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Over the years, immortalized rodent β-cell lines such as RIN, HIT, MIN, βTC, and INS-1
have been used to investigate pancreatic β-cell physiology using conventional two-
dimensional (2D) culture techniques. However, physical and physiological limitations
inherent to 2D cell culture necessitates confirmatory follow up studies using sentient
animals. Three-dimensional (3D) culture models are gaining popularity for their
recapitulation of key features of in vivo organ physiology, and thus could pose as
potential surrogates for animal experiments. In this study, we aimed to develop and
characterize a rat insulinoma INS-1 3D spheroid model to compare with 2D monolayers
of the same cell line. Ultrastructural verification was done by transmission electron
microscopy and toluidine blue staining, which showed that both 2D monolayers and
3D spheroids contained highly granulated cells with ultrastructural features synonymous
with mature pancreatic β-cells, with increased prominence of these features observed in
3D spheroids. Viability, as assessed by cellular ATP quantification, size profiling and
glucose utilization, showed that our spheroids remained viable for the experimental
period of 30 days, compared to the limiting 5-day passage period of INS-1 monolayers.
In fact, increasing ATP content together with spheroid size was observed over time,
without adverse changes in glucose utilization. Additionally, β-cell function, assessed
by determining insulin and amylin secretion, showed that the 3D spheroids retained
glucose sensing and insulin secretory capability, that was more acute when compared
to 2D monolayer cultures. Thus, we were able to successfully demonstrate that our
in vitro INS-1 β-cell 3D spheroid model exhibits in vivo tissue-like structural features
with extended viability and lifespan. This offers enhanced predictive capacity of the
model in the study of metabolic disease, β-cell pathophysiology and the potential
treatment thereof.
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INTRODUCTION

Cell culture has been widely employed over the years to answer biologically relevant questions
in various research fields (Figliolini et al., 2014; Zanoni et al., 2016). It provides an opportunity
for better understanding physiological processes prior to verifying the findings in in vivo models.
Cell culture often involves the development and utilization of in vitro, laboratory-based models
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that recapitulate the pathophysiology of disease and evaluate
effective therapeutic modalities (Macdonald, 1990; Skelin et al.,
2010; Bonnier et al., 2015; Gaskell et al., 2016). In drug screening,
conventionally the standard procedure is initiated in an in vitro
cell culture system before being verified in animal models
subsequent to human testing. Besides being resource intensive
and costly often findings fail to be translated when tested in
humans (Fogel, 2018; Seyhan, 2019; Van Norman, 2019). Hence,
one of the important goals in early drug screening is the
development of physiological relevant models that can reduce the
number of animals utilized (Hirschhaeuser et al., 2010; LaBarbera
et al., 2012). Furthermore, the significant decline in therapeutic
inventions is partly associated with the over-reliance on the use
of reductionist biological models in preclinical drug screening,
for instance, the use of immortalized cell lines cultured in two-
dimensional (2D) has been reported (Hirschhaeuser et al., 2010;
Weiswald et al., 2015; Horvath et al., 2016).

The development of human diseases is governed by complex
mechanisms whose scrutiny has proven to be inherently difficult
due to the inability to create normal physical and physiological
environments and attain fundamental biological mechanisms
using conventional 2D systems. The development of three-
dimensional (3D) culturing systems, that provides the physical
environment needed for cells to grow, differentiate, and interact
naturally with each other have proven to be more physiologically
relevant. Three-dimensional culture allows for important cellular
processes to develop such as cell-cell communication and
organization, differentiation and specialization of gene, and
protein expression, relevant to long-term culture for chronic or
age-related research (Levenberg et al., 2003; Baharvand et al.,
2006; Haycock, 2011; Huh et al., 2011; Sabra and Vermette,
2013; Ravi et al., 2015; Jacobi et al., 2017). Briefly, 3D cultures
create a physically improved environment in which immortalized
cell lines are permitted to grow in fabricated devices or
constructs creating 3D structures. These 3D structures mimic
both tissue microarchitecture and function, thereby allowing the
recapitulation of the disease pathophysiology by enabling the
observation of dynamic cell and signaling environments, thus
increasing the preclinical value of 3D models in the field of drug
discovery and as predictors of potential therapeutic outcomes
(Chang and Hughes-Fulford, 2009; Fey and Wrzesinski, 2012;
Gauvin et al., 2012; Fennema et al., 2013; Jacobi et al., 2017).

The etiology of diabetes revolves around insulin-producing
pancreatic β-cell dysfunction (Law et al., 2014). To date, diabetes
research has utilized rodent immortalized β-cell lines, such as
the rat insulinoma cells (RIN), hamster pancreatic β-cells (HIT),
transgenic C57BL/6 mouse insulinoma cells (MIN), β-tumor
cells (βTC), and rat insulinoma cells (INS-1) (Skelin et al.,
2010). These cells produce insulin and smaller amounts of
other endocrine hormones including amylin, with some showing
better responses to glucose than others (Skelin et al., 2010).
These cell lines are primarily used in 2D culture models known
to be relatively easy to work with in terms of experimental
manipulation and analysis. However, in 2D culture they fail to
develop the cellular state of equilibrium characteristic of complex
multicellular tissues needed for stable long-term culture (Rupnik,
2009; Wikstrom et al., 2012; Amin et al., 2016). Despite their

general use, immortalized β-cell culture stability deteriorates over
time, mainly due to phenotypic shifts caused by continuous
growth governed only by regular passaging and unstable long-
term culture (Skelin et al., 2010). In this context, 3D based
models stand to evolve as in vitro alternatives that not only
mimic in vivo microenvironment physically but also enable
uninterrupted long-term dynamic cell growth without the need
for passaging allowing uninterrupted cell-cell interaction and the
development of more tissue-specific morphologies which is more
representative of β-cell physiology. In turn, this would greatly
aid studies of cell-based diabetes therapies, and other diseases
as well, especially those related to chronic long-term treatment.
Of all β-cell lines currently available for research, INS-1 cells are
considered as one of the most physiologically relevant, with an
ability to maintain a differentiated phenotype for up to 6 months
in culture (Hohmeier et al., 2000; Skelin et al., 2010; Amin et al.,
2016). In this study, we modified a method by Fey and Wrzesinski
(2012) to develop an insulin producing 3D INS-1 model. In our
model, we evaluated the ultra-structural features, assessed the
viability and determined the spheroid functionality.

MATERIALS AND METHODS

Cell Culture
Rat insulinoma-derived insulin−producing INS-1 β-cells used
in this study were a kind gift from Professor Luc Bouwens,
Vrije Universtiteit, Brussels, Belgium. INS-1 cells were thawed
from liquid nitrogen storage and seeded at 8 × 105 cells
per 75 cm2 culture flask (Sigma-Aldrich, Cat no: CLS3276),
containing complete growth medium: RPMI-1640 media (Lonza,
Verviers, Belgium; Cat no. BE12-115F) containing L-glutamine
and 11 mM glucose, supplemented with 10% fetal bovine serum
(FBS) (Gibco, Carlsbad, CA; Cat. no. 31885-023) under standard
tissue culture conditions (37◦C, 5% CO2 in humidified air). Cells
were grown for at least three passages before any experiments
could be started with media exchanged every 2–3 days. Sub-
cultures of INS-1 β-cells were created by scraping the adhered
cells in the 75 cm2 culture flasks when a confluency of 70–80%
was reached and cells were used for a maximum of 20 passages.

Two-Dimensional Monolayers and Three-Dimensional
Spheroids Preparation
INS-1 cells were seeded at 1 × 104 cells per well into a 96-
well plate to form 2D monolayers and incubated for 3–4 days
at standard culture conditions. For 3D spheroids, INS-1 cells
were seeded at 7.2 × 106 cells per well into AggreWellTM

400Ex plates (Stemcell Technologies, Grenoble, France; Cat.
no. 27845) which were centrifuged (100 × g; 3 min) and
incubated overnight to form cell aggregates (37◦C, 5% CO2 in
humidified air). The next day, formed cell aggregates were gently
dislodged from the AggreWellTM plate using a disposable Pasteur
pipette and collected into a Petri dish containing complete
growth media. Compact, intact cell aggregates were hand-picked
and transferred into ProtoTissueTM bioreactors (CelVivo ApS,
DK-5491 Blommenslyst, Denmark; Cat. no 010) to facilitate
the formation of spheroids. The spheroids were incubated
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in a rotating BioArray Matrix (BAM) system (CelVivo ApS,
Denmark) at standard culture conditions for 30 days, with media
exchanged every 2–3 days.

