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RESEARCH PAPER

An islet maturation media to improve the development of young porcine islets
during in vitro culture
Hien Lau a, Nicole Corralesa, Samuel Rodrigueza, Colleen Luonga, Frank Zaldivarb, Michael Alexandera,
and Jonathan R. T. Lakeya,c

aDepartment of Surgery, University of California, Irvine, Orange, CA, USA; bDepartment of Pediatrics, Pediatric Exercise and Genomics
Research Center, University of California, Irvine, Irvine, CA, USA; cDepartment of Biomedical Engineering, University of California Irvine, Irvine,
CA, USA

ABSTRACT
Background: The use of pancreata from pre-weaned piglets has the potential to serve as an
unlimited alternative source of islets for clinical xenotransplantation. As pre-weaned porcine islets
(PPIs) are immature and require prolonged culture, we developed an islet maturation media (IMM)
and evaluated its effect on improving the quantity and quality of PPIs over 14 days of culture.
Methods: PPIs were isolated from the pancreata of pre-weaned Yorkshire piglets (8–15 days old).
Each independent islet isolation was divided for culture in either control Ham’s F-10 media (n = 5)
or IMM (n = 5) for 14 days. On day 3, 7 and 14 of culture, islets were assessed for islet yield,
isolation index, viability, insulin content, endocrine cellular composition, differentiation of beta
cells, and insulin secretion during glucose stimulation.
Results: In comparison to control islets, culturing PPIs in IMM significantly increased islet yield.
PPIs cultured in IMM also maintained a stable isolation index and viability throughout 14 days of
culture. The insulin content, endocrine cellular composition, and differentiation of beta cells were
significantly improved in PPIs cultured in IMM, which subsequently augmented their insulin
secretory capacity in response to glucose challenge compared to control islets.
Conclusions: Culturing PPIs in IMM increases islet yield, isolation index, viability, insulin content,
endocrine cellular composition, differentiation of endocrine progenitor cells toward beta cells, and
insulin secretion. Due to the improved islet quantity and quality after in vitro culture, the use of
IMM in the culture of PPIs will assist to advance the outcomes of clinical islet xenotransplantation.

ARTICLE HISTORY
Received 15 November 2019
Revised 13 March 2020
Accepted 30 March 2020

KEYWORDS
Pre-weaned porcine islets;
Type 1 diabetes; islet
culture; culture media;
in vitro culture

Introduction

Lifelong exogenous administration of insulin is
currently being used as a treatment to manage

Type 1 diabetes.1 Although it can improve the
quality of life, daily treatment using intensive insulin
therapy can lead to a threefold increase in the rate of
severe hypoglycemia.2 In addition, this practice is
inconvenient to manage and can cause daily stress
on a patient.3 Allotransplantation of insulin-
secreting islets by way of the Edmonton protocol
can restore euglycemia and result in long-term insu-
lin independence.4,5 Even though islet transplanta-
tion has been shown to be a promising cure for Type
1 diabetes, this treatment is hampered by the scarcity
of cadaveric donors.6 Human donor selection is very
particular because donor age, body mass index, and
health affect the quality of islets isolated.7

Touniversalize islet transplantation as a treatment,
a need for more donors and maximal islet produc-
tion must be identified.

In response to the high demand for islets, xeno-
transplantation of porcine islets has been extensively
studied and shown as a viable alternative for islet
allotransplantation.8,9 Although adult porcine islets
are mature and responsive to glucose challenge with-
out the need for extended culture, islet isolation from
adult pigs is costly and associated with substantial
islet loss due to the increased islet fragility.10 Young
porcine islets isolated from neonatal (1–3 days old)
or pre-weaned juvenile (8–15 days old) pigs have
been reported to be a more cost-effective and scal-
able source of islets compared to adult porcine
islets.11,12 Our group has demonstrated a method
to partially digest pre-weaned juvenile porcine pan-
creata without requiring prolonged husbandry and
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elaborated equipment.13 Pre-weaned porcine pan-
creata yield a higher amount of islets per gram of
pancreas compared to adult porcine pancreata, likely
due to their immature exocrine component and
inactive pancreatic enzymes.13,14 Despite this advan-
tage, the endocrine composition of pre-weaned por-
cine islets (PPIs) requires prolonged culture for
development and adequate insulin secretion.15,16

While pre-transplant culture is essential to improve
the quality of PPIs, substantial islet loss occurs dur-
ing this period.17,18 Therefore, optimizing the culture
media of PPIs to accelerate the in vitro culture period
may reduce the culture time, mitigate islet loss, and
improve islet development.

The effects of various cytoprotective agents and
growth factors on the differentiation of islet endo-
crine cells and islet function during in vitro culture
have been extensively studied. Porcine islets cul-
tured in Ham’s F-12 and Medium 199 have been
reported to have increased insulin secretion com-
pared to those cultured in CMRL 1066 or RPMI
1640 medium.19 Culturing murine and human in
culture media supplemented with glutathione
could decrease the production of reactive oxygen
species, reduce the rate of apoptosis, and improve
islet viability.20 A mixture of insulin, transferrin,
and selenium (ITS) has been used to promote the
differentiation of human labia minora dermis-
derived fibroblasts into insulin-producing cells.21

Nicotinamide has been shown to increase the insu-
lin content and insulin response during glucose
challenge in neonatal porcine islets.22 The antiox-
idant trolox, an H2O2-scavenging vitamin
E analog, has been used in the digestion medium
for the isolation of intact and viable porcine
islets.23 The use of heparin has been shown to
prevent islet loss and protect islet graft against
instant blood-mediated inflammatory reaction
after islet transplantation without affecting insulin
secretion.24,25 Previous studies have demonstrated
that the addition of a serine protease inhibitor
during islet isolation reduces the activity of serine
proteases and improves islet yield.26,27 L-glutamine
treatment in porcine islets has been reported to
increase islet resistance against proinflammatory
mediators and viability during culture.28,29

In an effort to improve the quantity and quality of
PPIs during pre-transplant culture, we developed an
islet maturation media (IMM) using previously

studied cytoprotective agents and growth factors.
The aim of this study was to determine whether
culturing PPIs in IMM can minimize islet loss,
improve islet insulin content, facilitate endocrine
cell development, and increase insulin secretion
over a 14-day culture period.

