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Abstract

BACKGROUND: Islet transplantation is currently considered the most promising method for treating insulin-dependent
diabetes. The two most-studied artificial islets are alginate-encapsulated B cells or  cell spheroids. As three-dimensional
(3D) models, both artificial islets have better insulin secretory functions and transplantation efficiencies than cells in two-
dimensional (2D) monolayer culture. However, the effects of these two methods have not been compared yet. Therefore, in
this study, cells from the mouse islet B cell line Min6 were constructed as scaffold-free spheroids or alginate-encapsulated
dispersed cells.

METHODS: MING cell spheroids were prepared by using Agarose-base microwell arrays. The insulin secretion level was
determined by mouse insulin ELISA kit, and the gene and protein expression status of the MIN6 were performed by
Quantitative polymerase chain reaction and immunoblot, respectively.

RESULTS: Both 3D cultures effectively promoted the proliferation and glucose-stimulated insulin release (GSIS) of
MING6 cells compared to 2D adherent cells. Furthermore, 1% alginate-encapsulated MING6 cells demonstrated more sig-
nificant effects than the spheroids. In general, three pancreatic genes were expressed at higher levels in response to the 3D
culture than to the 2D culture, and pancreatic/duodenal homeobox-1 (PDX1) expression was higher in the cells encap-
sulated in 1% alginate than that in the spheroids. A western blot analysis showed that 1% alginate-encapsulated MING6 cells
activated the phosphoinositide 3-kinase (PI3K)/serine/threonine protein kinase (AKT)/forkhead transcription factor FKHR
(FoxO1) pathway more than the spheroids, 0.5% alginate-, or 2% alginate-encapsulated cells did. The 3D MING6 culture,
therefore, showed improved effects compared to the 2D culture, and the 1% alginate-encapsulated MING6 cells exhibited
better effects than the spheroids. The upregulation of PDX1 expression through the activation of the PI3K/AKT/FoxO1
pathway may mediate the improved cell proliferation and GSIS in 1% alginate-encapsulated MING6 cells.
CONCLUSION: This study may contribute to the construction of in vitro culture systems for pancreatic islets to meet
clinical requirements.
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1 Introduction

Type 1 diabetes damages the [ cells in the pancreatic islet
due to autoimmune causes, which suppress the insulin
secretion function and increase blood glucose levels [1-4].
The requirement for lifelong insulin injections to treat Type
1 diabetes has motivated researchers to explore the effi-
ciency of islet transplantation [5, 6]. A popular method of
islet transplantation, known as the Edmonton Protocol, has
been used since 2000. Its low invasive damage, stable ef-
ficacy, and minimal side effects has made it a promising
long-term cell therapy method and the first choice for
current cell therapies [7, 8]. This method allows 85% of
recipients to be off insulin for at least 1 year as cadaveric
pancreatic cells are harvested and infused into the portal
vein [9]. However, due to the scarcity of pancreatic donors
and long-term anti-immunotherapy, its application remains
limited [10], and the utilization of alternative cells to fab-
ricate artificial islet for transplantation has become a new
hotspot in this field. Currently, several alternative cell
sources for B cells are being explored, with the emergence
of various approaches for developing artificial islets using
tissue engineering, including scaffold-based bioengineer-
ing, macro-devices, insulin-secreting organoids, three-di-
mensional (3D) bioprinting, and pancreas-on-chip. Two
tissue-engineering artificial islet transplantation methods
have been mainly studied: one involves transplanting the
encapsulated insulin-secreting cells into a hydrogel, and the
other involves transplanting insulin-secreting cell aggre-
gates or spheroids [9—15].

The encapsulation of insulin-secreting cell into a
hydrogel is to involves encapsulating the islets or B-like
cells in semi-permeable hydrogel that would enable the
transportation of nutrients, sugars and insulin substances,
but would prevent immunoglobulins, complementary cells,
and immune cells, which would avoid the need for
immunosuppressive agents. Sodium alginate is the most
used hydrogel material [16]. Alginate encapsulation is
often performed using a digested single-cell suspension
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mixed with alginate solution [17]. The sizes of the islets are
important to assess and ensure successful islet transplan-
tations [18]. The transplantation of larger islets is often less
effective due to hypoxic necrosis in the core [19]. Because
endovascular grafts, such as portal vein perfusion, may
induce thrombosis, alginate-encapsulated bodies are gen-
erally transplanted extravascularly, including subcuta-
neously, in the renal capsule, or greater omentum. This
method has long been reported in clinical studies [20].

Insulin-secreting cell aggregates or spheroids involve
proliferation and aggregation of B-like cells in vitro. The
limited sources of human primary islet cells has encour-
aged the analysis of other cell sources, including islet cell
lines such as MING6 [21], human embryonic stem cells
[17, 22], islet stem cells [23], human induced pluripotent
stem cells [24, 25], and islet-secreting cells arising from
transdifferentiation of other cells such as o-cells [26] and
hepatocytes [27]. Intra-islet cellular interactions help
maintain islet function and contribute to the development
and maintenance of the [ cell phenotype and upregulation
of insulin gene expression [28]. Disseminated [} cells form
pseudo-islets after repolymerization and can increase cell
viability and glucagon release levels in a manner similar to
that of native B cells [29]. Therefore, insulin-secreting cells
must form spheroids before transplantation. In clinical
practice, islet transplantation is usually performed by
injecting islets into hepatic sinusoids through the portal
vein. Islet tissues may also be embedded into the kidney
sac or omentum, as demonstrated in previous animal
studies [30].