Transmission Electron Microscopy (TEM)
Scraped INS-1 2D monolayers and collected 3D spheroids
were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
pH 7.2 at 4◦C for 12 h. After fixation the monolayers and
spheroids were post-fixed in 3% osmium tetroxide in Palade’s
buffer pH 7.4, dehydrated through ascending concentrations of
ethanol into Spurr’s resin and the resin allowed to polymerized
overnight at 60◦C. Semi-thin (1 µM) and Ultra-thin (100 nm)
sections of the monolayers and spheroids were cut using
Leica EM UC7 ultra-microtome (Vienna, Austria) fitted with a
glass knife. Semi-thin sections were stained with 1% toluidine
blue and 1% sodium tetraborate solution using a modified
method from Burns (1978). The ultra-thin ribbon sections were
cut and collected from the water surface onto 200G copper
grids and stained with 2% uranyl acetate and Reynolds lead
acetate (Sabatini et al., 1963), respectively. The stained ultra-
thin sections of both INS-1 cells monolayers and 3D spheroids
were imaged using a Joel JEM 1011 (Akishima, Tokyo) electron
transmission microscope.

Viability Assays
To quantify cellular Adenosine triphosphate (ATP) as a measure
of viability in the 2D monolayers, 75 µl of the CellTiter-Glo R©

reagent was added to each well of a white walled 96-well plate and
incubated under standard tissue culture conditions for 30 min
and shaken (200 rpm, 37◦C) every 10 min to lyse the cells. For
3D spheroids, approximately 10 spheroids per assay were samples
and incubated with 100 µl of the CellTiter-Glo R© reagent following
the manufacturer’s instructions. Luminescence of the cellular
ATP in the cell lysates for both 2D monolayers and 3D spheroids
was measured using the SpectraMax i3 multimode plate reader
(Molecular Devices, California, United States). Cellular ATP was
normalized to the protein content of each well, as determined by
the Bradford protein quantification assay.

Protein Quantification
The Bradford assay (Bio-Rad; Cat no: 500-0203) was used to
determine protein content. Briefly, 5 µL sample of cell lysate
(section “Viability Assays”) from each well was transferred to a
clear, flat-bottom 96-well assay plate. Thereafter, 200 µL Bradford
reagent was added to each well followed by 10 min incubation
at room temperature. Absorbance was measured at 570 nm on
a SpectraMax i3 multimode plate reader. Protein content values
were extrapolated from a BSA-generated standard curve.

Glucose Stimulated Insulin Secretion Assay
Insulin and amylin secretion in response to glucose stimulation
were studied in both 2D monolayers and 3D spheroids. After a
30 min equilibration period with basal glucose media (2.6 mM
glucose) at standard culture conditions, INS-1 2D monolayers
and 3D spheroids were further incubated with 2.6 mM glucose
in media for 90-min. Following this, INS-1 2D monolayers and
3D spheroids were exposed to 16.7 mM glucose (stimulated

conditions) for an additional period of 90 min. The media was
collected and stored at -80◦C.

Insulin and Amylin Secretion Assay
Insulin and amylin secretion into the media was determined
using a rat/mouse insulin ELISA (Merck Millipore, Cat no:
EZRMI-13K) and amylin ELISA Kit (Elabscience, Cat no: E-EL-
R2448) according to the manufacturer’s instructions. Levels of
secreted insulin and amylin in the INS-1 2D monolayers and 3D
spheroids were normalized to cellular protein content, which was
determined using a Bradford assay as described above.

Glucose Utilization of Spheroids
Glucose concentration in culture media was measured using
a One Touch R© Select R© glucometer and glucose utilization
calculated by determining the difference in glucose concentration
between the cell culture media before being added to the
bioreactor and after removal.

Spheroid Size Profiling
Three spheroids were collected on days 1, 4, 10, 19, and
30) into a petri-dish with complete growth media. Spheroids
were visualized and captured using a light microscope (Nikon
Instruments Inc., Walt Whitman Road Melville; New York). For
analysis, the spheroid diameter was measured, and total surface
area of each demarcated spheroid was calculated with Image J
(Schindelin et al., 2012).

Statistical Analysis
All experiments were performed in triplicate and the data
expressed as mean ± standard error of the mean (SEM).
One-way ANOVA was used to compare differences between
2D monolayers and 3D spheroids, with Student’s paired two-
tailed t-test where applicable. Differences between samples in
3D spheroids were analyzed using the Student’s paired two-
tailed t-test and One-way ANOVA. P < 0.05 was defined as
statistically significant.

RESULTS

Ultrastructural Differences Between
INS-1 Cells Cultured in 2D and 3D
The semi-thin resin sections stained with toluidine blue exhibited
typical features of viable cells with euchromatic nuclei and
prominent nucleoli typical of active protein synthesizing cells
(Figure 1). In the 3D spheroids, a clear delineation between
the outer viable cell mantel and the apoptotic/necrotic core is
observed (Figures 1C,D). The viable cell outer mantel showed
similar thickness across the spheroid and between spheroids
(Figure 1D).

Transmission electron microscopy (TEM) was used to
evaluate the ultrastructural features of the 2D monolayers
and 3D spheroids (Figure 2), respectively. Notably, both
the 2D and 3D spheroids expressed ultra-structural features
synonymous with pancreatic β-cells in vivo including the
presence of neuroendocrine granules characteristic of mature
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FIGURE 1 | Histological images of INS-1 2D monolayers and 3D spheroid semi-thin sections stained with toluidine blue. Sections of 2D monolayers revealed
morphological features such as euchromatic nucleic and prominent nucleoli typical of protein producing cells (A,B). 3D spheroids displayed an outer mantel of viable
cells with euchromatic nuclei prominent nucleoli and a central necrotic core (NC) (C,D). Sections captured using 10× and 40× objectives.

β-cells (Figures 2B,C,G,H). These insulin-like secretory
β-granules contained a crystalloid electron−dense core
surrounded by a membrane separated from the core by

a typical halo (Figures 2G,H). These granules were also
visible in 2D monolayers (Figures 2B,C). Other structural
characteristics typical of protein-producing cells included
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FIGURE 2 | Transmission electron micrograph of the INS-1 2D monolayer and 3D spheroids. Electron micrographs demonstrate some characteristic ultrastructural
features synonymous with pancreatic β-cells. In 2D monolayers, cells presented with euchromatic nuclei containing multiple prominent nucleoli (A). In 3D spheroids,
cells displayed euchromatic nuclei with prominent nucleoli (B); the occasional mitotic cell with chromosomes evident, RER and Golgi apparatus (insert, C). AC,
Apoptotic cell; RER, Rough endoplasmic reticulum; N, Nucleus; *Nucleolus, **Chromosomes, Circle DV, dividing cell; GA, Golgi apparatus. Scale bars = 2,000 and
5,000 nm. Electron micrographs confirming the presence of characteristic insulin-like β granules. In 2D monolayers, electron micrographs demonstrate the presence
of many insulin-like secretory β-granules (D and insert E). In 3D spheroids, cells displayed characteristic insulin-like β granules and the presence of an early apoptotic
cell located next to the live cells with cytoplasmic RER and early signs of apoptosis including blebbing of mitochondria (F and insert G). White arrows (#),
mitochondrial blebbing; AC, Apoptotic cell; RER, Rough endoplasmic reticulum; white arrows (*) IG, Insulin secretory β granules. Scale bars = 2,000 and 5,000 nm.
In 2D monolayers, transmission electron micrograph showed the presence of ultrastructural features including of euchromatic nuclei, rough endoplasmic reticulum,
mitochondria, and IG (H). In 3D spheroids, EM showed an area of dead cells in various advanced stages of apoptosis marked with bold arrows (I). Scale
bars = 5,000 and 20,000 nm.

the presence of rough endoplasmic reticulum (RER), Golgi
apparatus, euchromatic nuclei with multiple prominent nucleoli
and numerous mitochondria, important for cellular turnover
processes throughout β-cell lifespan (Figure 2F). Mitotic

cells were occasionally observed, confirming the cell turnover
activity within the outer mantel (Figure 2F). Finally, the
central core of the 3D spheroids presented with an area of
dead cells at different stages of apoptosis and cellular debris
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(Figure 2I), previously depicted in Figure 1C, while fewer
dying cells were observed in 2D monolayers, as expected
(Figure 2D).