Results

Effects of IMM on the yield, isolation index, and
beta-cell recovery of PPIs

The yield of PPIs cultured in either control media or
IMMafter 3, 7, and 14 days was expressed as both islet
count and islet equivalent per gram of pancreatic
tissue (IC/g and IEQ/g) andper pancreas (IC/pancreas
and IEQ/pancreas). On day 3 of culture, islet cultured
in IMM (10065 ± 1010 IC/g) had a significantly higher
islet count compared to control islets (7029 ± 898 IC/
g) (p <.05, Table 1). However, there was no significant
difference in the amount of islet equivalent between
control islets (9985 ± 1761 IEQ/g) and islets cultured
in IMM (12600 ± 1573 IEQ/g) (p =NS, Table 1). After
7-day culture, the count of islets cultured in IMM
(6065 ± 476 IC/g) was not significantly different than
control islets (4593 ± 1183 IC/g) (p = NS, Table 1). In
comparison to control islets (3058 ± 454 IEQ/g), islets
cultured in IMM (7443 ± 1383 IEQ/g) had a twofold
increase in the amount of islet equivalent (p < .05,
Table 1). The islet count on day 14 of culture was
similar between control islets (2121 ± 394 IC/g) and
islets cultured in IMM (3050 ± 262 IC/g) (p = NS,
Table 1). The amount of islet equivalent from islets
cultured IMM (2534 ± 364 IEQ/g) was twofold higher
than control islets (1082 ± 134 IEQ/g) after 14 days of
culture (p < .01, Table 1).

After islet yield was normalized to recovery per
pancreas, there was no significant difference in the
islet counts per pancreas between control islets (day
3 = 37314 ± 5741 IC/pancreas, day 7 = 24746 ± 6598
IC/pancreas, day 14 = 10600 ± 1794 IC/pancreas)
and islets cultured in IMM (day 3 = 51174 ± 6169 IC/
pancreas, day 7 = 31263 ± 2589 IC/pancreas, day
14 = 15946 ± 1648 IC/pancreas) on day 3, 7, and 14
of culture (p = NS, Table 2). On day 3 of culture,
control islets (52580 ± 9473 IEQ/pancreas) and islets
cultured in IMM (64108 ± 8845 IEQ/pancreas) had
a similar islet equivalent per pancreas (p = NS, Table
2). However, islets cultured in IMM (day
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7 = 38714 ± 7679 IEQ/pancreas, day
14 = 12679 ± 1709 IEQ/pancreas) had significantly
higher islet equivalents per pancreas compared con-
trol islets (day 7 = 15380 ± 2750 IEQ/pancreas, day
14 = 5463 ± 676 IEQ/pancreas) on day 7 and 14 of
culture (p < .05, p < .01, respectively, Table 2).

Control islets (1.36 ± 0.14 and 0.85 ± 0.09,
respectively) and islets cultured in IMM
(1.60 ± 0.20 and 1.36 ± 0.24, respectively) had
a similar isolation index on both day 3 and day 7
of culture (p = NS, Table 1). On day 14 of culture,
the isolation index was significantly higher in islets
cultured in IMM (1.34 ± 0.24) when compared to
control islets (0.55 ± 0.11) (p < .05, Table 1).
Control islets on day 3 of culture had
a significantly higher isolation index than control
islets on day 7 and 14 of culture (p < .05, p < .01,
respectively, Table 1). However, islets cultured in
IMM had no significant differences in the isolation
indices throughout 14 days of culture (p = NS,
Table 1). The beta-cell recovery was significantly
higher in islets cultured in IMM (day
3 = 3.63 ± 0.94 x 105 beta cells/pancreas, day
7 = 3.39 ± 0.86 x 105 beta cells/pancreas, day
14 = 1.55 ± 0.31 x 105 beta cells/pancreas) com-
pared control islets (day 3 = 1.21 ± 0.31 x 105 beta
cells/pancreas, day 7 = 0.59 ± 0.86 x 105 beta cells/
pancreas, day 14 = 0.95 ± 0.12 x 105 beta cells/
pancreas) on day 3 and 7, but not day 14 of culture
(p < .05, p < .05, p = NS, respectively, Table 2).

Effects of IMM on the viability of PPIs

The viability of islets cultured in either control media
or IMM throughout 14-day culture was assessed by
Calcein AM and propidium iodide staining. Control
islets on day 3 (82.57 ± 4.23%) of culture had sig-
nificantly lower viability compared to control islets
on day 7 (97.40 ± 0.68%) and day 14 (95.03 ± 0.51%)
of culture (p < .01, p < .05, respectively, Figure 1).
Islets cultured in IMM on day 3 (92.88 ± 2.16%), 7
(94.00 ± 1.18%), and 14 (96.20 ± 1.66%) of culture
were significantly more viable than control islets
on day 3 of culture (p < .05, p < .05, p < .01, respec-
tively, Figure 1). The viability of islets cultured in
IMM was similar on day 3, 7, and 14 of culture
(p = NS, Figure 1).

Effects of IMM on the insulin content of PPIs

There was no significant difference in the insulin
content of control islets on day 3 (24.89 ± 5.11 pg
insulin/ng DNA), 7 (33.08 ± 6.70 pg insulin/ng
DNA), and 14 (25.29 ± 4.59 pg insulin/ng DNA)
of culture (p = NS, Figure 2). The insulin content
of islets cultured in IMM on day 3 (35.10 ± 4.31 pg
insulin/ng DNA) of culture was not significantly
different on day 7 (51.13 ± 4.31 pg insulin/ng
DNA) of culture, but was significantly lower com-
pared to islets on day 14 (60.83 ± 6.15 pg insulin/
ng DNA) of culture (p = NS, p < .05, respectively,
Figure 2). Islets cultured in IMM on day 7 and 14
of culture had a twofold increase in insulin content
compared to control islets on day 3 of culture
(p < .05, p < .01, respectively, Figure 2). Control
islets on day 7 of culture had significantly lower
insulin content than islets cultured in IMM on day
14 of culture (p < .05, Figure 2). Culturing islets in
IMM resulted in a twofold increase in insulin

Figure 1. Islet viability after 3, 7, and 14 days of culture in
either control media or IMM. 100 islet equivalents were stained
with Calcein AM (CalAM) and propidium iodide (PI) for 30 min-
utes. Stained islets were analyzed using a microplate reader.
The islet viability was calculated by the equation: CalAM-
positive cells/(CalAM-positive cells + PI-positive cells) x 100.
n = 5 for each group. *p <.05. **p <.01. Data expressed as
mean ± SEM. a. Day 3 – Control vs. Day 3 – IMM; b. Day 3 –
Control vs. Day 7 – Control; c. Day 3 – Control vs. Day 7 – IMM;
d. Day 3 – Control vs. Day 14 – Control; e. Day 3 – Control vs.
Day 14 – IMM.
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content compared to control islets on day 14 of
culture (p < .01, Figure 2).

