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A B S T R A C T   

Pancreatic β-cells have been reported to be mechanosensitive to cellular microenvironments, and subjecting the 
cells to more physiologically relevant microenvironments can produce better results than when subjecting them 
to the conventional two-dimensional (2D) cell-culture conditions. In this work, we propose a novel three- 
dimensional (3D) strategy for inducing multicellular spheroid formation based on hydrogels with tunable me
chanical and interfacial properties. The results indicate that MIN6 cells can sense the substrates and form tightly 
clustered monolayers or multicellular spheroids on hydrogels with tunable physical properties. Compared to the 
conventional 2D cell-culture system, the glucose sensitivities of the MIN6 cells cultured in the 3D culture model is 
enhanced greatly and their insulin content (relative to the amount of protein) is increased 7.3–7.9 folds. 
Moreover, the relative gene and protein expression levels of some key factors such as Pdx1, NeuroD1, Piezo1, and 
Rac1 in the MIN6 cells are significantly higher on the 3D platform, compared to the 2D control group. We believe 
that this 3D cell-culture system developed for the generation of multicellular spheroids will be a promising 
platform for diabetes treatment in clinical islet transplantation.   

1. Introduction 

Diabetes, including type 1 and type 2 diabetes, results from the ab
solute or relative deficiency of insulin [1,2]. Pancreatic β-cell lines such 
as MIN6 cells or other cell lines are primarily responsible for the regu
lation of insulin synthesis and secretion, and are, therefore, crucial in 
systemic glucose homeostasis. Disorders in diabetes include hypergly
cemia and hyperlipidemia, which lead to loss of β-cell functionality and 

mass, which in turn, worsens the disease [3]. Currently, islet cell 
transplantation provides a promising therapeutic treatment for patients 
with diabetes mellitus. However, one of the most challenging problems 
is low islet survival, especially, the destruction of β cells after islet 
transplantation, which reduces the insulin storage capacity and 
glucose-stimulated insulin secretion [4]. This might be due to the 
disruption of the integrity of the cellular structure and microenviron
ment. Many approaches have been investigated to improve the quality of 

* Corresponding author. 
** Corresponding author. 
*** Corresponding author. 

E-mail addresses: kehu@njmu.edu.cn (K. Hu), hanxiao@njmu.edu.cn (X. Han), guning@seu.edu.cn (N. Gu).  

Contents lists available at ScienceDirect 

Biomaterials 

journal homepage: www.elsevier.com/locate/biomaterials 

https://doi.org/10.1016/j.biomaterials.2021.120687 
Received 15 September 2020; Received in revised form 10 December 2020; Accepted 18 January 2021   

mailto:kehu@njmu.edu.cn
mailto:hanxiao@njmu.edu.cn
mailto:guning@seu.edu.cn
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2021.120687
https://doi.org/10.1016/j.biomaterials.2021.120687
https://doi.org/10.1016/j.biomaterials.2021.120687
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2021.120687&domain=pdf


Biomaterials 270 (2021) 120687

2

β cells and enhance the outcome of islet transplantation techniques such 
as tissue-engineering strategies. These methods include the encapsula
tion of islet cells to protect them from the immune response, trans
plantation of islet cells along with support cells, design of an artificial 
pancreas, optimization of islet transplant sites, and so on [5–9]. 

Recently, it was reported that cell behavior as well as cellular func
tions were strongly influenced by the cellular microenvironments that 
surrounded them. Pancreatic β cells are mechanosensitive, and their 
viability and functioning are affected by the local mechanical micro
environment. In particular, the mouse pancreatic β-cell line MIN6 
showed increased insulin secretion as well as glucose sensitivity when 
grown on softer scaffolds than when grown on stiffer scaffolds [10]. 
These results indicated that a three-dimensional (3D) cell-culture system 
wherein cells were subjected to a more physiologically relevant micro
environment would be more optimal than the conventional 2D cell 
culture on planar plates. However, the conventional 3D culture model 
including 3D multicellular spheroids was established in a microenvi
ronment in which the specificity of islets was lost. For example, the 
anti-adhesion method is commonly used to establish 3D spheroid models 
in which cells are cultured in a microenvironment completely deprived 
of cell adhesion and spheroids are generated by forced aggregation. This 
method tends to sensitize cells towards necrosis/apoptosis and produces 
behaviors different from those in vivo. Therefore, we propose leveraging 
the physical factors within microenvironments to induce the formation 
of multicellular spheroids via self-organization. A recent study pub
lished by Mooney’s group [11] pointed out that the fates of different cell 
types were determined by the integration of various physical environ
mental features in 3D cell culture, such as the stiffness, adhesion ligands, 
stress relaxation, etc. [12–14] It had been reported that the stem-cell fate 
could be determined by the matrix stiffness [15], while the interactions 
between the cells and extracellular matrix (ECM) played a vital role in 
regulating the force transmission in certain developmental contexts 
[14]. The composition and density of adhesion ligands was reported to 
guide cell adhesion, migration, and polarization [16–18]. Stress relax
ation was found to affect the magnitudes of gene expression responses 
[19]. 

