clin Endocrinol Metab. 2016;101(2):550–60.

	47.	 Cui A, Ding D, Li Y. Regulation of hepatic metabolism and cell growth by 
the ATF/CREB family of transcription factors. Diabetes. 2021;70(3):653–64.

	48.	 Parsons S, Watson S, Collins H, Griffin N, Clarke P, Steele R. Gelatinase 
(MMP-2 and-9) expression in gastrointestinal malignancy. Br J Cancer. 
1998;78(11):1495–502.

	49.	 Li H, Qiu Z, Li F, Wang C. The relationship between MMP-2 and MMP-9 
expression levels with breast cancer incidence and prognosis. Oncol Lett. 
2017;14(5):5865–70.

	50.	 Martínez-Hernández M, Baiza-Gutman L, Castillo-Trápala A, Armant DR. 
Regulation of proteinases during mouse peri-implantation develop‑
ment: urokinase-type plasminogen activator expression and cross talk 
with matrix metalloproteinase 9. Reproduction (Cambridge, England). 
2011;141(2):227.

	51.	 Mischler A, Karakis V, Mahinthakumar J, Carberry CK, San Miguel A, Rager 
JE, et al. Two distinct trophectoderm lineage stem cells from human 
pluripotent stem cells. J Biol Chem. 2021;296:100386.

	52.	 Assou S, Boumela I, Haouzi D, Monzo C, Dechaud H, Kadoch I-J, et al. 
Transcriptome analysis during human trophectoderm specification sug‑
gests new roles of metabolic and epigenetic genes. PLoS ONE. 2012;7(6): 
e39306.

	53.	 Essaouiba A, Jellali R, Shinohara M, Scheidecker B, Legallais C, Sakai Y, 
et al. Analysis of the behavior of 2D monolayers and 3D spheroid human 
pancreatic beta cells derived from induced pluripotent stem cells in a 
microfluidic environment. J Biotechnol. 2021;330:45–56.

	54.	 Nakaya Y, Sheng G. Epithelial to mesenchymal transition during gastrula‑
tion: an embryological view. Dev Growth Differ. 2008;50(9):755–66.

	55.	 Rodriguez-Aznar E, Wiesmüller L, Sainz B, Hermann PC. EMT and 
stemness—Key players in pancreatic cancer stem cells. Cancers. 
2019;11(8):1136.

	56.	 Li S, Huang Q, Mao J, Li Q. FGF signaling mediates definitive endoderm 
formation by regulating epithelial-to-mesenchymal transition and cell 
proliferation. Int J Dev Biol. 2020;64(10-11–12):471–7.

	57.	 Ismagulov G, Hamidi S, Sheng G. Epithelial-mesenchymal transition drives 
three-dimensional morphogenesis in mammalian early development. 
Front Cell Dev Biol. 2021;9:52.

	58.	 Nowotschin S, Hadjantonakis A-K, Campbell K. The endoderm: a 
divergent cell lineage with many commonalities. Development. 
2019;146(11):dev150920.

	59.	 Indana D, Agarwal P, Bhutani N, Chaudhuri O. Viscoelasticity and adhesion 
signaling in biomaterials control human pluripotent stem cell morpho‑
genesis in 3D culture. Adv Mater. 2021;33(43):2101966.

	60.	 Jennings RE, Berry AA, Strutt JP, Gerrard DT, Hanley NA. Human pancreas 
development. Development. 2015;142(18):3126–37.

	61.	 Marty-Santos L, Cleaver O. Progenitor epithelium: sorting out pancreatic 
lineages. J Histochem Cytochem. 2015;63(8):559–74.

	62.	 Shih HP, Panlasigui D, Cirulli V, Sander M. ECM signaling regulates collec‑
tive cellular dynamics to control pancreas branching morphogenesis. Cell 
Rep. 2016;14(2):169–79.

	63.	 Mamidi A, Prawiro C, Seymour PA, de Lichtenberg KH, Jackson A, Serup P, 
et al. Mechanosignalling via integrins directs fate decisions of pancreatic 
progenitors. Nature. 2018;564(7734):114–8.

	64.	 Murtaugh LC. The what, where, when and how of Wnt/β-catenin signal‑
ing in pancreas development. Organogenesis. 2008;4(2):81–6.

	65.	 Marikawa Y, Alarcon VB. Creation of trophectoderm, the first epithelium, 
in mouse preimplantation development. Mouse Dev. 2012. https://​doi.​
org/​10.​1007/​978-3-​642-​30406-4_9.

	66.	 Kidder GM. Trophectoderm development and function: the roles of Na+/
K+-ATPase subunit isoforms. Can J Physiol Pharmacol. 2002;80(2):110–5.

	67.	 Tan M, Jiang L, Li Y, Jiang W. Dual inhibition of BMP and WNT signals 
promotes pancreatic differentiation from human pluripotent stem cells. 
Stem Cells Int. 2019. https://​doi.​org/​10.​1155/​2019/​50267​93.

	68.	 Verzi MP, Shivdasani RA. Wnt signaling in gut organogenesis. Organogen‑
esis. 2008;4(2):87–91.

	69.	 Weinberger L, Ayyash M, Novershtern N, Hanna JH. Dynamic stem cell 
states: naive to primed pluripotency in rodents and humans. Nat Rev Mol 
Cell Biol. 2016;17(3):155–69.

	70.	 Haller C, Piccand J, De Franceschi F, Ohi Y, Bhoumik A, Boss C, et al. 
Macroencapsulated human iPSC-derived pancreatic progenitors 
protect against STZ-induced hyperglycemia in mice. Stem Cell Rep. 
2019;12(4):787–800.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1007/978-3-642-30406-4_9
https://doi.org/10.1007/978-3-642-30406-4_9
https://doi.org/10.1155/2019/5026793

	Photo-click hydrogels for 3D in situ differentiation of pancreatic progenitors from induced pluripotent stem cells
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Materials
	Mechanical characterization of GelNB hydrogels
	Maintenance and encapsulation of human iPSCs
	DE and PP differentiation in 2D and 3D thiol-ene crosslinked hydrogels
	Immunofluorescence staining and imaging
	Flow cytometry of pancreatic progenitor cells differentiated in 2D culture
	RNA extraction, reverse transcription (RT), and quantitative PCR (qPCR) analysis
	Single-cell RNA-sequencing of pancreatic progenitors
	Statistical analysis

	Results
	Pancreatic differentiation of iPSCs in 3D led to prominent tubular network
	PP differentiation in 3D led to diverse cell populations
	PPs generated in 3D hydrogels are genetically distinct from their 2D counterparts
	Extraembryonic cell populations were present after pancreatic differentiation in 3D but not 2D.
	Inhibition of BMP and Wnt signaling enhanced PP cell differentiation in GelNB hydrogels

	Discussion
	Conclusions
	Anchor 26
	Acknowledgements
	References