Viability Measurement of 2D Monolayer
and 3D Spheroids
Adenosine triphosphate (ATP) levels were found to be higher
in 3D spheroids compared to 2D monolayers (p < 0.05)
(Figure 3A). The ATP content of the spheroids increased
exponentially from day 1 (100%± 2.35) to day 4 (500.4%± 4.71),
i.e., 1.2-fold increase. From day 5 to 30, a further 1–2-fold
daily increase in ATP content was further recorded (Figure 3B).
Glucose utilization was unaltered during the period (Figure 3C).

3D Spheroid Size Profiling
At various time points (1, 4, 10, 14, 19, and 30 days), spheroids
were collected from culture, imaged using a light microscopy to
monitor their growth at different days (Figure 3D). Figure 3D
shows representative optical images of spheroids and the
spheroids surface area is shown in Figure 3E. The areas of the
spheroids increased sequentially from day 1 to 10 proportional
to the increases in ATP content (Figures 3E,B, respectively).
Thereafter, the surface area of the spheroids reached a plateau
between day 14 and 19, followed by an increase up to day
30 (Figure 3E).

INS-1 Spheroid Insulin and Amylin
Secretion After Glucose Stimulation
The rapid response of β-cells to fluctuating glucose
concentrations of is a hallmark of healthy β-cell function. Insulin
and concomitant amylin secretion of INS-1 cells cultured in 2D
monolayers and 3D spheroids in response to basal (2.6 mM) and
stimulated glucose concentrations (16.7 mM), respectively was
assessed. Secreted insulin was detected both in 2D monolayers
and 3D spheroids (Figure 4A). In 2D monolayers, glucose
stimulation resulted in an 8-fold increase in insulin secretion
compared to basal glucose (72.19 ng/mL ± 10.69 vs. 8.40
ng/mL ± 1.66, p = 0.002) (Figure 4A). In the 3D spheroids,
glucose stimulation resulted in a 1.8-fold increase in insulin
secretion compared to basal (41.08 ng/mL ± 5.23 vs. 22.6
ng/mL ± 3.49, p = 0.03) (Figure 4A). Additionally, insulin
secretion in response to glucose stimulation was found to be
1.8-fold lower in 3D spheroids compared to 2D monolayers
(Figure 4A). Of note, amylin secretion was not detectable in
2D monolayers (<5 pg/mL) during basal stimulation while 3D
spheroids secreted amylin at the same conditions (Figure 4B).
In the 3D spheroids, amylin secretion decreased by 1.7-fold at
stimulated glucose levels compared to basal (21.5 pg/mL ± 3.57
vs. 12.8 pg/mL ± 3.08, p = 0.6) (Figure 4B). A comparison
of amylin secretion at stimulated glucose levels showed a
12-fold increase in 3D spheroids compared to 2D monolayers
(Figure 4B). While, no statistical significance was observed
in the insulin to amylin ratio following glucose stimulation
(Figure 4C).

DISCUSSION

Decreased functional pancreatic β-cell mass is a hallmark for
worsening type 2 diabetes and is responsible for relative insulin
insufficiency, thus resulting in dysregulated glucose metabolism
and hyperglycemia. Pancreatic β-cells play a crucial role in
regulating cellular metabolism by secreting insulin in a tightly
regulated manner in response to a wide variety of stimuli, with
glucose being foremost (Henquin, 2005; Poitout et al., 2010;
Marchetti et al., 2017; Moullé et al., 2017). Several in vitro
pancreatic β-cells cell lines such as RIN, HIT, MIN, βTC, and
INS-1 have been used to investigate molecular mechanisms
underlying β-cell function and dysfunction (Skelin et al., 2010).
These cell lines have been mostly employed as flat cultures
(2D conventional culture), which do not entirely mimic human
β-cell physiology (Baharvand et al., 2006; Huh et al., 2011). Cell
structure, behavior, and function are vital in ensuring that the
responses observed in vitro closely represents tissue responses
in vivo. As such interest has increased in the use of 3D cell culture
models, with the resultant spheroids having the potential to better
predict physiological responses of β-cells and to study long-term
repeat dose studies (Baharvand et al., 2006). However, no β-cell
spheroid model has been developed that has been structurally and
functionally compared with standard 2D cultured INS-1 β-cells.
The 3D in vitro pancreatic INS-1 β-cell model described in this
paper offers a physiologically relevant microenvironment for
islet-like cluster formation and maintenance of β-cell function.
We first modified a technique previously used for creating
C3A liver spheroids (Fey and Wrzesinski, 2012) and further
characterized the morphological and ultra-structural features of
the INS-1 3D spheroids generated. On an ultrastructural level,
the spheroids retained the ability to produce membrane-bound
insulin β-granules as seen in the EM micrographs; the granules
were also seen in the 2D monolayers (Figures 2G,H). Thus the
spheroids can still be identified as typical β-cells due to the
presence of distinct β-granules (Sato et al., 1966; Orci, 1985;
Wrenshall, 2006; Ivanova et al., 2013). In the 2D monolayers
(Figures 2C,D), some β-granules appeared to be less electron
dense and thus immature, supporting previous reports (Hutton,
1989, 1994; Masini et al., 2012; Stephens et al., 2017; Ferri et al.,
2019). In the 3D spheroids, these β-granules presented with an
electron dense core associated with the co-storage of insulin and
zinc in a crystallized form (Figures 2G,H), which was associated
with their maturity compared to the 2D monolayers. Indeed,
studies have described that during active insulin biosynthesis
the electron dense crystalline core forms as insulin aggregates
with Zn2+ ions form Zn-hexameric complexes (Suckale and
Solimena, 2010; Li, 2014). The quantity of insulin granules
observed in 2D monolayers correlates with increased insulin
secretion observed during glucose stimulation when compared to
the 3D spheroids (Figure 4A). Although, differential responses
to glucose stimulation existed between 2D monolayers and 3D
spheroids, cells cultured in both systems generally retained the
ability of β-cells in vivo to respond to glucose stimulation with
insulin release (Figure 4A). The ratio of stimulated insulin
secretion in the 3D culture system compared to basal was more
comparable to that described in vivo in humans where healthy
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FIGURE 3 | Viability of 2D monolayers and 3D spheroids. The ATP luminescence was assessed in the 2D monolayers and 3D spheroids after 24 h and 1 day in
culture, respectively. ATP/mg was higher in the 3D spheroids compared to 2D monolayers (A). In the 3D spheroids, ATP content increased from day 1 to 30 (B),
while glucose utilization was comparable throughout (C). The sphere surface area of the spheroids increased from day 1 to 10 and stabilized from day 14 to 19,
followed by a gradual increase up to day 30 (D,E). Scale bars: 200 µm (D). Data expressed as mean ± SEM, Student’s t-test and ANOVA was used to conduct
analysis: #p < 0.05 2D vs. 3D condition (Two-way ANOVA); **p < 0.001 vs. day 1, ***p < 0.0001 vs. day 1 (Ordinary One-way ANOVA).

individuals have been described to secrete 18 and 40 U/day with
half of this amount secreted in the basal state (Ramchandani et al.,
2010). These data are consistent with findings reported by many
on stimulation of insulin secretion in response to glucose using
in vivo models and human studies (Zhang et al., 2004; Moynihan
et al., 2005; Pi et al., 2007; Saadeh et al., 2012).