Previously, we had been working on the development of novel 
hydrogel materials. By regulating the physical properties of the hydrogel 
to mimic the ECM, a variety of cell types, such as stem cells and cancer 
cells, were exposed to 3D environments [20–24]. Cells were grown to 
form spherical aggregates, which were different from those grown on 
planar surfaces. We believe that the aggregation of cells could be 
attributed to the cell–matrix and cell–cell interactions. Furthermore, 
certain signaling pathways of cells could be influenced by modifying the 
properties of the hydrogel [24]. Based on our previous experience, we 
developed a 3D cell-culture platform based on a hydrogel for MIN6 cells, 
in which the physical properties such as elastic modulus, stress relaxa
tion, and cell adhesion were modified. Cell morphology, viability, in
sulin content, glucose-stimulated insulin secretion, and the associated 
gene and protein expressions were determined and compared with that 
of the 2D cell-culture system. The aim of this study is to develop and 
characterize a novel 3D cell-culture platform that can improve long-term 
pancreatic islet β-cell viability and function, which can serve as a 
persistent glucose-responsive source of insulin and islet transplantation 
treatment in the near future. 

2. Materials and methods 

2.1. Materials 

Millipore water (18.25 MΩ cm− 1), prepared with a Milli-Q Plus 
water system, was used throughout the experiments. Poly(ethyl
eneglycol) diacrylate (PEGDA 2000 Mw) was purchased from Sigma- 
Aldrich Inc. GelMA with 20% degree of substitution was purchased 
from Tissue Ink Co., Ltd. Lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) was purchased from StemEasy Inc. 

Unless stated otherwise, all other reagents were purchased from Aladdin 
Industrial Inc. 

2.2. Preparation of the GelMA/PEGDA composite hydrogel 

Hydrogels with different mechanical properties were prepared by 
adjusting their formulas individually. The following example describes 
the preparation parameters and processes of hydrogels. For multicellular 
spheroid (MCS)-culturing hydrogels, PEGDA(10 mg), N, N′-methylene- 
bis-acrylamide (0.2% wt.), and GelMA (80 mg) were added to 1 mL of 
water and dissolved at 50 ◦C for 2 h, while for monolayer cell (MLC)- 
culturing hydrogels, PEGDA(60 mg), N, N′-methylene-bis-acrylamide 
(0.2% wt.), and GelMA (120 mg) were added. Then, LAP (5 mg) was 
added to the above mixture respectively and dissolved for 5 min. Then, 
the above mentioned precured gel solution was injected into a custom
ized cylindrical mold (diameter: 3 cm; thickness: 1 mm) and irradiated 
under 405 nm visible light for 10 s to polymerize the GelMA/PEGDA 
hydrogel. The composite hydrogels were dipped and rinsed with milli
pore quality water every 8 h for 3 days. After sterilization with ethylene 
oxide, the hydrogels were ready for use in cell culture. 

2.3. Stiffness measurement of composite hydrogel 

The Young’s modulus of the hydrogel was characterized by the 
Piuma Nanoindenter (Optics11, The Piuma, Netherlands). The prepared 
hydrogel was placed on the working table of the Piuma Nanoindenter, 
and its mechanical properties were collected at different positions by 
using the Optics11 PIUMA probe of the nanoindenter and dedicated 
Piuma software. 

2.4. Cell culture conditions 

The mouse pancreatic β-cell line MIN6 was grown and cultured in 
DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 15% FBS 
(Gibco, Burlington, Ontario, Canada), 100 μg/mL streptomycin, 100 
units/mL penicillin, 10 mmol/L HEPES, and 50 μmol/L β-mercaptoe
thanol (Sigma-Aldrich, St. Louis, MO). All cell cultures were incubated 
at 37 ◦C in humidified 95% air–5% CO2 atmosphere. MIN6 cells were 
seeded at a density of 0.2 × 106/well on hydrogels in a six-well culture 
plate, and cultured for 7 days. Meanwhile, the MIN6 cells were seeded at 
a density of 0.2 × 106/well in a six-well culture plate for comparison. To 
collect the cells for further studies, the cells were trypsinized via incu
bation with 0.25% (v/v) trypsin for 2 min at 37 ◦C, followed by dilution 
in fresh DMEM. Then, the cell suspensions were centrifuged and washed 
twice with PBS. 

2.5. Confocal live/dead cell imaging 

The cell viability was assessed using the LIVE/DEAD™ Cell Imaging 
Kit (488/570) (Invitrogen) according to the manufacturer’s protocol. 
The MIN6 cells were cultured under different conditions for 7 days and 
incubated with working reagents for 30 min at 25 ◦C. Fluorescence 
images were analyzed using a confocal laser scanning microscope (Zeiss, 
LSM710). 