Effects of IMM on cellular viability and
composition of PPIs

7-AAD staining and flow cytometry were used to
determine the viability of dispersed islet cells after
14-day culture. The viability of control islet cells
on day 3 (88.24 ± 1.43%) of culture was signifi-
cantly lower than control islet cells on day 7
(95.57 ± 1.12%) of culture, but not on day 14
(87.48 ± 0.74%) of culture (p < .01, p = NS, respec-
tively, Figure 3). Control islet cells on day 7 of
culture had significantly higher viability than con-
trol islet cells on day 14 of culture (p < .01, Figure
3). There was no significant difference in the cel-
lular viability of islets cultured in IMM on day 3
(92.04 ± 1.18%), 7 (96.22 ± 0.57%), and 14
(95.78 ± 0.42%) of culture (p = NS, Figure 3). In
comparison to control islets on day 3 of culture,

the cellular viability of islets cultured in IMM
on day 7 and 14 of culture was significantly higher
(p < .01, p < .01, respectively, Figure 3). The
viability of islet cells from islets cultured in IMM
on day 7 and 14 of culture was significantly higher
than control islet cells on day 14 of culture
(p < .01, p < .01, respectively, Figure 3).

There was no significant difference in the beta-
cell composition of control islets on day 3
(2.65 ± 0.32%) and 7 (2.83 ± 0.47%) of culture
(p = NS, Figure 4A). A fourfold increase in the
level of beta cells was observed in control islets
on day 14 (11.12 ± 1.20%) of culture compared
to day 3 and 7 of culture (p < .01, p < .01, respec-
tively, Figure 4A). On day 3 (5.07 ± 0.79%) of
culture, islets culture in IMM had a similar beta-
cell composition to those on day 7 (8.31 ± 1.29%)
of culture. The beta-cell composition of islets cul-
tured in IMM on day 14 (12.20 ± 1.6%) of culture
was twofold higher than islets on day 3 of culture;
however, this was not significantly different than
islets on day 7 of culture (p < .01, p = NS, Figure

Figure 2. Islet insulin content after 3, 7, and 14 days of culture
in either control media or IMM. 150 islet equivalents were lysed
and sonicated. The insulin content was measured using stan-
dard porcine insulin ELISA and normalized to the DNA content
of each sample. n = 5 for each group. *p <.05. **p <.01. Data
expressed as mean ± SEM. a. Day 3 – Control vs. Day 7 – IMM;
b. Day 3 – Control vs. Day 14 – IMM; c. Day 3 – IMM vs. Day
14 – IMM; d. Day 7 – Control vs. Day 14 – IMM; e. Day 14 –
Control vs. Day 14 – IMM.

Figure 3. Flow cytometric analysis of islet viability after 3, 7,
and 14 days of culture in either control media or IMM. 3000
islet equivalents were dissociated using Accutase, stained with
7-AAD viability dye, and analyzed by flow cytometry. n = 5 for
each group. *p <.05. **p <.01. Data expressed as mean ± SEM.
a. Day 3 – Control vs. Day 7 – Control; b. Day 3 – Control vs.
Day 7 – IMM; c. Day 3 – Control vs. Day 14 – IMM; d. Day 7 –
Control vs. Day 14 – Control; e. Day 7 – IMM vs. Day 14 –
Control; f. Day 14 – Control vs. Day 14 – IMM.
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4A). In comparison to control islets on day 3 of
culture, islets cultured in IMM on day 7 and 14 of
culture had a threefold and fourfold increase in the
level of beta cells, respectively (p < .01, p < .01,
respectively, Figure 4A). Similarly, the beta-cell
composition of islets cultured in IMM on day 7
and 14 of culture was threefold and fourfold
higher than control islets on day 7 of culture,
respectively (p < .01, p < .01, respectively, Figure
4A). Control islets on day 14 of culture also had
a twofold increase in the beta-cell composition
compared to islets cultured in IMM on day 3 of
culture, but was not significantly higher than islets
cultured in IMM on day 7 of culture (p < .01,
p = NS, respectively, Figure 4A).

Control islets on day 3 (1.66 ± 0.26%) of culture
had a similar alpha-cell composition to those on day 7
(2.71 ± 0.35%) of culture (p = NS, Figure 4B).
Culturing islets in control media for 14
(4.56 ± 0.71%) days resulted in a twofold increase in
the level of alpha cells compared to those on day 3 of
culture (p < .05, Figure 4B). There was no significant
difference in the alpha-cell composition between con-
trol islets on day 7 and 14 of cultured (p = NS, Figure
4B). Culturing islets in IMM resulted in a twofold and
sixfold increase in the level of alpha cells on day 7
(7.44 ± 0.69%) and 14 (16.90 ± 0.89%) of culture,
respectively, compared to day 3 (2.71 ± 0.54%) of

culture (p < .01, p < .01, respectively, Figure 4B). In
comparison to control islets on day 3 of culture,
a fourfold and tenfold increase in alpha-cell composi-
tion was observed in islets cultured on day 7 and 14 of
culture, respectively (p < .01, p < .01, respectively,
Figure 4B). On day 7 of culture, islets cultured in
IMM had a significantly higher level of alpha cells
compared to control islets (p < .01, Figure 4B). The
alpha-cell composition of islets cultured in IMM
on day 7 of culture was also significantly higher than
control islets on day 14 of culture (p < .05, Figure 4B).
After 14-day culture, islets cultured in IMM had
a twofold increase in the alpha-cell composition com-
pared to those on day 7 of culture (p < .05, Figure 4B).
In comparison to control islets on day 7 and 14 of
culture, islets cultured in IMM on day 14 of culture
had a sixfold and threefold increase in the alpha-cell
composition, respectively (p < .01, p < .01, respec-
tively, Figure 4B).