Differences in the microenvironment can affect cell
behavior and function [31]. Conventional two-dimensional
(2D) monolayer culture is currently the most widely used
method [32]. However, due to the scarcity of cell-cell and
cell-matrix interactions, 2D culture cannot effectively
represent the physiological properties of cells [33].
Recently, the development and application of three-di-
mensional (3D) culture systems have received extensive
attention [34]. Owing to their potential to simulate cell—cell
and cell-matrix interactions and provide the physical
stimulators required for cell growth and differentiation, 3D
culture systems are considered to be more representative of
in vivo physiological properties [35, 36]. Three-dimen-
sional culture systems may be classified as scaffold-based
or scaffold-free depending on the presence of scaffold
materials [37, 38]. Alginate encapsulated artificial islets
and islet cell spheroids are scaffold-based or scaffold-free
cultured 3D tissue-engineered islets, respectively. Numer-
ous in vitro and in vivo experiments have shown that
artificial islets cultured using both methods perform sig-
nificantly better than those in 2D monolayer cultures.
Insulin secretion and glucose-stimulated insulin release
(GSIS) levels in alginate-encapsulated insulin-secreting



Tissue Eng Regen Med (2023) 20(1):127-141

129

cells have been found to be significantly higher than those
in 2D monolayer cultures [10]. Additionally, dispersed
human islet cells may be used to construct spheroids.
Studies involving the transplantation of spheroids into
diabetic mouse models have demonstrated that the glucose
metabolism levels are similar to those following the
transplantation of natural islets, while the transplantation of
2D cells did not significantly improve the glucose meta-
bolism levels [29, 30].

Although both 3D cultured tissue-engineered islets have
better insulin secretory function and GSIS levels, they have
only been compared with 2D cultured cells. To date, the
effects of these two methods have not been directly com-
pared. By comparing the effects of the two methods and
exploring their underlying mechanisms, the factors influ-
encing tissue-engineered islet transplantation can be used
to optimize the construction method and transplantation
conditions used. Therefore, this study compared the func-
tional differences between the two 3D-tissue-engineered
islets to analyze their underlying mechanisms.

Islet B cells are located in the islets that are distributed
throughout the pancreas and account for only 1% of the
total volume of the pancreas. It is relatively difficult to
isolate a large number of primary islets and because the
islets contain mostly other cells rather than 3 cells. In this
study, MING cells, which are mouse islet tumor cells with
insulin-secreting ability, were used instead of animal pan-
creatic tissues to isolate islet cells. The insulin secretion
pattern of MING cells in spheroid culture is similar to that
of isolated human or mouse islets, which are often used as
PI models to simulate islet function [39]. Therefore, in this
study, monolayer-cultured MING6 cells were used as a
control to compare cell spheroids and dispersed cells
encapsulated in alginate gel. The changes in insulin
secretion function and its underlying mechanisms under
different culture methods of MIN6 were also observed to
provide a basis for the analysis of the two islet cell trans-
plantation methods.

2 Materials and methods
2.1 Materials

All reagents used in this study were purchased from Sigma
Chemical Co. (St. Louis, MO, USA) except otherwise
stated. The mouse pancreatic B cell line MIN6 was
obtained from Fu Heng Cell Center (NO. FHO0390,
Shanghai, China). The RPMI 1640 medium, FBS and
CellTiter-Glo® 3D reagents were purchased from Invitro-
gen (Thermo Fisher Scientific Inc., Walthan, MA, USA).
The deionized water was obtained by using a water
purification system (Millipore S.A.S., Guyancourt, France).

The primary antibodies and secondary antibodies were
purchased from Abcam, Cambridge, UK. The chemilumi-
nescence kit and calcein/propidium iodide were obtained
from Bio-Rad (Hercules, CA, USA). The mouse insulin
ELISA kit was supplied by Cloud-clone (CEA448Mu,
Wuhan, China). All other reagents were of analytical grade.

2.2 Cell culture

The mouse pancreatic 3 cell line MIN6 was cultured in
RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 pg/mL streptomycin, 100 U/mL peni-
cillin, 10 mmol/L. HEPES and 50 pmol/L. B-mercap-
toethanol at 37 °C in a humidified environment with 5%
CO,. The cells were passaged with trypsin (0.5% v/v)
every 3 days.

2.3 Preparation of MIN6 spheroids

Agarose-base microwell arrays with a diameter and depth
of 400 um are constructed using replica molding with 3D
printing technology (Envision, Hamburg, Germany). The
trypsin-digested cell suspension (300 pL) was added to a
12-well plate loaded with microwell array molds. The cell
density was approximately 3 x 10° cells/well. The cells
were incubated for 2 h, and 700 pL of fresh complete
medium were added after most of the cells had settled and
aggregated. The fluid was changed every other day. After
1 days of incubation, uniform cell spheroids were observed
in the microporous.