2.6. Immunofluorescence staining 

MIN6 cells cultured on different matrixes were fixed using 4% 
paraformaldehyde for 15 min at 4 ◦C, permeabilized, and blocked with 
0.3% NP–40/3% BSA in PBS for 30 min at room temperature. The pri
mary antibodies used were rabbit anti-Laminin (1:200, Abcam), rabbit 
anti-Fibronectin (1:200, Abcam), mouse anti-E-cadherin (1:100, Cell 
Signaling Technology), mouse anti-N-cadherin (1:150, Cell Signaling 
Technology), and the secondary antibodies were Alexa Fluor®488 and 
Alexa Fluor®594 (1:200, Invitrogen). The nuclei were stained with DAPI 
(Sigma-Aldrich). After standard procedures for immunostaining, the 
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hydrogel was transferred to a confocal dish and confocal images were 
acquired using a confocal laser scanning microscope (Zeiss, LSM710). 

2.7. Time-lapse microscopy 

Time-lapse images of cells seeded either on cell culture plates or 
hydrogels were acquired every 15 min at 20 × magnification for 48 h, 
using an X-living cell workstation (Olympus). 

2.8. Insulin secretion and content 

Insulin secretion measurements were performed using glucose- 
stimulated insulin secretion (GSIS). The cells were seeded in 12-well 
plates. The cells were washed and then incubated in HEPES-balanced 
Krebs-Ringer bicarbonate buffer (KRBH) (115 mmol/L NaCl + 4.7 
mmol/L KCl + 1.2 mmol/L MgSO4 ⋅ 7 H2O + 1.2 mmol/L KH2PO4 + 20 
mmol/L NaHCO3 + 16 mmol/L HEPES + 2.56 mmol/L CaCl2 + 0.2% 
BSA) for 0.5 h. After incubation, for the GSIS assay, the MIN6 cells were 
incubated for 1 h in KRBH with low glucose (containing 2 mmol/L 
glucose) or stimulatory glucose (containing 20 mmol/L glucose). Insulin 
was measured in the supernatant collected after the incubation. The 
supernatants were stored at − 80 ◦C prior to insulin analysis by an 
enzyme-linked immunosorbent assay (ELISA) using a mouse insulin 
immunoassay kit (EZassay, MS200), according to the manufacturer’s 
protocol. The glucose stimulation index (GSI) was calculated by dividing 
the insulin secretion at 20 mM by the insulin secretion at 2 mM glucose. 

The cells cultured under different conditions were collected and 
lysed for protein quantification using a bicinchoninic acid (BCA) assay. 
The results of the insulin ELISA were normalized to the amount of 
protein from the corresponding cells. The BCA assay was performed on 
the cell suspension post-lysis, according to the manufacturer’s in
structions (ThermoFisher Scientific). 

2.9. Quantitative real-time PCR analysis of GAPDH, Pdx1, NeuroD1, 
Piezo1, and Rac1 

The total RNA was isolated from the MIN6 cells under different 
conditions using RNAiso Plus (Takara) following the manufacturer’s s 
protocol. Reverse transcription reactions were performed using 1 μg of 
total RNA and PrimeScript™ RT reagent kit (Takara). Quantitative real- 
time PCR (qPCR) was performed using SYBR® Premix Ex Taq (Takara) 
with the specific primers listed in Table 1. The relative expression was 
calculated using the 2-ΔΔCt method normalized by GAPDH. Each 
experiment was repeated at least three times and each sample was 
analyzed in triplicate. 

2.10. Western blot analysis 

MIN6 cells harvested from the hydrogel were lysed in RIPA buffer 
(50 mmol/L Tris-HCl pH8.0, 150 mmol/L NaCl, 1% TritonX-100, 100 
μg/mL PMSF, and protease inhibitor cocktail) on ice for 30 min. The 
lysate was clarified by centrifugation for 20 min at 12000 rpm at 4 ◦C. 
The protein concentration was determined using the BCA assay, and 
equal amounts of protein (30 μg) were loaded onto a 10% SDS-PAGE gel. 
After electrophoresis, the proteins were transferred to a PDVF mem
brane (Millipore). The membrane was blocked in 5% nonfat milk for 1 h 

and then incubated with a primary antibody overnight at 4 ◦C. A 
horseradish peroxidase (HRP)-labeled secondary antibody was added 
against the primary antibody for 2 h at room temperature. The blots 
were visualized using an enhanced chemiluminescence detection sys
tem. The primary antibodies used were anti-β-actin (Zenbio, 200068- 
8F10), anti-GAPDH (Zenbio, 200306-7E4), anti-Pdx1 (Proteintech, 
20989-1-AP), anti-NeuroD1 (Proteintech, 12081-1-AP), anti-Piezo1 
(Proteintech, 15939-1-AP), and anti-Rac1 (Proteintech, 24072-1-AP). 

2.11. Statistical analysis 

At least three independent experiments were performed. Compari
sons were performed using the Student’s t-test between two groups or 2- 
way ANOVA in multiple groups. The results were presented as the mean 
± SD. P < 0.05 was considered statistically significant. 