The delta-cell composition of control islets on day
3 (0.48 ± 0.06%) of culture was similar to those on day
7 (1.42 ± 0.23%) of culture (p = NS, Figure 4C).
Control islets on day 14 (2.08 ± 0.21%) of culture
had a fourfold increase in the level of delta cells
compared to islets on day 3 of culture, but was not
significantly different than islets on day 7 of culture
(p < .01, p = NS, respectively, Figure 4C). On day 7
(2.66 ± 0.29%) of culture, the delta-cell composition of

Figure 4. Flow cytometric analysis of islet cellular composition after 3, 7, and 14 days of culture in either control media or IMM. 3000
islet equivalents were dissociated using Accutase, stained with insulin, glucagon, and somatostatin antibodies, and analyzed by flow
cytometry. (A) The percentage of beta cells. (B) The percentage of alpha cells. (C) The percentage of delta cells. n = 5 for each group.
*p <.05. **p <.01. Data expressed as mean ± SEM. a. Day 3 – Control vs. Day 7 – IMM; b. Day 3 – Control vs. Day 14 – Control; c. Day
3 – Control vs. Day 14 – IMM; d. Day 3 – IMM vs. Day 14 – Control; e. Day 3 – IMM vs. Day 14 – IMM; f. Day 7 – Control vs. Day 7 –
IMM; g. Day 7 – Control vs. Day 14 – Control; h. Day 7 – Control vs. Day 14 – IMM; i. Day 3 – IMM vs. Day 7 – IMM; j. Day 7 – IMM vs.
Day 14 – Control; k. Day 7 – IMM vs. Day 14 – IMM; l. Day 14 – Control vs. Day 14 – IMM.
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islets cultured in IMM was twofold higher than islets
on day 3 (1.25 ± 0.14%) of culture (p < .05, Figure 4C).
Islets cultured in IMM on day 14 (8.84 ± 0.62%) of
culture had a sevenfold and threefold increase in the
level of delta cells compared to islets on day 3 and 7 of
culture, respectively (p < .01, p < .01, respectively,
Figure 4C). In comparison to control islets on day 3
of culture, the delta-cell composition of islets cultured
in IMM on day 7 and 14 of culture was fivefold and
eighteenfold higher, respectively (p < .01, p < .01,
respectively, Figure 4C). Islets cultured in IMM
on day 7 and 14 of culture also had a twofold and
sixfold increase in the alpha-cell composition com-
pared to control islets on day 7 of culture (p < .05,
p < .01, respectively, Figure 4C). After 14-day culture,
islets cultured in IMM had a threefold and fourfold
increase in the alpha-cell composition in comparison
to those on day 7 of culture and control islets on day
14 of culture, respectively (p < .01, p < .01, respec-
tively, Figure 4C).

Effects of IMM on pancreatic endocrine cell
differentiation of PPIs

Flow cytometry was utilized to assess the percentage
of Ngn3-positive and Nkx6.1-positive endocrine pro-
genitor cells. Ngn3 is a transcription factor that facil-
itates the differentiation of pancreatic precursor cells
to endocrine progenitor cells.30 The level of Ngn3-
positive cells in control islets had no significant dif-
ference on day 3 (89.58 ± 2.78%), 7 (90.87 ± 1.73%),
and 14 (83.43 ± 1.88%) of culture (p =NS, Figure 5A).
In comparison to islets cultured in IMM on day 3
(80.50 ± 7.43%) of culture, islets on day 7
(61.20 ± 3.68%) and 14 (28.20 ± 4.13%) of culture
had a significant decrease in the percentage of Ngn3-
positive cells (p < .05, p < .01, respectively, Figure 5A).
After 14 days of culture, islets cultured in IMM had
a twofold decrease in the level of Ngn3-positive cells
compared to those on day 7 of culture (p < .05, Figure
5A). Culturing islets in IMM resulted in a significant

Figure 5. Flow cytometric analysis of islet endocrine cell differentiation after 3, 7, and 14 days of culture in either control media or
IMM. 3000 islet equivalents were dissociated using Accutase, stained with Ngn3 and Nkx6.1 antibodies, and analyzed by flow
cytometry. (A) The percentage of Ngn3-positive cells. (B) The percentage of Nkx6.1-positive cells. n = 5 for each group. *p <.05.
**p <.01. Data expressed as mean ± SEM. a. Day 3 – Control vs. Day 7 – Control; b. Day 3 – Control vs. Day 7 – IMM; c. Day 3 –
Control vs. Day 14 – Control; d. Day 3 – Control vs. Day 14 – IMM; e. Day 3 – IMM vs. Day 7 – Control; f. Day 3 – IMM vs. Day 7 –
IMM; g. Day 3 – IMM vs. Day 14 – Control; h. Day 3 – IMM vs. Day 14 – IMM; i. Day 7 – Control vs. Day 14 – IMM; j. Day 7 – IMM vs.
Day 14 – IMM; k. Day 7 – Control vs. Day 7 – IMM; l. Day 7 – IMM vs. Day 14 – Ham; m. Day 7 – IMM vs. Day 14 – IMM; n. Day 14 –
Ham vs. Day 14 – IMM.
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decrease in the number of Ngn3-positive cells on day
7 and 14 of culture compared to control islets on day 3
of culture (p < .01, p < .01, respectively, Figure 5A).
Similarly, islets cultured in IMM had a significant
reduction in the level of Ngn3-positive cells in com-
parison to control islets on day 7 of culture (p < .01,
p < .01, respectively, Figure 5A). On day 7 and 14 of
culture, the percentage of Ngn3-positive cells from
islets cultured in IMM was significantly lower than
control islets on day 14 of culture (p < .05, p < .01,
respectively, Figure 5A).

The homeodomain transcription factor Nkx6.1
is required for the development of mature beta
cells from pancreatic endocrine progenitor cells.30

In comparison to control islets on day 3
(3.06 ± 0.51%) of culture, control islets on day 7
(12.75 ± 1.03%) and 14 (17.50 ± 1.28%) of culture
had a fourfold and sixfold increase in the number
of Nkx6.1-positive cells, respectively (p < .01,
p < .01, respectively, Figure 5B). Similarly, islets
cultured in IMM on day 7 (16.78 ± 1.09%) and 14
(22.03 ± 0.81%) of culture had a twofold and
threefold increase in the level of Nkx6.1-positive
cells compared to those on day 3 (7.01 ± 1.44%) of
culture, respectively (p < .01, p < .01, respectively,
Figure 5B). The percentage of Nkx6.1-positive cells
in islets cultured in IMM on day 14 was also
significantly higher than those on day 7 of culture
(p < .05, Figure 5B). In comparison to control
islets on day 3 of culture, islets cultured in IMM
on day 7 and 14 of culture had a fivefold and
sevenfold increase in the level of Nkx6.1-positive
cells (p < .01, p < .01, respectively, Figure 5B).
On day 3 of culture, the number of
Nkx6.1-positive cells from islets cultured in IMM
was significantly lower than control islets on day 7
and 14 of culture (p < .05, p < .01, respectively,
Figure 5B). The level of Nkx6.1-positive cells from
control islets on day 7 of culture remained similar
to those on day 14 of culture, but was significantly
lower than islets cultured in IMM on day 14 of
culture (p = NS, p < .01, respectively, Figure 5B).