2.4 Preparation of alginate microbeads
encapsulated MING6 cells

Sodium alginate powder was treated with UV light for 4 h;
a mass of sodium alginate powder was dissolved in sterile
deionized water and stirred for 3 h to form clarified col-
loids with concentrations of 0.5%, 1% and 2%(w/v). The
cell suspension was mixed with sodium alginate colloid at
a volume ratio of 1:1 to obtain a final concentration of
1 x 10° cells/mL. After blowing well, the mixture was
added dropwise into a sterile calcium chloride solution
(100 mM) using a syringe (needle type 25G). The medium
was washed three times and removed; after which complete
medium was added for further cultivation.

2.5 Cell viability and proliferation analysis
of different concentrations of hydrogel
encapsulation

We selected final concentrations of 0.5%, 1% and 2% (w/v)

of alginate-encapsulated cells for 3D culture. Cell viability
was tested using the standard operating procedure of the
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live-dead staining kit. The cells were cultured under dif-
ferent conditions for 5 days and stained using calcein/
propidium iodide (AM/PI), and incubated with the cells for
30 min before being observed using a confocal laser
scanning microscope (ZEISS 880; Zeiss, Oberkochen,
Germany). The CellTiter-Glo® 3D reagent was then used
to detect the proliferation behavior of cells under different
culture conditions. The starting cell density was maintained
consistently and cultured until Days 3, 5, and 7, after which
an equal volume of the working solution was added to the
medium. The cells were incubated for 30 min at 25 °C and
then left for 30 min to fully lyse the cells. Afterwards, 100
UL of reaction solution from each well was transferred to a
white-walled 96-well plate, and the proliferation level was
measured using a multifunctional enzyme marker (Perki-
nElmer, Waltham, MA, USA). Cellular ATP levels were
standardized using the Bradford protein quantification
assay.

2.6 Imaging by scanning electron microscopy

The cell spheroids and alginate microbeads were fixed with
precooled paraformaldehyde at 4 °C and dehydrated with
40%, 60%, 80% and 100% ethanol. The collected cell
spheroids were placed on the platform, and the alginate
microbeads were gently cut using a sharp blade. The cut
side was placed on the platform for gold spraying and
imaging using scanning electron microscopy (SEM, Sigma,
Zeiss).

2.7 Cell viability and proliferation analysis
under different culture conditions

MING6 cells were cultured under different conditions for 3,
5 and 7 days. The cells in the various culture environments
were stained using AM/PI for 30 min before being
observed using a confocal laser scanning microscope
(ZEISS 880, Zeiss). The cellTiter-Glo® 3D reagent was
used to detect the proliferation of the cells under different
culture conditions. Cellular ATP level was standardized by
the Bradford protein quantification assay.

2.8 Quantitative analysis of insulin secretion

Insulin secretion measurements were performed using
glucose stimulated insulin secretion (GSIS). The initial cell
density was maintained at the same level. After 5 days of
incubation, the medium was removed, and Krebs—Ringer
bicarbonate HEPES buffer (KRBH) was added and incu-
bated for 30 min. The glucose-free medium was washed
and incubated for 90 min with stimulatory glucose
(25.5 mM) and low glucose (5.5 mM) media, and the
supernatant was collected. Insulin secretion levels were

@ Springer

measured by mouse insulin ELISA kit and standardized
using the Bradford protein quantification assay. The glu-
cose stimulation index (GSI) was calculated by dividing
the insulin secretion at 25.5 mM by the insulin secretion at
5.5 mM glucose.

2.9 Quantitative real-time PCR analysis

After extraction of cellular RNA, the concentration and
purity of RNA were measured using ultra-micro spec-
trophotometer (ABI, Valencia, CA, USA). cDNA was
synthesized by reverse transcription according to the Pri-
meScript™ RT reagent kit. Fluorescence quantification
was performed using the TB Green™™ Premix Ex Taq"™ II
kit and primers. PCR reactions were performed using a
fully-automated medical PCR analysis system (SLAN-96P)
to derive C; values and determine the relative expression of
each gene using the 2782 method. The primer sequences
are shown in Table 1.

2.10 Western blot analysis

A western blot analysis was used to examine the expression
behavior of GLUT2, pancreatic/duodenal homeobox-1
(PDX1), and insulin (INS) proteins in different culture
environments. The cells were collected and lysed in an ice
bath for 10 min with radioimmunoprecipitation assay kit
buffer. The samples were centrifuged at 4 °C and the
supernatant was transferred into EP tubes. The proteins
were then separated using 10% SDS polyacrylamide gel
electrophoresis (SDS-page) and transferred to polyvinyli-
dene difluoride (PVDF) membranes. After blocking with
5% bovine serum albumin (BSA) for 1 h, the primary
antibody was incubated overnight at 4 °C. The horseradish
peroxidase-labeled secondary antibody was added at room
temperature and incubated for 2 h. The PVDF membrane
was immersed in a luminescent solution and observed
using an enhanced chemiluminescence detection system
(Bio-Rad, Chemidoc XRS).