3. Results 

3.1. 3D cell-culture system based on hydrogels with tunable material 
microenvironment properties 

The (bio)physical properties of the hydrogel platform is tunable, 
through adjusting the mass ratio between GelMA and PEGDA and the 
overall mass percentage of these two components, supported by Young’s 
modulus and stress relaxation data. It was hypothesized that such 
changes could provide MIN6 cells with distinctive mechanical and 
adhesion microenvironments, ultimately resulting in cells residing in 
these niches behaving differently. This hypothesis was validated on 
mouse embryonic fibroblasts (MEFs) based on our previous observation 
[24]. The chemical structures and photograph of the hydrogel are pre
sented in details in Fig. 1A and B. In the present study, we showed two 
representative conditions, in which conditions MIN6 cells could typi
cally form multicellular spheroids (Fig. 1C) or monolayers (Fig. 1D), 
after 7 days of culturing the cells on the surface of these hydrogels. Based 
on this finding, we named the low-GelMA-ratio hydrogels as multicel
lular spheroid (MCS)-culturing hydrogels and the high-GelMA-ratio ones 
as monolayer cell (MLC)-culturing hydrogels (Fig. 1I). The specifications 
are as follows: corresponding to MCS-culturing hydrogel or 
MLC-culturing hydrogel, the mass ratio, in the form of GelMA: PEGDA 
(mass to mass), was 8:1 or 2:1, and the overall mass percentage, in the 
form of (GelMA + PEGDA)/water × 100%, was 9% or 18%, respectively. 
This finding inspired us to further explore the major microenviron
mental factors that drove such behavioral changes in MIN6 cells. The 
Young’s modulus and stress relaxation of these two types of hydrogels 
were measured by the nanoindenter; w the stress–strain curves of these 
two materials and the calculated Young’s modulus are shown in Fig. 1E 
and F, respectively. Fig. 1G–H shows the stress–time curve and the 
calculated stress half-relaxation time (t1/2) measured with the same 
experimental settings. The Young’s modulus of the MLC-culturing 
hydrogel was found to be significantly higher than that of the 
MSC-culturing hydrogel; nevertheless, both of them had the same order 
of magnitude (69.95 ± 2.89 kPa vs. 38.38 ± 4.25 kPa). However, the 
MLC-culturing hydrogel displayed almost time-independent stress curve 
and negligible stress relaxation. In contrast, the MSC-culturing hydrogel 
exhibited time-dependent stress curve with half the stress-relaxation 
time (t1/2) in 59.80 ± 19.62 s. This set of data manifested the distinc
tions (elastic vs. viscoelastic) of the mechanical behaviors between these 
two types of hydrogels, and we speculated that this stress relaxation 
distinction dominantly drove the different MIN6 cell behaviors cultured 
on these two types of materials. 

3.2. Morphology and viability of MIN6 cells cultured on composite 
hydrogel as a 3D cell culture matrix 

MIN6 cells were cultured on hydrogels with different parameters, as 
well as on polystyrene cell-culture plates. After 7 days of culture 

Table 1 
Primers used for qPCR.  

Gene Forward primer Reverse primer 

GAPDH CCAGTATGACTCCACTCACG GACTCCACGACATACTCAGC 
Pdx1 GATGTTGAACTTGACCGAGAGA GTCCCGCTACTACGTTTCTTATC 
NeuroD1 CACGAGGCAGACAAGAAAGA TCCTCTTCCTCTAGATCCTCATC 
Piezo1 GCCGAGAGACAGAGAAGAAATAC GGCGATGAGGAAGAGGATAATG 
Rac1 TGTCCGTGCAAAGTGGTATC AGCTTCTCAATGGTGTCCTTATC  
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(Supplemental Fig. 2), the control cells on the cell-culture plate grew as a 
monolayer; they were partially spread and formed small aggregates. 
Cells seeded on MLC-culturing hydrogels grew as a tightly clustered 
monolayer, and the clusters were similar in morphology but larger in 

size when compared to those grown on commercial culture plates. Cells 
exhibited multicellular spheroids after growth on MCS-culturing 
hydrogels, which were analogous to round pancreatic islet-like aggre
gates of cells adhering to the surfaces of the hydrogels. Images of live/ 

Fig. 1. Hydrogel with tunable microenvironment properties as multicellular spheroid (MCS) and monolayer cell (MLC)-culturing substrate. Schematic of the 
chemical structure of PEGDA and GelMA. Upon mixing the PEGDA and GelMA with MBAA and LAP, a hydrogel network is formed via photoinitiation (405 nm blue 
light) (A). Photograph of hydrogel as cell-culturing substrate (B). Optical microscope images of MIN6 cells cultured on hydrogels with different microenvironment 
properties. By tuning the physical properties of the hydrogels, the state of aggregation of MIN6 cells varied from multicellular spheroids to clustered monolayer (C, 
D). Scale bar: 200 μm. Elasticity tests (E, F) and stress relaxation tests (G, H) of MCS-culturing hydrogel and MLC-culturing hydrogel. Schematic of MIN6 cells 
cultured on hydrogels with different microenvironment properties (I). The data is represented as means ± standard deviation. An n of 6 was used and analyzed using 
a one-way ANOVA with multiple comparisons. *****p < 0.00001. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 2. MIN6 cells were cultured and grown on 2D cell-culture plates (A, D) and MLC (B, E) and MCS (C, F)-culturing hydrogels for 7 days, at 10 × (A-C) and 20 ×
(D-F) magnification, respectively. Representative scan of live/dead staining, green and red labeled cells denote living and dead cells, respectively. Scale bar: 10 × : 
100 μm and 20 × : 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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dead staining of cells obtained by laser scanning confocal fluorescence 
microscopy demonstrated that almost all the cells in spreading or 
aggregated forms were alive under different culture conditions (Fig. 2), 
which indicated the maintenance of quite high viability. 