Effects of IMM on function of PPIs

To assess islet function after culturing in either
control media or IMM, both static and dynamic
glucose stimulated insulin release (GSIR) assays
were performed on day 3, 7, and 14 of culture.

During static GSIR assays, islets from each sample
were incubated for one hour in the following con-
centration and order of glucose media: 2.8 mM
(L1), 28 mM (H), 2.8 mM (L2), and 28 mM +
0.1 mM IBMX (H+). The insulin concentration
released per hour in each glucose media was nor-
malized to the DNA content in each sample. There
was no significant difference in the amount of
insulin secreted by control islets in response to
glucose challenge on day 3 (L1 = 0.29 ± 0.10 pg/
ng DNA/h, H = 0.52 ± 0.13 pg/ng DNA/h,
L2 = 0.38 ± 0.12 pg/ng DNA/h, H+ = 0.97 ± 0.35
pg/ng DNA/h), 7 (L1 = 0.29 ± 0.07 pg/ng DNA/h,
H = 0.64 ± 0.25 pg/ng DNA/h, L2 = 0.44 ± 0.22
pg/ng DNA/h, H+ = 0.97 ± 0.20 pg/ng DNA/h),
and 14 (L1 = 0.30 ± 0.05 pg/ng DNA/h,
H = 0.48 ± 0.11 pg/ng DNA/h, L2 = 0.27 ± 0.03
pg/ng DNA/h, H+ = 0.41 ± 0.08 pg/ng DNA/h)
(p = NS, Figure 6A). In islets cultured in IMM, the
insulin secretion on day 3 (L1 = 0.34 ± 0.05 pg/ng
DNA/h, H = 0.57 ± 0.08 pg/ng DNA/h,
L2 = 0.39 ± 0.04 pg/ng DNA/h, H+ = 1.12 ± 0.21
pg/ng DNA/h) of culture in each corresponding
glucose media was similar to day 7
(L1 = 0.40 ± 0.07 pg/ng DNA/h, H = 0.89 ± 0.14
pg/ng DNA/h, L2 = 0.48 ± 0.04 pg/ng DNA/h, H
+ = 1.31 ± 0.28 pg/ng DNA/h) of culture (p = NS,
Figure 6A). However, islets cultured in IMM
on day 14 (L1 = 0.59 ± 0.04 pg/ng DNA/h,
H = 1.05 ± 0.07 pg/ng DNA/h, L2 = 0.67 ± 0.04
pg/ng DNA/h, H+ = 1.67 ± 0.13 pg/ng DNA/h) of
culture had a significant increase in the amount of
secreted insulin in L1, H, and L2 but not H+ glu-
cose media when compared to those on day 3 of
culture (p < .05, p < .05, p < .05, p = NS, respec-
tively, Figure 6A). There was no significant differ-
ence in the insulin secretion between islets
cultured in IMM on day 7 and 14 of culture
(p = NS, Figure 6A).

In comparison to control islets on day 3 of culture,
islets cultured in IMM on day 14 had a twofold
increase in the amount of secreted insulin in L1, H,
and L2 glucose media (p < .05, p < .05, p < .05,
respectively, Figure 6A). The insulin secretion in L1
media was significantly higher in islets cultured in
IMM on day 14 of culture compared to control islets
on day 7 of culture (p < .05, Figure 6A). On day 14 of
culture, the amount of insulin secreted from islets
cultured in IMM in L1, H, L2, andH+ glucose media
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was significantly higher than control islets (p < .05,
p < .05, p < .01, p < .01, respectively, Figure 6A). Islets
cultured in IMM on day 3, 7, and 14 of culture had
significantly higher insulin secretion in H glucose
media compared to L1 and L2 glucose media (Day
3: p < .01, p < .05; Day 7: p < .01, p < .05; Day 14:
p < .01, p < .01, respectively, Figure 6A). In control
islets, only those from day 14 of culture had
a significantly higher amount of insulin secreted in
H glucose media compared to L2 glucose media
(p < .01, Figure 6A).

There was no significant difference in the sti-
mulation indices of control islets on day 3
(1.41 ± 0.19), 7 (1.88 ± 0.30), and 14
(1.25 ± 0.19) of culture (p = NS, Figure 6B).
Islets cultured in IMM on day 7 (2.72 ± 0.22) of
culture had a significantly higher stimulation
index compared to those on day 3 (1.53 ± 0.09)
and 14 (1.75 ± 0.09) of culture (p < .01, p < .01,
respectively, Figure 6B). Similarly, the stimulation
indices of control islets on day 3, 7, and 14 of
culture were significantly lower than islets cultured
in IMM on day 7 of culture (p < .01, p < .05,
p < .01, respectively, Figure 6B).

During dynamic GSIR perifusion assays, 200
islet equivalents from each group were sequentially
exposed for 15 minutes in each glucose media:
2.8 mM, 28 mM, and 2.8 mM. The perifusate
was collected every 5 minutes for the insulin con-
tent analysis. On day 3 of culture, islets cultured in
IMM () secreted significantly more insulin at
30 minutes in 28 mM glucose media and at 40
and 45 minutes in 2.8 mM glucose media com-
pared to control islets () (p < .05, p < .01, p < .01,
respectively, Figure 7A). In comparison to control
islets, the insulin secretion of islets cultured in
IMM on day 7 of culture was significantly higher
at 35, 40, and 45 minutes in 2.8 mM glucose media
(p < .01, p < .05, p < .01, respectively, Figure 7B).
The amount of insulin secreted throughout
45 minutes of dynamic perifusion assay from islets
cultured in IMM was significantly higher than
control islets on day 14 of culture (5 to 25 minutes:
p < .01, 30 to 45 minutes: p < .05, Figure 7C). The
total insulin secretion over 45 minutes calculated
as the area under the curve (AUC) of islets cul-
tured in IMM (961.72 ± 30.41 (mU/L)*minutes)
on day 14 of culture was significantly higher than