2.11 Signaling pathway analysis under different
culture methods

We further examined the expression of the proteins in the
phosphoinositide 3-kinase (PI3K)/serine/threonine protein
kinase (AKT)/forkhead transcription factor FKHR
(FoxO1)/ pancreatic and duodenal homeobox 1 (PDX1)
signaling pathway. After extracting the proteins, the
expression of PI3K, AKT, phosphorylated AKT (p-AKT),
FoxOl1, phosphorylated FoxO1 (p-FoxO1), and PDX1 was
detected by western blotting. The antibodies used were
anti-PI3K, anti-AKT, anti-p-AKT, anti-FoxOl, anti-P-
FoxOl1, anti-PDX1, and anti-GAPDH. The grayscale
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Table 1 Primers used for gPCR

Gene Forward primer Reverse primer

GAPDH CCAGTATGACTCCACTCACG GACTCCACGACATACTCAGC
GLUT2 TCAGAAGACAAGATCACCGGA GCTGGTGTGACTGTAAGTGGG
PDX1 CCCCAGTTTACAAGCTCGCT CTCGGTTCCATTCGGGAAAGG
INS2 GCTTCTTCTACACACCCATGTC AGCACTGATCTACAATGCCAC

values of the target proteins were analyzed using ImageJ
software and normalized to GAPDH. The phosphorylation
levels of AKT (p-AKT/AKT) and FoxOl1 (p-FoxOl/
FoxO1) were calculated.

2.12 Signaling pathway analysis under alginate
hydrogel culture with different concentration

Various cell signaling pathways may be affected by the
concentration of the hydrogel. The cells were encapsulated
with different concentrations of hydrogel (0.5, 1.0, 2% w/v)
to further study the effect of hydrogel-encapsulated MIN6
cells on PI3K/AKT/FoxOl signaling pathway. The
expressions of PI3K, AKT, P-AKT, FoxOl, P-FoxO1 and
PDX1 was detected using western blotting. Image J was
used to measure the optical density of each band for
quantitative analysis.

2.13 Statistical analysis

All data were obtained from three independent experi-
ments. The data were expressed as mean =+ standard
deviation. Images were processed using GraphPad Prism
8.0 software (GraphPad Software, San Diego, CA, USA).
Comparisons between groups were performed using a two-
way analysis of variance with the Tukey test. Statistical
significance was set at p < 0.05.

3 Results

3.1 MING cells formed cell spheroids on the agarose
microporous matrix

Islet size has been reported to be a critical contributor to
the function of islet cells in secreting islet protein. The
optimal size for clinical islet transplantation is 200 pm
[18]. Therefore, we explored the effect of four cell inocu-
lation densities (7 x 10%, 1 x 10°,3 x 10°,6 x 10’ cells/
mL) on islet size. As shown in Fig. 1A, the MIN6 cells
formed regular and tight islet-like spheroid in the
microwell arrays at different inoculation densities, and the
size of the aggregates were proportional to the initial cell
density (Fig. 1B). After 5 days of culture, the aggregates
were close to 200 um in size at a density of 3 x 10’ cells/

mL; therefore, we chose it as a model to continue exploring
the effects of culture time on the size of the aggregates. The
spheroid size increased from 94 & 4.2 to 186 & 4.9 pm
when the culture time was increased from 1 to 5 days; and
the diameter of the spheroid increased to 252 4 4.3 um as
the culture period was prolonged to 7 days (Fig. 1C, D).
Therefore, we selected cell spheroids with a cell density of
3 x 10° cells/mL and cultured them until Day 5 for
functional validation in subsequent experiments.

3.2 Impact of hydrogel concentration
on the viability and proliferation of MING6 cells

We further examined the potential effect of the concen-
tration of the hydrogel on the viability and proliferation of
MING cells (Fig. 2). We selected 0.5%, 1% and 2% con-
centrations of alginate gels as the models and observed the
cell behavior after they has been encapsulated by the gels.
There were no differences in the numbers of dead cells
among the three concentration groups (Fig. 2A). However,
larger live cell clumps were found in the 0.5% alginate
group. Furthermore, the cells in the 2% alginate group
presented as single cells, indicating that the high hydrogel
concentration was not conducive for maintaining cellular
proliferation. In addition, 0.5% and 1% alginate were found
to be favorable for cell proliferation for 1 or 3 days of
culture, and the 1% group was more favorable for long-
term cell culture than the 0.5% group (5 and 7 days of
culture) (Fig. 2B). The 0.5% alginate group had less
structural rigidity after long-term culture, and it was diffi-
cult to maintain its overall structure at a later stage of
culture. Therefore, we selected the 1% alginate gel group
for this study.