Moreover, to observe the formation process of monolayers or 
multicellular spheroids on the surfaces of different matrixes, the time- 
lapse images of the seeded cells were acquired every 15 min at 20 ×
magnification for 48 h using an Olympus X-living cell workstation 
(Supplementary video materials). Fig. 3A–C shows that the MIN6 cells 
were split and spread as a monolayer in the 2D culture system on planar 
plate, while in the 3D culture system (Fig. 3D–F and 3G-I), the cells 
initially formed small aggregates, which further merged into irregular 
clusters or spheroids. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2021.120687. 

3.3. Fibronectin (FN), laminin (LN), N- and E-cadherin (N-cad and E- 
cad) expressions in MIN6 cells by immunofluorescence staining 

To obtain information and clues on the cell–matrix and cell–cell in
teractions in 2D and 3D cell-culture systems, the distributions of adhe
sion proteins including FN and LN, N-cad, and E-cad were studied by 
fluorescent cytochemistry and confocal laser scanning microscopy. As 
shown in Fig. 4, the “Control” group (Fig. 4A and D) exhibits the 2D cell- 
culture system in which the cells were cultured on planar cell-culture 
plate. Meanwhile, the 3D cell-culture systems include both experi
mental groups of “MLC-culturing hydrogel” (Fig. 4B and E) and “MCS- 
culturing hydrogel” (Fig. 4C and F), indicating the cells were grown in 
the 3D culturing systems based on hydrogels. FN and LN are the major 
ECM proteins of islets. The results shown in Fig. 4A–C demonstrate that 
FN was not or only a little detectable in the control cells on the cell- 
culture plate or MLC-culturing hydrogel, whereas, the cells grown on 

the MCS-culturing hydrogel exhibited greatly enhanced fluorescent 
signals. The obvious increase in the level of the FN signal in multicellular 
spheroids could indicate improved functioning of the MIN6 cells and 
more native environments of islets, when compared to that under 2D 
culture conditions. N-cad and E-cad were observed under all conditions 
(Fig. 4A–F), since cadherins are involved in the maintenance of β-cell 
viability. Ca2+-dependent homophilic cell adhesion between β-cells 
within islets was mediated by E-cad, and its function was implicated as a 
mechanism for cell migration and cell growth, particularly, for regu
lating β-cell proliferation in islet-like structures [25]. 

3.4. Insulin secretion and content measurements 

For insulin secretion studies, GSIS was performed using low and high 
concentrations of glucose to stimulate the phases of insulin secretion. 
MIN6 cells were grown on cell-culture plates and hydrogels for 7 days, 
and insulin secretion was determined after 2 h static incubation at 2 or 
20 mM glucose. The MIN6 cells readily secreted insulin, and the clusters 
and spheroids were more efficient at secreting insulin in response to 
glucose with larger amounts of released insulin (Fig. 5A). On MCS- 
culturing hydrogels, the cells showed significant increase in glucose- 
induced insulin secretion at 20 mM than at 2 mM glucose. The glucose 
stimulation indexes (GSI; ratio between insulin secretion at 20 mM and 
at 2 mM glucose) were slightly higher in the case of hydrogel conditions 
(Table 2); however, the values were not significantly different among 
the different conditions. The insulin content of the MIN6 cells was 
sensitive to the substrate, and an increase of approximately 7.3–7.9 folds 
was observed in the cellular insulin content (relative to the amount of 
protein) for the MCS and MLC-culturing hydrogels, when compared to 
the control cells (Fig. 5B). 

Fig. 3. Time-lapse microscope images of MIN6 cells cultured on cell-culture plate (A-C), MLC (D-F) and MCS (G-I)-culturing hydrogels after cell seeding for a 
duration of 48 h. Blue arrows point to the spontaneous formation process of monolayer on culture plate or clustered monolayers and multicellular spheroids on 
hydrogels via migration, proliferation, and mergence. Scale bar: 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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3.5. Gene and protein expression of β-cell transcription factors 