Figure 6. Static glucose stimulated islet insulin secretion after 3, 7, and 14 days of culture in either control media or IMM. Islet
function was evaluated using static glucose stimulated insulin release assay. A triplicate of 100 islet equivalents was incubated for
one hour in the following concentration and order of glucose media: 2.8 mM (L1), 28 mM (H), 2.8 mM (L2), and 28 mM + 0.1 mM
IBMX (H+). The amount of insulin secreted by islets in each media was quantified using standard porcine insulin ELISA and
normalized to the DNA content in each sample. (A) Insulin secretion in glucose media of varying concentration. (B) Stimulation
index – calculated as the amount of insulin secreted in H media over L1 media. n = 5 for each group. *p <.05. **p <.01. Data
expressed as mean ± SEM. a. Day 3 – IMM vs. Day 14 – IMM; b. Day 7 – Control vs. Day 14 – IMM; c. Day 14 – Control vs. Day 14 –
IMM; d. Day 3 – Control vs. Day 14 – IMM; e. Day 3 – IMM – H vs. Day 3 – IMM – L1; f. Day 3 – IMM – H vs. Day 3 – IMM – L2; g. Day
7 – IMM – H vs. Day 7 – IMM – L1; h. Day 7 – IMM – H vs. Day 7 – IMM – L2; i. Day 14 – IMM – H vs. Day 14 – IMM – L1; j. Day 14 –
IMM – H vs. Day 14 – IMM – L2; k. Day 14 – Control – H vs. Day 14 – Control – L2; l. Day 3 – Control vs. Day 7 – IMM; m. Day 3 – IMM
vs. Day 7 – IMM; n. Day 7 – Control vs. Day 7 – IMM; o. Day 7 – IMM vs. Day 14 – Control; p. Day 7 – IMM vs. Day 14 – IMM.
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those on day 3 (348.26 ± 13.41 (mU/L)*minutes)
and 7 (321.81 ± 63.33 (mU/L)*minutes) of culture
as well as control islets on day 3 (305.07 ± 11.81
(mU/L)*minutes), 7 (209.99 ± 37.53 (mU/L)*min-
utes), and 14 (424.89 ± 63.05 (mU/L)*minutes) of
culture (p < .01, Figure 7D).

Discussion

Optimizing the culture media of PPIs is crucial to
improve the islet quantity and quality before trans-
plantation. While a differentiation media has been
developed and shown to accelerate the development
of endocrine cells and improve insulin secretion
capacity of neonatal porcine islets in comparison to
Ham’s F-10 media, no studies have described an
improved culture media for PPIs.31 In the present

study, we examined the effects of culturing PPIs in
IMM compared to control Ham’s F-10 media on the
islet yield, insulin content, development of endocrine
cells, and insulin secretion over 14 days of culture.
Culturing PPIs in IMM significantly improved islet
yield, isolation index, viability, insulin content,
endocrine cellular composition, differentiation of
endocrine progenitor cells, and insulin response to
glucose challenge.

Our findings that the yield of PPIs cultured in
control media decreased throughout the 14-day
culture was consistent with previous findings,
which showed a significant reduction in the islet
equivalent of neonatal porcine islets over 27 days
of culture.32 While IMM did not prevented the
islet loss throughout the culture period, islets cul-
tured in IMM had significantly higher islet count

Figure 7. Dynamic glucose stimulated islet insulin secretion after 3, 7, and 14 days of culture in either control media or IMM. 200
islet equivalents were assessed for insulin secretion by dynamic glucose stimulated insulin release perifusion assay. Islets cultured in
either control media (black circle, dotted line) or IMM (black square, solid line) were sequentially exposed for 15 minutes in each
glucose media: 2.8 mM, 28 mM, and 2.8 mM. Perifusate was collected every 5 minutes and analyzed for insulin content using
standard porcine insulin ELISA. (A) Islet insulin secretion on day 3 of culture. (B) Islet insulin secretion on day 7 of culture. (C) Islet
insulin secretion on day 14 of culture. (D) Total insulin secretion after perifusion assay expressed as AUC. n = 3 for each group.
*p <.05. **p <.01. Data expressed as mean ± SEM. a. Day 3 – Control vs. Day 14 – IMM; b. Day 3 – IMM vs. Day 14 – IMM; c. Day 7 –
Control vs. Day 14 – IMM; d. Day 7 – IMM vs. Day 14 – IMM; e. Day 14 – Control vs. Day 14 – IMM; f. Day 3 – IMM vs. Day 7 – Control;
g. Day 7 – Control vs. Day 14 – Control.
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on day 3 and islet equivalent on day 7 and 14 of
culture compared to control islets. This twofold
increase in the islet equivalent on day 7 and 14
of culture could be attributed to the addition of the
serine-protease inhibitor, Pefabloc, to IMM that
has been demonstrated to increase islet yield in
both animal and human islet isolation.27,33-36 The
addition of Pefabloc to the digestion solution
doubled the recovery of purified adult porcine
islets.34 After overnight culture, the supplementa-
tion of a serine-protease inhibitor to the culture
medium significantly improved the recovery of
impure human islets.37 The higher yield from islets
cultured in IMM compared to control islets could
also be due to the higher isolation index, indicat-
ing less islet fragmentation. This finding supports
a previous study, showing islets with a lower iso-
lation index that were isolated from adult porcine
pancreata after 7 hours of cold storage had signifi-
cantly lower islet yield than freshly procured
pancreata.38 As multiple studies have demon-
strated that higher islet yield is a crucial factor in
a successful islet transplantation, the improvement
in the yield of PPIs after culture in IMM may
potentially contribute to more favorable outcomes
following xenogeneic islet transplantation.39-41

Using two viability assays, the findings of the
present study demonstrated that only control
islets, but not islets cultured in IMM, on day 3 of
culture had lower viability than control islets and
islets cultured in IMM on day 7 and 14 of culture.
Flow cytometric analysis of islet cellular viability
after dissociation also showed that control islets
on day 14 of culture were less viable than islets
cultured in IMM on day 7 and 14 of culture. This
discrepancy in the islet viability measured by two
different viability assays may be because flow cyto-
metric analysis of dissociated islet cells have been
suggested to be more sensitive than microfluoro-
metric viability assay.42 The effect of culturing
islets in IMM on maintaining islet viability
throughout prolonged culture could be due to
the use of glutathione. In murine islets, the addi-
tion of glutathione to the collagenase solution
improved islet viability, fractional beta-cell viabi-
lity, and transplant outcomes.20 Culturing human
islets in standard media supplemented with glu-
tathione for 24 hours decreased the rate of apop-
tosis, leading to the maintenance of islet viability.20