3.3 Surface morphology of two 3D MIN6 models

As shown in Fig. 3A, B, the cells on the surface of the cell
spheroids were closely connected and fused with each
other. The spheroids remained regular in shape after col-
lection, fixation, and dehydration, which further confirmed
that the cells were closely clustered into a microtissue, such
as an islet. As shown in Fig. 3C, D, the cross-sections of
the alginate microbeads showed that the MING cells grew
in spherical clusters on the hydrogel surface. As shown in
Fig. 3E, the dispersed cells encapsulated in 1% sodium

@ Springer



132

Tissue Eng Regen Med (2023) 20(1):127-141

A 7x10%cells/ mL

1)(_1 0% cells/ mL

3x10% cells/ mL 6x1Q5 cells/ mL

day5
B Cell density in chamber Median diamater
(cells mL) (Mm) E 300
7x10¢ 113.4£2.1 % 200
1x108 128.42.8 LI
3x10° 183.6+2.4 ol L 57| i [}
7x10"  1x10° 3x10° 6x10
6x10° 307.1£3.6 Number of cells/ mL

Cc day1

3x10%cells/ mL |

D Cells after culture Median diamater 300
(day) (km) £
1 94.4+4.2 5
3 137.644.9 E 100
5 186.6£4.9 ° 0
7 252.144.3 1 = # ¥

Fig. 1 MING cells spheroids formed in the agarose microwell array.
A Optical image of MING6 spheroids cultured in microwell arrays for
5 days (scale bar, 250 pm); B Size distribution of the spheroid
affected by the initial cell density; C Optical image of the spheroid

alginate proliferated to form clusters. The alginate cell bulk
were showed in Fig. 3F.

3.4 Effects of 3D culture on the viability
and proliferation of MIN6

The cells were stained with AM/PI working solution and
imaged with laser confocal laminar scan. The 2D culture
conditions facilitates the viability and growth of MING6
within 5 days (Fig. 4A). Furthermore, when the cells were
cultured in spheroid form, they maintained high viability
within the first 5 days, and no dead cells were observed;
however, when the culture time was extended to 7 days,
abundant dead cells were found inside the spheroid
(Fig. 4B). The alginate hydrogel-encapsulated cell main-
tained a high survival rate in the first 5 days of culture.

@ Springer

with the initial cell density of 3 x 10° cells/mL (scale bar, 250 pm);
D Diameter of the spheroids affected by the culture period. 2D group
(blank bars), Spheroid group (gray bars), and hydrogel group (black
bars). The scale bar in (A) and (C) is 250 pm

However, dead cells appeared on Day 7, and the survival
rate decreased (Fig. 4C). The CellTiter-Glo® 3D kit was
used to evaluate the proliferation behavior of cells in dif-
ferent culture environments. The spheroid and alginate
hydrogel-encapsulated cells in the 3D culture exhibited
faster proliferation than those in the 2D culture (Fig. 4D).

3.5 Glucose stimulates insulin secretion

We investigated the effects of glucose concentration on the
secretion of islets in the MING cells. The stimulatory glu-
cose (25.5 mM) environment was more favorable for  cell
insulin secretion than the low glucose (5.5 mM) environ-
ment under the three culture conditions (Fig. 5), indicating
that the MING6 cells were more sensitive to high-sugar
stimulation. In addition, the insulin secretion level of the
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Fig. 2 Impact of hydrogel concentration on the viability and
proliferation of MING6 cells. A Live/dead staining of MING6 cells
encapsulated in different concentration of alginate hydrogel on 2D
cell culture plates for 5 days. Scale bar, 50 pm; B Growth behavior of

alginate hydrogel-encapsulated cells in the low-sugar
environment were significantly higher than those the 2D
culture (p < 0.05) and spheroid groups (p < 0.01). The
insulin secretion levels of the cells in the spheroid group
were also higher than those in the 2D culture group, with

3 5 7
day after culture

MING cells in the alginate hydrogel. 2D group (blank bars), Spheroid
group (gray bars), and hydrogel group (black bars). Values are
mean =+ standard error of the mean, n = 3. *p < 0.05, **p < 0.01,
**%p < 0.001 vs. 0.5% alginate. ###p < 0.001 vs. 2% alginate

no statistical difference. This trend is consistent under the
high-glucose conditions. The glucose stimulation indexes
(GSI; ratio between insulin secretion at 25.5 mM and at
5.5 mM glucose) were slightly higher in the case of
hydrogel conditions (Table 2); However, there was no

@ Springer



134

Tissue Eng Regen Med (2023) 20(1):127-141

day3
A y

Spheroid

C

Alginate-hydrogel

Fig. 3 Surface morphology of the two cell models. A The surface
structure of the MING cell spheroids were observed by SEM on Days
3,5 and 7. B Local magnification scan of cell spheroids group on day
5. C SEM images of the cross-section of the alginate gel beads on
Days 3, 5 and 7. D Local magnification scan of the alginate-cell group

significant difference in the amount of GSI secreted by the
cells in 3D spheroid and alginate gel culture conditions.