Observations of RER, Golgi apparatus, euchromatic nuclei,
and prominent nucleoli in both 2D monolayers and 3D spheroids
in our study (Figures 2A,E), were indicative of active cellular
protein synthesis and is consistent with previous findings (Sato
et al., 1966; Lowe and Anderson, 2015). The observation of a
well-developed RER was closely associated with insulin release
data (Figure 4) as studies have shown that RER is vital for
insulin production, modification and secretion via the trans

Golgi network (i.e., Golgi apparatus and secretory granules).
The fact that both our 2D monolayers and spheroids displayed
euchromatic nuclei, multiple nucleoli and mitochondria was
indicative of normal cell function, including the integration
and generation of metabolic signals for glucose homeostasis
(Brun and Maechler, 2016; Jin and Diano, 2018; Schöfer and
Weipoltshammer, 2018). Data from our toluidine blue stained
and TEM semi-thin sections of 3D spheroids confirmed various
cell cycling phases (Figures 1C,D, 2I). These findings are
consistent with literature that in 3D culture, unlike 2D culture,
cells are usually found in various cell cycling stages (such as
proliferation, quiescence, apoptosis, hypoxia, and necrosis) as is
seen in vivo (Khaitan et al., 2006; Hirschhaeuser et al., 2010;
Mehta et al., 2012). The presence of occasional apoptotic and
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FIGURE 4 | Glucose stimulated insulin and amylin secretion. The amount of insulin secreted by the 2D monolayers, after 4 days culture compared to 3D spheroids
after 30 days culture was increased in response to glucose stimulation (A). Amylin secretion by 3D spheroids was slightly increased in response to glucose levels (B).
In 3D spheroids, amylin secretion in response to glucose stimulation was higher than in 2D monolayers (B), while insulin to amylin ratio was not statistically significant
between 2D monolayers and 3D spheroids (C). Data is represented as mean ± SEM of three independent experiments: #p < 0.05; ##p < 0.01 basal vs. stimulation
(Student’s t-test); **p < 0.01 2D vs. 3D condition (One-way ANOVA).

mitotic cells, close to the periphery of the 3D spheroids was
suggestive of active cellular turnover, further supporting the
notion above (Figure 2F). The central core of the spheroids
comprised an area of apoptotic cells and cellular debris
(Figures 1C, 2I), consistent with ischemic stress and/or nutrient
deficiency. The viable cell mantel depth of ca. 100 µm is as
expected consistent with the O2 diffusion distance in tissue (Place
et al., 2017). Our 2D monolayers toluidine blue data showed a
majority of viable cells only (Figures 1A, 2A), consistent with
growth dynamics of passaged cells which remain in a proliferative
state (Khaitan et al., 2006; Mehta et al., 2012). These ultra-
structural features demonstrate how 2D flat culture often fails to
recapitulate in vivo cellular microarchitecture, with the spheroids
providing an intermediate closer to what is seen in vivo.

Our cell viability data showed that 3D spheroids remained
viable for up to 30 days in culture, unlike the 2D cultured INS-
1 monolayers which required sub-culturing after 72–96 h. The
process of subculturing has been shown to disrupt normal cell
function and in fact, can damage cell-cell contact/communication
(Jung et al., 2009; Batista et al., 2010; Wrzesinski and Fey,
2013). Sustained viability over the extended 30-day period
was concomitant to sustained ATP synthesis in the spheroids
(Figure 3B). This indeed, highlights one of the many advantages
of 3D culture which is the ability to grow cells for an extended
period of time without chemical or physical detachment, thus

potentiating a model for long-term studies in vitro. A data
comparison of the ATP content normalized to protein content
between the 2D monolayers and 3D spheroids (Figure 3A),
showed that cells in the 3D spheroids had increased cellular
energy levels compared to those in 2D monolayers, which is
indicative of increased cellular metabolism and is imperative
for insulin synthesis (Levenberg et al., 2003; Haycock, 2011;
Ravi et al., 2015; Jacobi et al., 2017). Theoretically, an increase
in cellular ATP is expected to require increased glucose usage
accompanied by anaerobic glycolysis, however, this was not the
case in our study, contrasting with previous reports (Khaitan
et al., 2006) which may be as a result of discrepancies between
glucose removed from the media and that which was actually
internalized by the cells. In our study, the ATP assay serves
as a crude measure of cellular metabolism and viability. In
future work, we plan on expanding the investigation into these
cellular processes by exploring the roles of oxidative stress
and anaerobic respiration in glucose utilization. Furthermore,
intracellular glucose taken up should be determined in order to
fully represent the gluco-metabolic profile of the cells.

The increases in spheroid surface area (Figures 3E,F)
provided a confirmation of the ability of the spheroids to
adequately respond to glucose, produce ATP and promote cell
growth and replication. The observation that on days 14–19 the
spheroid growth measured in terms of the sphere surface area
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appeared to stabilized or slightly decrease but without impacting
on ATP content (Figures 3F,B, respectively). This implies that
the spheroids were still metabolically active (Khaitan et al., 2006;
Bussador do Amaral et al., 2010) and that perhaps the size
decrease was as a result of contraction of the interconnected cell
network, as opposed to overt cell death. We postulated that, the
sphere surface area reductions could be due to late apoptotic
cellular shrinkage (pyknosis), karyorrhexes within the core and
cytoskeleton intercellular proteins contraction observed by the
presence of more cell-cell junctions within the viable mantle
similar to explanations by Papadopoulos et al. (2000); Cheng et al.
(2009), Sodek et al. (2009) and Huang et al. (2013).

To further compare and contrast the functionality of cells
grown as 2D monolayers and 3D spheroids, we quantified the
secretion of amylin. In essence, amylin and insulin are secreted
in response to glucose, where amylin secretion causes a fall in
glucagon levels which in turn maintains normoglycemia during
the postprandial period (Dégano et al., 1993; Lutz, 2012; Zhang
et al., 2016; Chwalba et al., 2019). Our data has shown a differing
secretion pattern between amylin and its co-stored/secreted
partner insulin, in response to glucose stimulation. The 3D
spheroids were able to secrete detectable levels of amylin at basal
glucose levels, unlike 2D monolayers in our study and thus boasts
another advantage over conventional 2D monolayers of β-cells
(Figure 4B; Diti, 2018). A rare, unlikely observation was that
although our 3D spheroids secreted amylin, they failed to increase
their secretion following a glucose stimulation (Figure 4B). This
is in contrast with literature that shows that amylin secretion
correlates with insulin secretion at a ratio of 1:100 (Moore and
Cooper, 1991; Zhang et al., 2016). Other studies have, however,
described a lack of co-secretion between insulin and amylin
from isolated pancreatic islets in vitro (Dégano et al., 1993;
Stridsberg et al., 1993) suggesting that our spheroids behave
more like isolated islets than 2D cultured β-cells. It is, however,
important to highlight that, in this regard our model will not
aim at replacing islet transplantation therapy but will provide
invaluable knowledge for functional studies where mimicking
the structure and composition of natural tissues in order to
achieve a similar functional outcome is of particular interest.
Several challenges in studies utilizing isolated islets have been
reported by many researchers, and these include ethical concerns
since humans and rodents are involved, the donor shortages, the
intricacy of the isolation process and the stability of isolated islets
in culture (Hart and Powers, 2019; Nano et al., 2019). In this
regard, our 3D spheroid model promises to be a more practical
alternative as these can be largely made available with ease and
enhanced viability in culture and offers a room for improvements
to enhance applicability of research objective. Considering the
result that, 2D monolayers were highly responsive in terms of
insulin secretion, the small amounts of amylin secreted by the
monolayers was a surprising result (Figure 4). Indeed, differential
response to insulin secretion agonists in β-cells cultured under
2D and 3D systems have been reported and may explain the
difference we observed in amylin as the two hormones are co-
secreted (Figure 4B; Ramachandran et al., 2015; Amin et al.,
2016). In addition, due to their non-clonal nature, discrepancies
in variable responses to glucose-stimulated insulin secretion

in INS-1 cells have been described (Merglen et al., 2004).
An important contributor that is required for proper β-cell
function is cell-to-cell communication (Hauge-Evans et al., 1999;
Hohmeier et al., 2000; Merglen et al., 2004). We hypothesize
that the strong dynamic secretory responses observed from INS-1
cells grown as 3D spheroids may have been due to the presence of
cell-cell communication, however, this will need to be assessed
in future studies. In essence, this indicates that 3D spheroids
displayed cell-to-cell communication properties required for
proper function. These 3D spheroids did, however, also display
notable differences in comparison with native β-cells in terms of
amylin secretion which warrants further investigation.