Our finding that the insulin content of PPIs
cultured in control media was similar throughout
14 days of culture is in line with a previously
published study. Jimenez-Vera et al. reported that
neonatal islets cultured in Ham’s F-10 media had
no significant changes in islet insulin content over
a 27-day culture period.32 When neonatal islets
were cultured in differentiated media for 20 days,
the higher beta-cell content was associated with
a marked increase in the recovery of total cellular
insulin compared to islets cultured in control
Ham’s F-10 media.31 Thus, the increase in the
insulin content of islets cultured in IMM is most
likely the result of the significant expansion of
beta-cell population on both day 7 and 14 of
culture. As young porcine islets contain a major
stem-cell like population that maintains multipo-
tency in culture, this acceleration in the differen-
tiation of beta cells in islets cultured in IMM could
be due to the supplementation of ITS mixture and
nicotinamide that have been used to differentiate
human labia minora dermis-derived fibroblasts
into insulin-producing cells.21 The NK homeobox
factor Nkx6.1 is a transcription factor that acti-
vates a major pathway of beta-cell neogenesis.43

Based on the higher level of Nkx6.1-positive pro-
genitor cells in islets cultured in IMM, it is possi-
ble that the increased beta-cell proportion of islets
cultured in IMM is also due to the improved
differentiation of pancreatic progenitor cells. This
finding is consistent with a previously published
report, which showed that the expression level of
Nkx6.1 increased as progenitor cells differentiated
into hormone-expressing cells during in vitro
culture.44 Ngn3 is a transcription factor that
induces the development of endocrine progenitor
cells from pancreatic precursor cells and is sup-
pressed after the maturation of endocrine cells.45,46

In correlation with the increase in the proportion
of endocrine cells in islets cultured in IMM, the
decrease in the level of Ngn3-positive cells
throughout 14 days of culture indicates the differ-
entiation of endocrine progenitor cells toward
mature endocrine cells. This result is consistent
with previous findings, which showed that the
differentiation of human embryonic stem cells
into mature endocrine cells after 24 days of culture
was associated with the downregulation in the
expression of Ngn3.44

ISLETS 51



The increase in the insulin content and compo-
sition of endocrine cells in islets cultured in IMM
most likely leads to the significant increase in
insulin secretion in response to glucose challenge.
Hassouna et al. have reported that the higher pro-
portion of beta cells and insulin content in neona-
tal porcine islets cultured in differentiated media
were correlated with increased insulin secretion
during glucose stimulation, which further supports
our findings.31 The increase in insulin release
could also be due to the combination of ITS mix-
ture and nicotinamide in IMM, which has been
shown to improve insulin secretion of differen-
tiated insulin-producing cells derived from
human labia minora dermis-derived fibroblasts in
high glucose (16.7 mM) media by nearly 4 times
compared to undifferentiated cells.21 Furthermore,
the use of trolox to promote the differentiation of
embryonic stem cell-derived beta-like cells over
a 5–7 days culture period has been reported to
increase the amount of insulin secreted during
glucose stimulation by 2 times in comparison to
untreated cells.47 The addition of trolox to IMM
potentially contributes to the improved insulin
secretion of islets cultured in IMM.

Strikingly, only islets cultured in IMM media had
a significantly higher insulin output after incubation
in 28 mM glucose media compared to the first
and second 2.8 mM glucose media throughout
14 days of culture. This suggests a return to the basal
rate of insulin secretion and enhanced insulin
response to glucose stimulation in islets cultured in
IMM. These findings are in line with a published
report by Littman et al., showing that incubating
murine islets inmedia supplemented with glutathione
enhanced insulin secretion during glucose stimulation
and restored the basal rate of insulin secretion.48

Jimenez-Vera et al. has reported that neonatal porcine
islets cultured in Ham’s F-10 media had similar sti-
mulation indices throughout a 27-day culture period,
which supports our findings that prolonged culture
did not improve the stimulation index of control
islets.32 While differentiated neonatal porcine islets
secreted more insulin in response to glucose chal-
lenge, there was no significant difference in the sti-
mulation index compared to undifferentiated islets
after 21-day prolonged culture.31 In accordance with
these previous findings, we found that culturing islets
in IMM for 14 days could only increase the amount of

insulin secreted but not the stimulation index.
However, islets cultured in IMM on day 7 of culture
had significantly higher stimulation index than islets
on day 14 of culture but secreted similar amount of
insulin in response to glucose stimulation. This find-
ing suggests that culturing PPIs for 7 days may be the
optimal culture time to minimize islet loss while also
having comparable function to islets cultured for
14 days. In consistent with our findings, multiple
studies have indicated that neonatal porcine islets
are only cultured for 7–9 days prior to
transplantation.22,49,50 Thus, future studies should be
conducted to determine whether culturing PPIs for
over 7 days can translate to enhanced in vivo function
and improved diabetes reversal in animal models of
human Type 1 diabetes.

To our knowledge, this is the first study to develop
a novel IMM for PPIs and assess its effect on islet
development over a 14-day culture period. Taken
together, PPIs cultured in IMM had higher islet
yield, isolation index, viability, insulin content, endo-
crine cellular composition, differentiation of endo-
crine progenitor cells toward beta cells, and insulin
secretion than control islets after a 14-day culture
period. The current findings corroborate that the
addition of cytoprotective agents and growth factors
in culture media improves the quality and quantity of
PPIs. Future studies that examine the use of novel
pharmacological agents during in vitro culture will
augment the development of PPIs prior to transplan-
tation and assist to advance the outcomes of clinical
islet xenotransplantation.

Materials and methods

Islet isolation

All animal procedures were approved by the
Institutional Animal Care and Use Committee
(IACUC) at the University of California, Irvine. PPIs
were isolated from from 8-15-day-old, pre-weaned
Yorkshire piglets (S&S Farms, Ramona, CA) as pre-
viously described.13 Briefly, pancreata were rapidly
procured in less than 10 minutes and stored in cold
HBSS (cat# 2402011, Gibco-Thermo Fisher Scientific)
until digestion. The cold ischemic time was restricted
to less than 1 hour. Digestion was performed by
mincing each pancreas into 1 mm3 pieces and
digested with Sigma Type V Collagenase (2.5 mg/
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mL, dissolved inHBSS; cat# C8051, Sigma-Aldrich) in
a 37°C, 100 rpm shaking water bath for 15 minutes.
HBSS supplemented with 1% porcine serum (cat#
26250084, Gibco-Thermo Fisher Scientific) was used
to quench the digestion. Digested tissues were filtered
through a 500 μm metal mesh before culture.