3.6 Gene and protein expression of f§ cell
transcription factors

We further investigated whether the culture system regu-
lated the expression of P cell related genes, including
GLUT?2, PDX1, INS2. The spheroid and hydrogel groups
could significantly upregulate the expression of islet
secretion-related genes in the MING6 cells, and their
expression levels were higher than those in the 2D group
(Fig. 6A). The expression level of GLUT2 in the cell
spheroid and hydrogel groups was higher than that in the
2D group; however, the difference was not statistically
significant. In addition, the expression levels of PDX1 and
INS2 were the highest in the hydrogel-encapsulated cells
(p < 0.001), and those in the spheroid group were also
significantly higher than those in the 2D group (p < 0.05).
As shown in Fig. 6B, the western blot experiments con-
firmed the high expression of PDX1 and INS in the 3D
culture, and the highest expression levels were found in the
hydrogel group, which was consistent with the PCR results.
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day7

day5

on Day 5. E, F MING cells were encapsulated in 1% alginate, and
imaged in a bright field under an inverted microscope on Days 1, 3, 5
and 7. Scale bars: 100 pm (A, C). Scale bars: 10 um (B, D). Scale
bars: 100 um (E). Scale bars: 250 um (F)

3.7 PI3K/AKT/FoxO1 signaling pathway
in different models of MING6 cells

The expression levels of PI3K, p-AKT/AKT proteins were
significantly higher in the hydrogel group than in the other
two groups (Fig. 7). Their expression levels were also
higher in the spheroid group than in the 2D group, although
there was no significant difference between them. Mean-
while, we examined the expression levels of FoxOl and
P-FoxO1 proteins. According to the results, the hydrogel-
encapsulated cells exhibited the highest P-FoxO1/FoxO1
and PDX1 protein expression levels (Fig. 7). Therefore, we
hypothesize that 3D cultures promoted the insulin secretory
function of MING6 cells by activating PI3K, catalyzing the
phosphorylation of AKT and FoxO1, and upregulating the
expression of PDXI1.

3.8 Effects of alginate concentration on signaling
of PI3BK/AKT/FoxO1 pathway

To further confirm the role PI3K/AKT/FoxO1 pathway in
the 3D MING6 cell culture, the effects of variable concen-
tration of alginate on PI3K/AKT/FoxOl1 signaling pathway
were investigated. Western blot was used to detect the
expression of key proteins, including PI3K, AKT, p-AKT,
FoxOl, p-FoxO1 and PDX-1 (Fig. 8). The results showed
that the PI3K expression was not significant different
between the 0.5% and 1% alginate concentrations, but was
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A

day1 ®

day3

day5

day3

Fig. 4 Effects of 3D culture on the viability and proliferation of
MING. The viability of A the MING cells cultured on 2D cell culture
plate (scale bar, 100 um), B microwell arrays (scale bar, 50 pm), and
C an alginate hydrogel matrix (scale bar, 50 pm). D Proliferation rate

significantly reduced by the 2% alginate concentration
(p < 0.05). The expression of p-AKT/AKT, p-FoxOl/
FoxOl, PDX1 was the highest with the 1% alginate con-
centration (p < 0.05), and there was no significant differ-
ence between the expression level of the 0.5% and 2%
alginate concentration. The 1% hydrogel, therefore,
enhanced the viability of MING6 cells and PI3K/AKT/
FoxOl signaling pathway.

D
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= 4x%107 4 ok Fodk
gﬂ #
§ 3x107 i il = =
x =
& 2x107 A i
=
<
1%107 4
0
1 3 5 7
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of MING in different culture environments. 2D group (blank bars),
Spheroid group (gray bars), and hydrogel group (black bars). Values
are the mean =+ standard error of the mean, n = 3. **¥p < 0.001 vs.
2D. #p < 0.05 vs. Spheroid

4 Discussion

Compared to the MING6 cultured in a 2D system, those in
the spheroids or encapsulated in the alginate hydrogel
exhibit higher cell viability and enhanced insulin secretion
and GSIS response. Although the values of GSI were not
significantly different, the GSIS response may be explained
by different baseline secretion due to the changes in the
surrounding microenvironment. The gene and protein
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Fig. 5 Glucose stimulates insulin secretion. Insulin secretion of
MING cells stimulated by glucose for 5 days. 2D group (blank bars),
spheroid group (gray bars), and hydrogel group (black bars). Values
are mean =+ standard error of the mean, n=3. **p <0.01,
*#%p < 0.001 vs. 2D. #p < 0.05, ##p < 0.01 vs. Spheroid

Table 2 Glucose stimulated index (insulin secreted by cells at high
glucose stimulation condition vs insulin at low glucose stimulation)
standardized to the amount of protein from cells measured by GSIS
and ELISA assay

Condition 2D Spheroids
1% alginate
GSI 1.24 £ 0.05 1.32 £ 0.08 1.32 £ 0.07

Values are mean &= SD, n = 5

expression of functional markers such as PDX1 and INS2
in MING cells were also upregulated in the two 3D models
compared with those in the 2D culture. That is consistent
with the results published by Chowdhury [39], who
reported that Min6 cell spheroids were more responsive to
GSIS than cells in 2D culture. The PI3K inhibitor reduced
GSIS reaction of Min6 cell spheroids, markedly but had no
obvious effect on the 2D cell culture.

The effects of variable alginate concentration on the
MING cells activity were also investigated. The results
showed that 1% alginate hydrogel was more suitable for
long-term Min6 cell culture, this was consistent with Sneha
et al. [40, 41]. The authors showed that low-concentration
alginate hydrogels (0.5% and 1% alginate) were suit-
able for long-term 3D culture of mouse embryonic cells.
The lowest cell proliferation and viability rates were
observed in the 1.5% alginate group. Low-concentration
alginate hydrogels tend to degrade rapidly. The authors
concluded that 1% alginate hydrogel was the most suit-
able choice for 3D encapsulation of mouse embryonic cells
[34].