Our data, presented in this study, collectively compared
ultrastructural components and cellular responses of INS-1
pancreatic β-cells cultured as 2D monolayers or as 3D spheroids.
A range of assays were used to characterize the dynamic
responses, where we showed that INS-1 cells cultured as 3D
spheroids more closely mimicked β-cells in vivo compared to
2D monolayers as evident in improved biochemical processes,
prolonged viability in culture and cellular heterogeneity. Using
this 3D culturing method could ultimately hold great benefits
in disease research related to chronic/long-term effects or
treatments and could alleviate reliance on animal models
for these purposes.

CONCLUSION

In the present study, we successfully developed a reproducible
technique for creating 3D INS-1 pancreatic β-cell spheroids. Our
data revealed that the 3D spheroids displayed in vivo-like ultra-
structural features of β-cells with the ability to secrete insulin and
amylin in response to glucose stimulation. This 3D cultured INS-
1 spheroid model not only represents significant improvement
on conventional 2D monolayers but may also represent an
alternative intermediate to the use of sentient animals in research.
Our spheroid model holds promise as a novel in vitro β-cell
model for studying gluco-metabolic related diseases over longer
periods of time.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material, further inquiries can be directed
to the corresponding author/s.

AUTHOR CONTRIBUTIONS

YN: writing—original draft, investigation, methodology of 3D
related experiments, and writing—review and editing. JB:
methodology 2D related experiments and writing—review and
editing. ES: writing—review and editing and visualization. CM:
visualization, supervision, and writing—review and editing. NC:
supervision, conceptualization, visualization, writing—review
and editing, and funding acquisition. All authors contributed to
the article and approved the submitted version.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 January 2021 | Volume 8 | Article 623889

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-623889 February 27, 2021 Time: 10:59 # 10

Ntamo et al. In vitro Characterization of Insulin-Producing β-Cell Spheroids

FUNDING

The work reported herein was made possible through
funding by the National Research Foundation Thuthuka
Grant (Grant UID 106951), Department of Science and
(DSI): Professional Development Programme Block Grant

(Grant UID 128107) and the South African Medical
Research Council through its Division of Research
Capacity Development under the SAMRC internship
scholarship funding programme and the SAMRC Intra-mural
Postdoctoral programme as received from the South African
National Treasury.

REFERENCES
Amin, J., Ramachandran, K., Williams, S. J., Lee, A., Novikova, L., and Stehno-

Bittel, L. (2016). A simple, reliable method for high-throughput screening for
diabetes drugs using 3D β-cell spheroids. J. Pharmacol. Toxicol. Methods 82,
83–89. doi: 10.1016/j.vascn.2016.08.005

Baharvand, H., Hashemi, S. M., Kazemi Ashtiani, S., and Farrokhi, A. (2006).
Differentiation of human embryonic stem cells into hepatocytes in 2D and
3D culture systems in vitro. Int. J. Dev. Biol. 50, 645–652. doi: 10.1387/ijdb.
052072hb

Batista, U., Garvas, M., Nemec, M., Schara, M., Veranic, P., and Koklic,
T. (2010). Effects of different detachment procedures on viability,
nitroxide reduction kinetics and plasma membrane heterogeneity
of V-79 cells. Cell Biol. Int. 34, 663–668. doi: 10.1042/CBI200
90276

Bonnier, F., Keating, M. E., Wróbel, T. P., Majzner, K., Baranska, M., Garcia-
Munoz, A., et al. (2015). Cell viability assessment using the Alamar blue assay:
a comparison of 2D and 3D cell culture models. Toxicol. In Vitro 29, 124–131.
doi: 10.1016/j.tiv.2014.09.014

Brun, T., and Maechler, P. (2016). Beta-cell mitochondrial carriers and the
diabetogenic stress response. Biochim. Biophys. Acta 1863, 2540–2549. doi: 10.
1016/j.bbamcr.2016.03.012

Burns, W. A. (1978). “Ch. 4 Thick sections: technique and applications”, Diagnostic
ElectronMicroscopy, eds B. F. Trump and R. J. Jones (New York, NY: John Wiley
& Sons).

Bussador do Amaral, J., Urabayashi, M. S., and Maria Machado-Santelli, G. (2010).
Cell death and lumen formation in spheroids of MCF-7 cells. Cell Biol. Int. 34,
267–274. doi: 10.1042/CBI20090024

Chang, T. T., and Hughes-Fulford, M. (2009). Monolayer and spheroid culture of
human liver hepatocellular carcinoma cell line cells demonstrate distinct global
gene expression patterns and functional phenotypes. Tissue Eng. Part A 15,
559–567. doi: 10.1089/ten.tea.2007.0434

Cheng, G., Tse, J., Jain, R. K., and Munn, L. L. (2009). Micro-environmental
mechanical stress controls tumor spheroid size and morphology by suppressing
proliferation and inducing apoptosis in cancer cells. PLoS One 4:e4632. doi:
10.1371/journal.pone.0004632

Chwalba, A., Dudek, A., and Otto-Buczkowska, E. (2019). Role of amylin in
glucose homeostasis. Aust. Diabet. Res. 4, 1021–1024. Available online at: https:
//austinpublishinggroup.com/diabetes-research/fulltext/adr-v4-id1021.php

Dégano, P., Silvestre, R. A., Salas, M., Peiró, E., and Marco, J. (1993). Amylin
inhibits glucose-induced insulin secretion in a dose-dependent manner. study
in the perfused rat pancreas. Regul. Pept. 43, 91–96. doi: 10.1016/0167-0115(93)
90411-Z

Diti, C. B. (2018). The Molecular Mechanisms of Stress-Induced Amylin
Turnover in Pancreatic Beta Cell – ProQuest. Available online at:
https://search.proquest.com/openview/fdeb5df299bc4c934c67877e0a13335d/
1?pq-origsite=gscholar&cbl=18750&diss=y (accessed January 18, 2021).

Fennema, E., Rivron, N., Rouwkema, J., van Blitterswijk, C., and de
Boer, J. (2013). Spheroid culture as a tool for creating 3D complex
tissues. Trends Biotechnol. 31, 108–115. doi: 10.1016/j.tibtech.2012.
12.003

Ferri, G., Digiacomo, L., Lavagnino, Z., Occhipinti, M., Bugliani, M., Cappello,
V., et al. (2019). Insulin secretory granules labelled with phogrin-fluorescent
proteins show alterations in size, mobility and responsiveness to glucose
stimulation in living β-cells. Sci. Rep. 9:2890. doi: 10.1038/s41598-019-
39329-5

Fey, S. J., and Wrzesinski, K. (2012). Determination of drug toxicity using 3D
spheroids constructed from an immortal human hepatocyte cell line. Toxicol.
Sci. 127, 403–411. doi: 10.1093/toxsci/kfs122

Figliolini, F., Cantaluppi, V., De Lena, M., Beltramo, S., Romagnoli, R., Salizzoni,
M., et al. (2014). Isolation, characterization and potential role in beta cell-
endothelium cross-talk of extracellular vesicles released from human pancreatic
islets. PLoS One 9:e102521. doi: 10.1371/journal.pone.0102521

Fogel, D. B. (2018). Factors associated with clinical trials that fail and opportunities
for improving the likelihood of success: a review. Contemp. Clin. Trials
Commun. 11, 156–164. doi: 10.1016/j.conctc.2018.08.001