To examine the effects of different culture conditions on the β-cell 
function, gene expression of the critical transcription factors of insulin, 
including pancreatic and duodenal homeobox1 (Pdx1) and neuronal 
differentiation 1 (NeuroD1) were analyzed. These two transcription 
factors play key roles in the maturation, identity, and regeneration of 
β-cells. They also interact with each other to activate the transcription of 
the insulin promoter in β-cells [26,27]. Pdx1 regulates β-cell functions 
such as insulin expression to a great extent. Inactivation of NeuroD has 
been reported to be responsible for the loss of islet cells in mice, 
particularly, in β-cells, because of apoptosis [28], which is a strong 

inductor of insulin. As shown in Fig. 6, hydrogels facilitate tightly 
clustered monolayer and multicellular spheroid formation can improve 
insulin processing. Hydrogels increased Pdx1 and NeuroD1 expression 
significantly above the control levels (Fig. 6A–B). The MCS-culturing 
hydrogel showed 11.5 fold increase in Pdx1 and 2.6 fold increase in 
NeuroD1, compared to the control group. A significant 3.7 fold increase 
in Pdx1 and 1.5 fold increase in NeuroD1 between the MCS and 
MLC-culturing hydrogel groups were observed. Furthermore, as shown 
in Fig. 6E–F, significant enhancement of Pdx1 and NeuroD1 protein 
expression in cells grown on hydrogels was confirmed by Western blot 
analysis, and this trend was similar to the mRNA expression. The 
hydrogel-constructed 3D system promoted significantly higher levels of 

Fig. 4. Immunofluorescence staining of fibronectin (FN, red staining) and N-cadherin (N-cad, green staining) (A, B, C), laminin (LN, red staining) and E-cadherin (E- 
cad, green staining) (D, E, F) in control group (A, D), monolayer clusters (B, E) and multicellular spheroids (C, F); blue staining represents DAPI-positive nuclei. 
Images were taken at 40 × magnification. Scale bar: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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expression of these transcription factors, where MCSs and MLCs signif
icantly presented 2.3 and 1.6 fold increases, respectively, in Pdx1; and 
3.0 and 2.0 fold increases, respectively, in NeuroD1, when compared to 
the control condition. The rising trend between the two types of 
hydrogel groups (MCS vs. MLC) was significant as well. 

Recently, it was found that Piezo ion channels were responsible for 
the mechanical responses in cells. A mechanically activated Ca2+- 
permeable cationic channel, called “Piezo1” was identified in various 
types of mammalian cells [29,30]. It is known that the insulin release 
process is induced by cell swelling, which might be affected by the 
stimulation of the Ca2+-permeable stretch-activated channels on the cell 
membrane; therefore, Piezo1 mRNA and protein levels were detected in 
this study. As shown in Fig. 6C and E–F, the relative mRNA and 
protein-expression levels of Piezo1 were significantly higher in the 3D 
culturing system of hydrogels than in the 2D culture plate (control 
group). 1.9 and 1.3 fold increases in mRNA and protein amounts were 
measured between the MCSs and MLCs, respectively. These results 
indicated that the MIN6 cells were mechanosensitive to the cellular 
microenvironments and that the insulin secretion of the cells was related 
to the activation of Ca2+-permeable cationic channels. 

Ras-related C3 botulinum toxin substrate 1 (Rac1) is a member of the 
Rho family of small GTP-binding proteins, which has been identified in β 
cells, and was reported to be involved in regulating the morphogenesis 

of pancreatic islets, playing a vital role in cell migration and cell adhe
sion [31]. In addition, Rac1 was found to regulate glucose-stimulated 
insulin secretion [32,33], and the knockdown of Rac1 was found to 
result in the inhibition of insulin secretion. As shown in Fig. 6D and E-F, 
MCS and MLC-culturing hydrogel groups presented 1.6 and 1.3 fold 
increases in Rac1 mRNA expression, and 2.4 and 1.5 fold increases in 
Rac1 protein expression, respectively, when compared to the control 
cells. This indicated that the various morphologies of MIN6 cells grown 
in 2D and 3D culture systems could be attributed to the cytoskeleton 
deformations caused by cell migration and adhesion. 

4. Discussion 

In this study, by designing and modifying the physical properties of 
hydrogels, we developed a novel 3D cell-culture platform for MIN6 cells. 
We and others had previously identified that adhesion ligand density 
was one of the key regulators of spheroid formation [20,23], and it was 
reported that the adhesion ligand density of this platform was dependent 
on the GelMA ratio [24]. However, when considering the physi
ochemical properties of GelMA and PEGDA, which comprised the 
hydrogel network, we proposed that the mechanical properties of the 
matrixes could also vary depending on the mass ratio between GelMA 
and PEGDA. Our data with respect to Young’s modulus and stress 
relaxation of MCS and MLC-culturing hydrogels confirmed this point. 
Although it was not demonstrated in the present study, that the delin
eation of Young’s modulus or stress relaxation of this hydrogel platform 
under different conditions in terms of mass ratio or overall mass per
centage, we previously showed the feasibility of such method in tuning 
the Young’s modulus of a similar hydrogel platform (GelMA + poly
acrylamide) by adjusting the mass ratio of GelMA then profiling the 
Young’s modulus of the hydrogel platform [24]. In particular, we found 
that the MSC-culturing hydrogel was viscoelastic, while the MLC one 
was elastic. This is important because, unlike the properties of elastic 

Fig. 5. MIN6 cells were cultured on 2D cell-culture plates (control) and MLC and MCS-culturing hydrogels, and after growing for 7 days, insulin secretion (blank 
bars: 2 mM glucose, black bars: 20 mM glucose) (A) and insulin content (B) normalized to the amount of protein from the corresponding groups measured by GSIS 
and Elisa assays. Values are mean ± SD, n = 3–6. *P < 0.05, **P < 0.01. 