We found that Min6 cells in the spheroids and 1%
alginate proliferated more than those in the 2D culture,
whereas there were no statistical differences between the
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two 3D groups. However, the 1% alginate hydrogel-en-
capsulated cells showed significantly higher basal insulin
secretion levels and GSIS than the spheroids. In addition,
the expression of B cell related genes (GLUT2, PDXI1,
INS2) varied in the different models. The GLUT2
expression generally remained unchanged among the
models. INS2 expression was upregulated in the 3D culture
compared to that in the 2D culture, but there were no
marked differences in the two 3D models. PDX1 expres-
sion was increased in 3D culture and the alginate-encap-
sulated MING cells showed a higher PDX1 expression than
the MING6 spheroids. GLUT?2 is a carrier protein for glucose
transport, and its expression is related to related to trans-
port velocity [42]. PDX1 plays an important role in  cell
transcription and insulin secretion [43, 44]. INS2 is par-
tially proportional to insulin level [45, 46]. The protein
expression levels of PI3K, p-AKT/AKT, and p-FoxO1/
FoxO1 in the 1% alginate-encapsulated cells were signifi-
cantly higher than those in spheroids and 2D culture. To
confirm the role of PI3K/AKT/FoxO1 signaling on MIN6
functions in different models, we investigated the effects of
variable alginate concentration on the PI3K/AKT/FoxOl1
signaling in the encapsulated cells. The 1% alginate-en-
capsulated MING6 cells showed a higher expression of
PI3K/AKT/FoxOl1 signal molecules than those in 0.5% or
2% alginate.

The PI3K/AKT/FoxOl signaling pathway mediated
insulin secretion by promoting PDX1 expression [47-49].
PI3K/AKT regulates the proliferation and metabolism of
pancreatic B cells [50, 51]. AKT acts as the main down-
stream effector of PI3K [52, 53]. In addition, FoxOl1 is
highly expressed in human and mouse pancreatic B cells
and is regulated by phosphorylated AKT [54-56]. Phos-
phorylation of FoxO1 leads to up-regulate the expression of
PDX1 and promoting insulin transcription [57, 58]. Our
results suggest that 1% alginate hydrogel encapsulating 3
cells exhibit a higher insulin response than cell spheroid,
and the underlying mechanisms may be related to enhanced
PDX1 expression through PI3K/AKT/FoxO1 pathway.
Hence, as represented by the MING6 cells, the alginate
encapsulation system may have better potential for B cells
transplantation than in spheroids.

Similarly, Pei et al. [59] reported that islet-like cell
aggregates generated by a rotating culture system exhibited
enhanced GSIS level compared with the 2D culture system,
the underlying mechanism involved the upregulation of
connexin 36 expression (CX36), inhibition of the RhoA/
ROCK pathway, promotion of F-actin remodeling, and
increase in insulin secretion. MING in the 3D culture sys-
tem may also relate to the MLCK-ROCK/B-catenin path-
way. In contrast, Bernard [60] found that the cell viability
and GSIS ability of MIN6 spheroid encapsulated in a
polyethylene glycol acrylate hydrogel (PEGDA) were
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Fig. 6 A, B Gene and protein expression of B cell transcription
factors. Gene and protein expression of MING6 cells in 2D culture,
microwell array and alginate hydrogel matrix. 2D group (blank bars),
Spheroid group (gray bars), and hydrogel group (black bars). The

relative gene and protein expression were calculated after normal-
ization to the GAPDH. Values are mean =+ standard error of the
mean, n=3. *p<0.05 **p<0.01, ***p <0.001 vs. 2D.
##p < 0.05, ###p < 0.01vs. Spheroid
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Fig. 7 The potential effect of culture environment on the expression
of protein in the PI3BK/AKT/FoxOl signaling pathway. The expres-
sion of PI3K, AKT and p-AKT, FoxOl, p-FoxO1, PDX1 in the MIN6
cells were quantitatively detected by a western blot. 2D group (blank

significantly higher than those of dispersed MING6 cells
encapsulated in PEGDA. The UV-crosslinked synthetic
PEGDA may have impaired cell viability, as the encap-
sulated dispersed cells were only 20% viable after 7 days
in culture. In addition, there was no cell proliferation or
increase in the diameter of the spheroid in PEGDA

bars), Spheroid group (gray bars), and hydrogel group (black bars).
The relative protein expression was calculated after normalization to
the GAPDH. Values are mean + Standard error of the mean, n = 3.
**p < 0.01, #*p < 0.001 vs. 2D. ##H#p < 0.001vs. Spheroid

hydrogel. Therefore, we speculate that the difference of
between the study by Bernard and ours may be due to the
different properties of the two hydrogels.