Gaskell, H., Sharma, P., Colley, H. E., Murdoch, C., Williams, D. P., and Webb, S. D.
(2016). Characterization of a functional C3A liver spheroid model. Toxicol. Res.
5, 1053–1065. doi: 10.1039/C6TX00101G

Gauvin, R., Chen, Y. C., Lee, J. W., Soman, P., Zorlutuna, P., Nichol, J. W., et al.
(2012). Microfabrication of complex porous tissue engineering scaffolds using
3D projection stereolithography. Biomaterials 33, 3824–3834. doi: 10.1016/j.
biomaterials.2012.01.048

Hart, N. J., and Powers, A. C. (2019). Use of human islets to understand islet biology
and diabetes: progress, challenges and suggestions. Diabetologia 62, 212–222.
doi: 10.1007/s00125-018-4772-2

Hauge-Evans, A. C., Squires, P. E., Persaud, S. J., and Jones, P. M. (1999).
Pancreatic beta-cell-to-beta-cell interactions are required for integrated
responses to nutrient stimuli: enhanced Ca2+ and insulin secretory responses
of MIN6 pseudoislets. Diabetes 48, 1402–1408. doi: 10.2337/diabetes.48.
7.1402

Haycock, J. W. (2011). “3D cell culture: a review of current approaches and
techniques,” in 3D Cell Culture, ed. J. W. Haycock (Totowa, NJ: Humana Press),
1–15. doi: 10.1007/978-1-60761-984-0_1

Henquin, J. C. (2005). “Cell biology of insulin secretion,” in Joslin’s Diabetes
Mellitus, eds C. R. Kahn, G. C. Weir, G. L. King, A. M. Jacobson, A. C.
Moses, and R. J. Smith (New York, NY: Lippincott Williams and Wilkins Ltd),
83–108.

Hirschhaeuser, F., Menne, H., Dittfeld, C., West, J., Mueller-Klieser, W., and Kunz-
Schughart, L. A. (2010). Multicellular tumor spheroids: an underestimated
tool is catching up again. J. Biotechnol. 148, 3–15. doi: 10.1016/j.jbiotec.2010.
01.012

Hohmeier, H. E., Mulder, H., Chen, G., Henkel-Rieger, R., Prentki, M.,
and Newgard, C. B. (2000). Isolation of INS-1-derived cell lines with
robust ATP-sensitive K+ channel-dependent and -independent glucose-
stimulated insulin secretion. Diabetes 49, 424–430. doi: 10.2337/diabetes.
49.3.424

Horvath, P., Aulner, N., Bickle, M., Davies, A. M., Nery, E. D., Ebner, D., et al.
(2016). Screening out irrelevant cell-based models of disease. Nat. Rev. Drug
Discov. 15, 751–769. doi: 10.1038/nrd.2016.175

Huang, Y., Zitta, K., Bein, B., Steinfath, M., and Albrecht, M. (2013). An
insert-based enzymatic cell culture system to rapidly and reversibly induce
hypoxia: investigations of hypoxia-induced cell damage, protein expression and
phosphorylation in neuronal IMR-32 cells. Dis. Model Mech. 6, 1507–1514.
doi: 10.1242/dmm.013078

Huh, D., Hamilton, G. A., and Ingber, D. E. (2011). From 3D cell culture to
organs-on-chips. Trends Cell Biol. 21, 745–754. doi: 10.1016/j.tcb.2011.09.005

Hutton, J. C. (1989). The insulin secretory granule. Diabetologia 32, 271–281.
doi: 10.1007/BF00265542

Hutton, J. C. (1994). Insulin secretory granule biogenesis and the proinsulin-
processing endopeptidases. Diabetologia 37, S48–S56. doi: 10.1007/BF00400826

Ivanova, A., Kalaidzidis, Y., Dirkx, R., Sarov, M., Gerlach, M., Schroth-Diez, B.,
et al. (2013). Age-dependent labeling and imaging of insulin secretory granules.
Diabetes 62, 3687–3696. doi: 10.2337/db12-1819

Jacobi, N., Seeboeck, R., Hofmann, E., Schweiger, H., Smolinska, V., Mohr, T.,
et al. (2017). Organotypic three-dimensional cancer cell cultures mirror drug
responses in vivo: lessons learned from the inhibition of EGFR signaling.
Oncotarget 8, 107423–107440. doi: 10.18632/oncotarget.22475

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 January 2021 | Volume 8 | Article 623889

https://doi.org/10.1016/j.vascn.2016.08.005
https://doi.org/10.1387/ijdb.052072hb
https://doi.org/10.1387/ijdb.052072hb
https://doi.org/10.1042/CBI20090276
https://doi.org/10.1042/CBI20090276
https://doi.org/10.1016/j.tiv.2014.09.014
https://doi.org/10.1016/j.bbamcr.2016.03.012
https://doi.org/10.1016/j.bbamcr.2016.03.012
https://doi.org/10.1042/CBI20090024
https://doi.org/10.1089/ten.tea.2007.0434
https://doi.org/10.1371/journal.pone.0004632
https://doi.org/10.1371/journal.pone.0004632
https://austinpublishinggroup.com/diabetes-research/fulltext/adr-v4-id1021.php
https://austinpublishinggroup.com/diabetes-research/fulltext/adr-v4-id1021.php
https://doi.org/10.1016/0167-0115(93)90411-Z
https://doi.org/10.1016/0167-0115(93)90411-Z
https://search.proquest.com/openview/fdeb5df299bc4c934c67877e0a13335d/1?pq-origsite=gscholar&cbl=18750&diss=y
https://search.proquest.com/openview/fdeb5df299bc4c934c67877e0a13335d/1?pq-origsite=gscholar&cbl=18750&diss=y
https://doi.org/10.1016/j.tibtech.2012.12.003
https://doi.org/10.1016/j.tibtech.2012.12.003
https://doi.org/10.1038/s41598-019-39329-5
https://doi.org/10.1038/s41598-019-39329-5
https://doi.org/10.1093/toxsci/kfs122
https://doi.org/10.1371/journal.pone.0102521
https://doi.org/10.1016/j.conctc.2018.08.001
https://doi.org/10.1039/C6TX00101G
https://doi.org/10.1016/j.biomaterials.2012.01.048
https://doi.org/10.1016/j.biomaterials.2012.01.048
https://doi.org/10.1007/s00125-018-4772-2
https://doi.org/10.2337/diabetes.48.7.1402
https://doi.org/10.2337/diabetes.48.7.1402
https://doi.org/10.1007/978-1-60761-984-0_1
https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.2337/diabetes.49.3.424
https://doi.org/10.2337/diabetes.49.3.424
https://doi.org/10.1038/nrd.2016.175
https://doi.org/10.1242/dmm.013078
https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.1007/BF00265542
https://doi.org/10.1007/BF00400826
https://doi.org/10.2337/db12-1819
https://doi.org/10.18632/oncotarget.22475
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-623889 February 27, 2021 Time: 10:59 # 11

Ntamo et al. In vitro Characterization of Insulin-Producing β-Cell Spheroids

Jin, S., and Diano, S. (2018). Mitochondrial dynamics and hypothalamic regulation
of metabolism. Endocrinology 159, 3596–3604. doi: 10.1210/en.2018-00667

Jung, K. H., Paik, J. Y., Lee, Y. L., Lee, Y. J., Lee, J., and Lee, K. H. (2009).
Trypsinization severely perturbs radioiodide transport via membrane Na/I
symporter proteolysis: implications for reporter gene imaging. Nucl. Med. Biol.
36, 967–974. doi: 10.1016/j.nucmedbio.2009.06.010

Khaitan, D., Chandna, S., Arya, M., and Dwarakanath, B. (2006). Establishment
and characterization of multicellular spheroids from a human glioma cell line;
Implications for tumor therapy. J. Transl. Med. 4:12. doi: 10.1186/1479-5876-
4-12