Table 2 
Glucose stimulated index (GSI; ratio between insulin secretion at 20 mM and at 
2 mM glucose) normalized to the amount of protein from MIN6 cells measured 
by GSIS and Elisa assay. Values are mean ± SD, n = 3–6.   

Control MLC-culturing 
hydrogel 

MCS-culturing 
hydrogel 

Glucose stimulation 
index (GSI) 

1.72 ± 0.05 2.02 ± 0.09 2.40 ± 0.05  
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materials, the mechanical properties of viscoelastic materials are 
time-dependent, which provides cells with a highly dynamic mechanical 
microenvironment in the extracellular niches. This could sequentially 
regulate the sensing and interpretation of mechanical input by cells 
through different levels in mechanotransduction cascades (e.g., surface 
adhesion receptors, cytoskeletons, transcriptional programs, etc.), and 
ultimately influence the outputs of the cells, which are manifested 
through different cell behaviors such as cell spreading, stem-cell fate 
[19,34], and MCS formation. We therefore speculated that the presence 
of viscoelasticity in MCS-culturing hydrogels, which was absent in the 
MLC-culturing hydrogels, was another key factor that determined the 
formation of MCSs. It is worth noting here that various living tissues (e. 
g., adipose, liver, brain, etc.) and ECM materials (e.g., collagen, fibrin, 
etc.) are viscoelastic and exhibit stress relaxation as well [29]. This type 
of dynamic, time-dependent mechanical interplay is universally pre
sented between cells and microenvironmental niches in real 
tissue/organs. 

It was found that the morphology of MIN6 cells varied from mono
layers and clusters to multicellular spheroids on different surfaces, 
which was in accordance with a previous report that stated that primary 
β cells were mechanosensitive in response to tissue stiffness [10]. It has 
been observed elsewhere that MIN6 cells tend to assemble to form 

pseudo-islets where more cell–cell interactions are required [35,36]. In 
addition, similar results were demonstrated in other β-cell lines [10,37], 
as well as in different cell types such as tumor cells [21–23] and stem 
cells [11], when applying hydrogel as a 3D cell-culture scaffold. The 
formation of cell aggregates or multicellular spheroids could be due to 
the surrounding ECM with insufficient cell–matrix adhesion function, 
such as scaffolds constructed by electrospinning or stimuli-responsive 
hydrogels, which forced cells to contact each other and then increased 
the cell− cell interactions [38,39]. Moreover, the fate of the cells was not 
decided by only one factor, rather, a combination of various physical 
properties was involved. 

According to the morphological images, primary immunofluores
cence staining studies were performed to observe cell–matrix and 
cell–cell interactions under 2D and 3D cell-culture conditions. FN and 
LN were shown to contribute to β-cell differentiation and islet devel
opment [40,41]. In addition, it was reported that they could induce the 
expression of islet cell markers [29], and enhance insulin secretion and 
glucose responsiveness [42]. Both N-cad and E-cad were observed and 
were found distributed within the cells, which was in accordance with 
the previous findings that pancreatic islet cell–cell adhesion was 
cadherin-mediated [43,44]. N-cad was found to express preferentially in 
β cells and to protect the cells from apoptosis [45]. However, the 

Fig. 6. Gene expression (A-D) and Western blot analysis (E, F) of the transcription factors Pdx1, NeuroD1, Piezo1, and Rac1 in MIN6 cells cultured on cell-culture 
plate (blank bars: control group) and hydrogels (grey bars: MLC-culturing hydrogel and black bars: MCS-culturing hydrogel) after 7 days. The relative gene and 
protein expression were calculated after normalization to the GAPDH. Values are mean ± SD, n = 4–6. *P < 0.05, **P < 0.01 vs. Control. 
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different levels observed by immunofluorescence could also be due to 
the variable affinity or specificity of antibodies. Further studies of pro
teins and associated signaling pathways involved in cell–matrix and 
cell–cell interactions should be considered. 