Compared with the cell spheroid, the alginate-encapsu-
lated cells would be stimulated by mechanical stress caused
by the hydrogel during the growth and proliferation.
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Fig. 8 A, B Effect of alginate gel concentration on the signaling
pathway of MING6 cells. The expression of PI3K, AKT and p-AKT,
FoxOl, p-FoxO1, PDX1 in MING6 cells were quantitatively detected
by western blot. 2D group (blank bars), Spheroid group (gray bars),

Nyitray et al. [59] observed the effect of microenviron-
mental mechanical stress on Min6 with different concen-
trations of polyacrylamide, and found that the insulin
expression of cells in 0.1 kPa scaffolds was significantly
higher than that in 10 kPa scaffolds. The corresponding
mechanism involved the MLCK and ROCK mechano-
transduction pathways, which may have eventually influ-
enced B-catenin signaling and regulated insulin secretion.
The B-catenin activator could block the overexpression of
insulin in the 0.1 kPa scaffold, and the inhibition of insulin
expression in the 10 kPa scaffold was reversed by B-cate-
nin inhibitors [61]. Our study demonstrated that the
expression of the protein in the PI3K/AKT/FoxO1 pathway
and PDX1 was higher in the 1% alginate-encapsulated
MING than that in the 0.5% and 2% sodium alginate-en-
capsulated cells. Adele et al. reported that the Young’s
Modulus of 0.5%, 1% and 2% alginate was
1.85 £+ 0.08 kPa, 2.85 £ 0.25 kPa, 5.29 £ 0.25 kPa,
respectively [62]. And the Young’s Modulus of spheroids
has been reported to be 84 & 78 Pa [63]. These studies
together with our results, demonstrate that a better under-
standing of the mechanisms underlying the functions of 3
cells is necessary to elucidate their optimal functions
involving signaling pathways, including PI3K/AKT/
FOXOI. Cell—cell interactions of pancreatic B cells are
important for maintaining islet function [40], however, our
study showed that MING6 cells dispersed in 1% alginate
continue to proliferate and aggregate, just as spheroids, and
exert cell—cell interactions. It is reasonable that these two
factors may contribute to the improved functions of the
alginate encapsulation of MING6 cells over spheroids,
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and hydrogel group (black bars). The relative gene and protein
expression were calculated after normalization to the GAPDH. Values
are mean =+ Standard error of the mean, n = 3. *p < 0.05, **p < 0.
01, ***p < 0.001 vs. 2D. #p < 0.05, ###p < 0.001vs. Spheroid

including cell—cell interactions and mechanical stimulation
from the matrix.

There are several limitations in this study. The MING6
cell line was established using murine insulinomas. The
endocrine function of MIN6 cells is similar to that of
pancreatic tissue, which makes them ideal models for
studying the function of islet cells. However, they may
rarely be used in future clinical islet transplantations. Islets
can be easily dissociated into single cells and reaggregated
into PIs with controlled sizes and cell compositions. PIs
have been demonstrated to improve viability and function
both in vitro and in vivo, similar to native islets [64]. For
example, human islets have been dissociated and reaggre-
gated into uniform, size-controlled islets via centrifugal-
forced aggregation (CFA-PIs) with greatly enhanced
in vitro function. Furthermore, the performance of CFA-PIs
has been compared favorably with that of native human
islets after transplantation in mouse kidney capsules [29].
In our study, although MING6 cells were used to demon-
strate the differences between two common 3D models of
artificial pancreatic islets, the adoption of single cells from
human islets would not provide more valuable information
for clinical applications.

Besides, to confirm the functions of pancreatic cells in
different 3D models, those pancreatic grafts should be
transplanted in diabetic animals to examine the GSIS,
glucose tolerance testing (GTT), etc. For transplantation of
alginate-encapsulating cells including MIN6 in diabetic
animals, an improved insulin secretion has been demon-
strated [65-67]. However, there were no reports about
direct transplanting MING6 spheroids in diabetic animals as
we can find. Since MIN6 cells were established from
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insulinoma, it is imaginable that MIN6 cells would pro-
liferate rapidly and develop tumors after transplantation,
which would not happen in alginate-encapsulating cells
because of the confinement of alginate. By far, the insulin
secretory functions of MIN6 were usually investigated
in vitro except alginate-encapsulating cells [45, 68].Alter-
natively, islets were considered preferable for direct
transplantation in clinical application [7] or animal exper-
iments [29]. Since that, islets collected from pancreas
should be considered for transplantation to confirm the
conclusions of the present study, which may deserve fur-
ther research and provide substantial evidence for clinical
translation.

In summary, this study compared the behavior of cells
from the pancreatic B cell line MING in spheroids with that
of cells encapsulated in alginate, which comprise two
common in vitro models for artificial pancreatic islets. Cell
proliferation and the expression of islet-related genes were
significantly enhanced in the two 3D-culture compared to
those in the 2D cultures. Compared with the spheroids, the
MING cells encapsulated in 1% alginate exhibited a higher
GSIS, expression of f-cell-related markers, and more
proliferation. In addition, the 3D culture could promote
insulin secretion by upregulating PDX1 expression through
the activation of the PI3K/AKT/FoxOl1 signaling pathway.
Cells encapsulated in 1% alginate further showed higher
PDX1 expression and PI3K/AKT/FoxOl1 signaling than
those in the spheroids and those encapsulated in 0.5% and
2% alginate. Therefore, this study provides insights into
selecting preferable 3D culture systems for B cells for
artificial pancreatic islet transplantation.
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