LaBarbera, D. V., Reid, B. G., and Yoo, B. H. (2012). The multicellular tumor
spheroid model for high-throughput cancer drug discovery. Expert Opin. Drug
Discov. 7, 819–830. doi: 10.1517/17460441.2012.708334

Law, C. J., Ashcroft, H. A., Zheng, W., and Sexton, J. Z. (2014). Assay development
and multivariate scoring for high-content discovery of chemoprotectants
of endoplasmic-reticulum-stress-mediated amylin-induced cytotoxicity in
pancreatic beta cells. Assay Drug Dev. Technol. 12, 375–384. doi: 10.1089/adt.
2014.591

Levenberg, S., Huang, N. F., Lavik, E., Rogers, A. B., Itskovitz-Eldor, J., and
Langer, R. (2003). Differentiation of human embryonic stem cells on three-
dimensional polymer scaffolds. Proc. Natl. Acad. Sci. U.S.A. 100, 12741–12746.
doi: 10.1073/pnas.1735463100

Li, Y. V. (2014). Zinc and insulin in pancreatic beta-cells. Endocrine 45, 178–189.
doi: 10.1007/s12020-013-0032-x

Lowe, J., and Anderson, P. (2015). Stevens & Lowe’s Human Histology, 4th Edn.
Philadelphia, PA: Elsevier Mosby.

Lutz, T. A. (2012). Control of energy homeostasis by amylin. Cell. Mol. Life Sci. 69,
1947–1965. doi: 10.1007/s00018-011-0905-1

Macdonald, C. (1990). Development of new cell lines for animal cell biotechnology.
Crit. Rev. Biotechnol. 10, 155–178. doi: 10.3109/07388559009068265

Marchetti, P., Bugliani, M., De Tata, V., Suleiman, M., and Marselli, L. (2017).
Pancreatic beta cell identity in humans and the role of type 2 diabetes. Front.
Cell Dev. Biol. 5:55. doi: 10.3389/fcell.2017.00055

Masini, M., Marselli, L., Bugliani, M., Martino, L., Masiello, P., Marchetti, P., et al.
(2012). Ultrastructural morphometric analysis of insulin secretory granules in
human type 2 diabetes. Acta Diabetol. 49, 247–252. doi: 10.1007/s00592-012-
0446-6

Mehta, G., Hsiao, A. Y., Ingram, M., Luker, G. D., and Takayama, S. (2012).
Opportunities and challenges for use of tumor spheroids as models to test drug
delivery and efficacy. J. Control. Release 164, 192–204. doi: 10.1016/j.jconrel.
2012.04.045

Merglen, A., Theander, S., Rubi, B., Chaffard, G., Wollheim, C. B., and Maechler, P.
(2004). Glucose sensitivity and metabolism-secretion coupling studied during
two-year continuous culture in INS-1E insulinoma cells. Endocrinology 145,
667–678. doi: 10.1210/en.2003-1099

Moore, C. X., and Cooper, G. J. S. (1991). Co-secretion of amylin and insulin from
cultured islet β-cells: modulation by nutrient secretagogues, islet hormones and
hypoglycemic agents. Biochem. Biophys. Res. Commun. 179, 1–9. doi: 10.1016/
0006-291X(91)91325-7

Moullé, V. S., Ghislain, J., and Poitout, V. (2017). Nutrient regulation of pancreatic
β-cell proliferation. Biochimie 143, 10–17. doi: 10.1016/j.biochi.2017.09.017

Moynihan, K. A., Grimm, A. A., Plueger, M. M., Bernal-Mizrachi, E., Ford, E., Cras-
Méneur, C., et al. (2005). Increased dosage of mammalian Sir2 in pancreatic
β cells enhances glucose-stimulated insulin secretion in mice. Cell Metab. 2,
105–117. doi: 10.1016/j.cmet.2005.07.001

Nano, R., Kerr-Conte, J. A., Bosco, D., Karlsson, M., Lavallard, V., Melzi, R., et al.
(2019). Islets for research: nothing is perfect, but we can do better. Diabetes 68,
1541–1543. doi: 10.2337/db19-0367

Orci, L. (1985). The insulin factory: a tour of the plant surroundings and a visit
to the assembly line: the Minkowski lecture 1973 revisited. Diabetologia 28,
528–546. doi: 10.1007/BF00281987

Papadopoulos, S., Jürgens, K. D., and Gros, G. (2000). Protein diffusion in living
skeletal muscle fibers: dependence on protein size, fiber type, and contraction.
Biophys. J. 79, 2084–2094. doi: 10.1016/S0006-3495(00)76456-3

Pi, J., Bai, Y., Zhang, Q., Wong, V., Floering, L. M., Daniel, K., et al. (2007). Reactive
oxygen species as a signal in glucose-stimulated insulin secretion. Diabetes 56,
1783–1791. doi: 10.2337/db06-1601

Place, T. L., Domann, F. E., and Case, A. J. (2017). Limitations of oxygen delivery
to cells in culture: an underappreciated problem in basic and translational
research. Free Radic. Biol. Med. 113, 311–322. doi: 10.1016/j.freeradbiomed.
2017.10.003

Poitout, V., Amyot, J., Semache, M., Zarrouki, B., Hagman, D., and Fontés, G.
(2010). Glucolipotoxicity of the pancreatic beta cell. Biochim. Biophys. Acta
1801, 289–298. doi: 10.1016/j.bbalip.2009.08.006

Ramachandran, K., Huang, H.-H., and Stehno-Bittel, L. (2015). A simple method
to replace islet equivalents for volume quantification of human islets. Cell
Transplant. 24, 1183–1194. doi: 10.3727/096368914X681928

Ramchandani, N., Ellis, M. K., Jain, S., Bhandari, S., Anhalt, H., Maclaren, N. K.,
et al. (2010). Basal insulin requirements on continuous subcutaneous insulin
infusion during the first 12 months after diagnosis of type 1 diabetes mellitus.
J. Diabetes Sci. Technol. 4, 610–614. doi: 10.1177/193229681000400315

Ravi, M., Paramesh, V., Kaviya, S. R., Anuradha, E., and Solomon, F. D. (2015). 3D
cell culture systems: advantages and applications. J. Cell. Physiol. 230, 16–26.
doi: 10.1002/jcp.24683

Rupnik, M. (2009). The physiology of rodent beta-cells in pancreas slices. Acta
Physiol. 195, 123–138. doi: 10.1111/j.1748-1716.2008.01927.x

Saadeh, M., Ferrante, T. C., Kane, A., Shirihai, O., Corkey, B. E., and Deeney, J. T.
(2012). Reactive oxygen species stimulate insulin secretion in rat pancreatic
islets: studies using mono-oleoyl-glycerol. PLoS One 7:e30200. doi: 10.1371/
journal.pone.0030200

Sabatini, D. D., Bensch, K., and Barrnett, R. J. (1963). Cytochemistry and electron
microscopy. J. Cell Biol. 17, 19–58. doi: 10.1083/jcb.17.1.19

Sabra, G., and Vermette, P. (2013). A 3D cell culture system: separation distance
between INS-1 cell and endothelial cell monolayers co-cultured in fibrin
influences INS-1 cells insulin secretion. Biotechnol. Bioeng. 110, 619–627. doi:
10.1002/bit.24716

Sato, T., Herman, L., and Fitzgerald, P. J. (1966). The comparative ultrastructure
of the pancreatic islet of Langerhans. Gen. Comp. Endocrinol. 7, 132–157. doi:
10.1016/0016-6480(66)90094-3

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676–682. doi: 10.1038/nmeth.2019

Schöfer, C., and Weipoltshammer, K. (2018). Nucleolus and chromatin.
Histochem. Cell Biol. 150, 209–225. doi: 10.1007/s00418-018-
1696-3

Seyhan, A. A. (2019). Lost in translation: the valley of death across preclinical and
clinical divide – identification of problems and overcoming obstacles. Transl.
Med. Commun. 4:18. doi: 10.1186/s41231-019-0050-7

Skelin, M., Rupnik, M., and Cencic, A. (2010). Pancreatic beta cell lines and their
applications in diabetes mellitus research. ALTEX 27, 105–113. doi: 10.14573/
altex.2010.2.105