It has been shown in this study that the formation of clustered 
monolayers and spheroids in a 3D culture system greatly enhances in
sulin synthesis and secretion, while cell survival is high. Similarly, the 
so-called “pseudo-islets” form shows superior function of insulin release 
than isolated cells [46,47]. The reason why the overall insulin secretion 
is significantly lower in the control group might be attributed to the 
following aspects: firstly, it is well known that rodent islets behave 
differently in Petri dishes or in vitro perfusion systems, according to the 
knowledge about how islets behave in their native environment in the 
pancreas. The islet cells tend to form aggregates in their nature behavior. 
Therefore, the control group, which stands for the 2D cell-culture system 
where MIN6 cells were grown on the planar surface of cell culture plate, 
actually provided the cells with an unfavorable microenvironment that 
substantially distinctive from the native ones, and potentially compro
mise the secretion capabilities of the cells, compared to the hydrogel 
platforms. Secondly, nutrients and the cell metabolism can markedly 
affect glucose-stimulated insulin secretion. Given that β-cells are 
continually exposed to a complex milieu of nutrients, they continuously 
couple nutrient metabolism to modulate the synthesis and release of 
insulin. Both the MLC and MCS-culturing hydrogels were fully immersed 
in culture media for hours before use, therefore can deliver nutrients, so 
that the cells could get more nutrients from the hydrogel matrix 
compared to the plastic surface of the Petri dish. Thirdly, the insulin 
synthesis in experimental groups is remarkably higher than the control 
group, which spontaneously results in a higher amount of insulin 
secretion. The promotion of cell function could be explained by 
cell–matrix interactions, biochemical signaling interactions, and an in
crease in glucokinase enzyme activity [27,40,48]. This great enhance
ment was also reported between β cells embedded in islets and isolated β 
cells [49,50]. Moreover, it was found that baseline secretion was also 
strongly increased on the hydrogels, so that the changes in the values of 
GSI were not significantly different, although an increase in insulin 
expression on substrates of hydrogels was observed. The changes in the 
surrounding microenvironments from 2D to 3D could be the reason for 
the variation in baseline secretion, which should be studied further. 

To explore the underlying mechanisms, the mRNA expression of 
typical insulin-transactivating factors including Pdx1 and NeuroD1 were 
analyzed. The inactivation of Pdx1 in β cells in mice was found to cause 
diabetes [51,52]. The relative fold increase in Pdx1, expressed in MIN6 
cells on hydrogels when compared with that on the culture plate in this 
study, was of the same magnitude as that in other studies [53]. The trend 
of NeuroD1 expression in 2D and 3D culture systems found here had also 
been observed elsewhere [54]. In this study, a significant increase in 
Piezo1 mRNA and protein expression levels were measured on hydro
gels, and Piezo1 agonists were suggested to be used as enhancers of 
insulin release from INS-1 cells (one of rat β-cell lines), as the Piezo1 
channel agonist was reported to be involved in cell-swelling–induced 
insulin release [30]. In further studies, patch clamp experiments can be 
designed to measure insulin transportation and the corresponding 
changes in Ca2+-permeable cationic channels through cell membranes. 
Some groups have reported that Rac1 participates in insulin secretion in 
the pancreatic β-cell line via the modulation of cytoskeleton and 
cell–cell contact, where the inhibition of Rac1 functions cause decreased 
insulin secretion [31,32,55,56]. Moreover, the improper movement of 
Rac1 results in glucotoxicity [57]. Therefore, a significant increase in 
Rac1 mRNA and protein expression levels on hydrogels, found in this 
study, might contribute to the formation and genesis of MLCs and MCSs 
as well as increased insulin secretion. 

Various methods have been developed for insulin-secreting cells or 
tissues that maintain proper cellular function and stable glucose-induced 
insulin secretion, such as modifying the composition of specific cell- 
culture media, adding growth factors that stimulate insulin 

production, coculture together with other cell types, and so on [58,59]. 
This study implies that, in addition to the previous strategies, 3D cellular 
microenvironments are of great importance as well. Fig. 7 presents a 
general hypothesis of the current and further studies drawn by us. It 
demonstrates that insulin expression is increased not only by cluster 
formation but also in response to a combination of the stiffness, stress 
relaxation, and adhesion ligands of the corresponding cellular micro
environments. In this highly dynamic 3D microenvironment provided 
by the fabricated viscoelastic materials, the cell behavior and insulin 
synthesis and secreting function of MIN6 cells are influenced by a 
combination of various factors including cell–ECM and cell–cell in
teractions with related proteins such as integrin, cadherin, and catenin, 
ion channels on the cell membrane, cytoskeleton deformation modu
lated by Rac1/ROCK/MLCK pathway [54], and insulin transcription 
factors such as Pdx1, NeuroD1, MafA, and SCD1. 

5. Conclusion 

In conclusion, we proposed a novel 3D cell-culture system that was 
based on a hydrogel for MIN6 cells, which can be a previously under
acknowledged regulator that guides the pancreatic β-cell response. 
MIN6 cells could adhere to the substrate and form multicellular spher
oids (MCSs) via self-organization. Compared to the conventional 2D cell- 
culture method based on planar plates, we found that the insulin syn
thesis and glucose sensitivity were significantly enhanced by tuning the 

Fig. 7. Overview of how microenvironmental properties of hydrogels couple to 
improve the insulin-secreting function of MIN6 cell. 

M. Zhang et al.                                                                                                                                                                                                                                  



Biomaterials 270 (2021) 120687

11

physical properties of the hydrogel matrices. This is the first study that 
investigates a combination of multiple physical properties of bio
materials on β-cell cluster insulin processing. We believe that this 3D 
cell-culture strategy will be a promising platform for diabetes treatment 
in clinical islet transplantation. 
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