Sodek, K. L., Ringuette, M. J., and Brown, T. J. (2009). Compact spheroid formation
by ovarian cancer cells is associated with contractile behavior and an invasive
phenotype. Int. J. Cancer 124, 2060–2070. doi: 10.1002/ijc.24188

Stephens, S. B., Edwards, R. J., Sadahiro, M., Lin, W.-J., Jiang, C., Salton, S. R., et al.
(2017). The prohormone VGF regulates β cell function via insulin secretory
granule biogenesis. Cell Rep. 20, 2480–2489. doi: 10.1016/j.celrep.2017.08.0
50

Stridsberg, M., Sandler, S., and Wilander, E. (1993). Cosecretion of islet amylid
polypeptide (IAPP) and insulin from isolated rat pancreatic islets following
stimulation or inhibition of β-cell function. Regul. Pept. 45, 363–370. doi: 10.
1016/0167-0115(93)90362-C

Suckale, J., and Solimena, M. (2010). The insulin secretory granule as a signaling
hub. Trends Endocrinol. Metab. 21, 599–609. doi: 10.1016/j.tem.2010.06.003

Van Norman, G. A. (2019). Limitations of animal studies for predicting toxicity in
clinical trials. JACC Basic Transl. Sci. 4, 845–854. doi: 10.1016/j.jacbts.2019.10.
008

Weiswald, L. B., Bellet, D., and Dangles-Marie, V. (2015). Spherical cancer
models in tumor biology. Neoplasia 17, 1–15. doi: 10.1016/j.neo.2014.
12.004

Wikstrom, J. D., Sereda, S. B., Stiles, L., Elorza, A., Allister, E. M., Neilson, A., et al.
(2012). A novel high-throughput assay for islet respiration reveals uncoupling
of rodent and human islets. PLoS One 7:e33023. doi: 10.1371/journal.pone.
0033023

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 January 2021 | Volume 8 | Article 623889

https://doi.org/10.1210/en.2018-00667
https://doi.org/10.1016/j.nucmedbio.2009.06.010
https://doi.org/10.1186/1479-5876-4-12
https://doi.org/10.1186/1479-5876-4-12
https://doi.org/10.1517/17460441.2012.708334
https://doi.org/10.1089/adt.2014.591
https://doi.org/10.1089/adt.2014.591
https://doi.org/10.1073/pnas.1735463100
https://doi.org/10.1007/s12020-013-0032-x
https://doi.org/10.1007/s00018-011-0905-1
https://doi.org/10.3109/07388559009068265
https://doi.org/10.3389/fcell.2017.00055
https://doi.org/10.1007/s00592-012-0446-6
https://doi.org/10.1007/s00592-012-0446-6
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1210/en.2003-1099
https://doi.org/10.1016/0006-291X(91)91325-7
https://doi.org/10.1016/0006-291X(91)91325-7
https://doi.org/10.1016/j.biochi.2017.09.017
https://doi.org/10.1016/j.cmet.2005.07.001
https://doi.org/10.2337/db19-0367
https://doi.org/10.1007/BF00281987
https://doi.org/10.1016/S0006-3495(00)76456-3
https://doi.org/10.2337/db06-1601
https://doi.org/10.1016/j.freeradbiomed.2017.10.003
https://doi.org/10.1016/j.freeradbiomed.2017.10.003
https://doi.org/10.1016/j.bbalip.2009.08.006
https://doi.org/10.3727/096368914X681928
https://doi.org/10.1177/193229681000400315
https://doi.org/10.1002/jcp.24683
https://doi.org/10.1111/j.1748-1716.2008.01927.x
https://doi.org/10.1371/journal.pone.0030200
https://doi.org/10.1371/journal.pone.0030200
https://doi.org/10.1083/jcb.17.1.19
https://doi.org/10.1002/bit.24716
https://doi.org/10.1002/bit.24716
https://doi.org/10.1016/0016-6480(66)90094-3
https://doi.org/10.1016/0016-6480(66)90094-3
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1007/s00418-018-1696-3
https://doi.org/10.1007/s00418-018-1696-3
https://doi.org/10.1186/s41231-019-0050-7
https://doi.org/10.14573/altex.2010.2.105
https://doi.org/10.14573/altex.2010.2.105
https://doi.org/10.1002/ijc.24188
https://doi.org/10.1016/j.celrep.2017.08.050
https://doi.org/10.1016/j.celrep.2017.08.050
https://doi.org/10.1016/0167-0115(93)90362-C
https://doi.org/10.1016/0167-0115(93)90362-C
https://doi.org/10.1016/j.tem.2010.06.003
https://doi.org/10.1016/j.jacbts.2019.10.008
https://doi.org/10.1016/j.jacbts.2019.10.008
https://doi.org/10.1016/j.neo.2014.12.004
https://doi.org/10.1016/j.neo.2014.12.004
https://doi.org/10.1371/journal.pone.0033023
https://doi.org/10.1371/journal.pone.0033023
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-623889 February 27, 2021 Time: 10:59 # 12

Ntamo et al. In vitro Characterization of Insulin-Producing β-Cell Spheroids

Wrenshall, G. A. (2006). Lacy & Hartroft: microscopy of islets of Langerhans:
discussion of the paper. Ann. N. Y. Acad. Sci. 82, 301–301. doi: 10.1111/j.1749-
6632.1959.tb44910.x

Wrzesinski, K., and Fey, S. J. (2013). After trypsinisation, 3D spheroids of C3A
hepatocytes need 18 days to re-establish similar levels of key physiological
functions to those seen in the liver. Toxicol. Res. 2, 123–135. doi: 10.1039/
C2TX20060K

Zanoni, M., Piccinini, F., Arienti, C., Zamagni, A., Santi, S., Polico, R., et al. (2016).
3D tumor spheroid models for in vitro therapeutic screening: a systematic
approach to enhance the biological relevance of data obtained. Sci. Rep. 6:19103.
doi: 10.1038/srep19103

Zhang, H. F., Fan, Q., Qian, X. X., Lopez, B. L., Christopher, T. A., Ma, X. L.,
et al. (2004). Role of insulin in the anti-apoptotic effect of glucose-insulin-
potassium in rabbits with acute myocardial ischemia and reperfusion. Apoptosis
9, 777–783. doi: 10.1023/B:APPT.0000045796.58715.82

Zhang, X. X., Pan, Y. H., Huang, Y. M., and Zhao, H. L. (2016). Neuroendocrine
hormone amylin in diabetes. World J. Diabetes 7, 189–197. doi: 10.4239/wjd.v7.
i9.189

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ntamo, Samodien, Burger, Muller, Muller and Chellan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 January 2021 | Volume 8 | Article 623889

https://doi.org/10.1111/j.1749-6632.1959.tb44910.x
https://doi.org/10.1111/j.1749-6632.1959.tb44910.x
https://doi.org/10.1039/C2TX20060K
https://doi.org/10.1039/C2TX20060K
https://doi.org/10.1038/srep19103
https://doi.org/10.1023/B:APPT.0000045796.58715.82
https://doi.org/10.4239/wjd.v7.i9.189
https://doi.org/10.4239/wjd.v7.i9.189
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	In vitro Characterization of Insulin-Producing β
-Cell Spheroids
	Introduction
	Materials and Methods
	Cell Culture
	Two-Dimensional Monolayers and Three-Dimensional Spheroids Preparation
	Transmission Electron Microscopy (TEM)
	Viability Assays
	Protein Quantification
	Glucose Stimulated Insulin Secretion Assay
	Insulin and Amylin Secretion Assay

	Glucose Utilization of Spheroids
	Spheroid Size Profiling

	Statistical Analysis

	Results
	Ultrastructural Differences Between INS-1 Cells Cultured in 2D and 3D
	Viability Measurement of 2D Monolayer and 3D Spheroids
	3D Spheroid Size Profiling
	INS-1 Spheroid Insulin and Amylin Secretion After Glucose Stimulation

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