Islet culture

After islet isolation, PPIs were divided into 2 groups
for culture in Ham’s F-10 media (control, n = 5; cat#
11550043, Gibco-Invitrogen) as previously described
or islet maturation media (IMM, n = 5), composed of
50% Ham’s F-12 medium (cat# 10–080, Corning
Inc.), 50% medium 199 (cat# 50-051-PB, Corning
Inc.), 10 mM HEPES (cat# H3375, Sigma-Aldrich),
5 mM L-glutathione (cat# G4251, Sigma-Aldrich),
0.6 mL/L ITS+3 (cat# I2771, Sigma-Aldrich), 10 mM
nicotinamide (cat# N5535, Sigma-Aldrich), 100 ug/
mL gentamicin sulfate (cat# 30-005-CR, Corning
Inc.), 10 uM trolox (cat# 238813, Sigma-Aldrich),
200 U/L heparin (cat# 400–10, Sagent
Pharmaceuticals), 0.1 mM pefabloc (cat# sc-
202041B, Santa Cruz Biotechnology), 2 mM
L-glutamine (cat# 56-85-9, Alfa Aesar), 2.5 mM cal-
cium chloride dihydrate (cat#C79-3, Fisher
Scientific), and 1000 U/L DNase (cat#D4263,
Sigma-Aldrich). The media in both groups were sup-
plemented with antibiotic/antimycotic solution (cat#
30-004-CI, Corning Inc.) and 10% porcine serum
(cat# 26250084, Gibco-Thermo Fisher Scientific). All
islets were cultured in T-150 untreated suspension
flasks (cat # CLS430825, Corning Inc., Corning, NY)
in a 37°C and 5% CO2 humidified incubator (cat#
3110, Thermo Forma Series II 3120 Water Jacketed
CO2 Incubators, Carlsbad, CA) for 14 days.31 A full
media change was performed on day 1, and a half
media change was performed on day 3, 5, 7, 9, 11, and
13. Islet samples were collected for assessment on day
3, 7, and 14 of culture.

Islet yield, isolation index, and beta-cell recovery

Islet count (IC) and islet equivalent (IEQ) was
obtained by staining a 100 uL aliquot of islets in
culture with 1 mL dithizone (DTZ; cat# 150999,
MP Biomedicals) for 5 minutes.13 The stained islets
were counted on a standard stereomicroscope (Max
Erb, Santa Ynez, CA) with a 10x eyepiece graticule.

The islet yield was expressed as both islet count and
islet equivalent per gram of pancreatic tissue (IC/g
and IEQ/g) and per pancreas (IC/pancreas and IEQ/
pancreas).51 Islet fragmentation was estimated using
the isolation index, which was calculated as the ratio
of IEQ divided by IC as previously described.38 The
beta-cell recovery per pancreas was calculated from
the proportion of islet insulin-positive beta cells and
the total cell number per pancreas as described in
a previous study.31 The total cell number per pan-
creas was determined from the DNA content per
islet and the amount of DNA per young porcine
islet cell, which have been estimated to be 7.1 pg/
cell.22

Islet viability

100 IEQ were stained with calcein AM (CalAM; cat#
C1430, Invitrogen) and propidium iodide (PI; cat#
P3566, Invitrogen) for 30 minutes. Stained islets
were analyzed through fluorescence with
a microplate reader (Tecan Infinite F200; Tecan,
Mannedorf, Switzerland).18 The percentage of viable
cells was calculated by the equation: CalAM-positive
cells/(CalAM-positive cells+PI-positive cells) × 100.

Islet insulin content

150 IEQ were lysed by incubating in cell lysis buffer
(10 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100,
pH 8) and sonicated (Sonics VibraCell Ultrasonic
Processor Model VC70 T; Sonics & Materials, Inc,
Newtown, CT) for 30 seconds on ice as previously
described.33,52 After centrifugation at 4°C and 1400 g
for 15 minutes, the supernatant was analyzed using
a standard porcine insulin enzyme-linked immuno-
sorbent assay kit (Porcine Insulin ELISA; cat#
10-1200-01, Mercodia). The insulin content was
quantified using a microplate reader (Infinite F200,
Tecan and Magellan V7, Männedorf, Switzerland)
and normalized to the DNA content of each sample.
The islet insulin content was expressed as pg of insu-
lin/ng of DNA.

Islet cellular viability, composition, and
differentiation

A single islet cell suspension was obtained by dis-
sociating 3000 IEQ in Accutase (cat# AT104-500,
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Innovative Cell Technologies) at 37°C in a 100 rpm
shaking water as described.42 The dissociated islet
cells were filtered through a 40 µm filter (VMR,
Visalia, CA) to remove any debris and un-
dissociated islet clusters. Filtered cell samples
were stained with 7-AAD viability dye (7-ami-
noactinomycin D; cat# A1310, Invitrogen) for
30 minutes on ice. After viability staining, cells
were fixed in 4% paraformaldehyde for 10 minutes
and permeabilized using Intracellular Staining
Permeabilization Wash Buffer (cat# 421002,
BioLegend) for 15 minutes on ice. Permeabilized
cells were incubated in Protein Block (cat#
ab64226, Abcam) for 30 minutes on ice to reduce
nonspecific binding. Cells were then stained with
fluorescently conjugated antibodies in Intracellular
Staining Permeabilization Wash Buffer (cat#
421002, BioLegend) supplemented with 0.5%
bovine serum albumin (cat# BAL62-0500,
Equitech-Bio, Inc.) for 30 minutes on ice. PE-
conjugated anti insulin (Anti-insulin-PE, 1:50;
cat# 8508, CST) was used as a marker for beta-
cells. APC-conjugated anti-glucagon (Anti-
glucagon-APC, 1:100; cat# NBP2-21803AF647,
Novus Biological) was used as a marker for alpha
cells. PE-conjugated anti-somatostatin (Anti-
somatostatin-PE, 1:100; cat# NBP2-37447PE,
Novus Biological) was used as a marker for delta
cells. FITC-conjugated anti-neurogenin 3 (Anti-
neurogenin 3-FITC, 1:133; cat# bs-0922 R, Bioss)
was used as a marker for pancreatic endocrine
progenitor cells.44 APC-conjugated anti-Nkx6.1
(Anti-Nkx6.1-APC, 1:33; cat# 563338, BD
Pharmingen) was used as a marker for the devel-
opment of pancreatic endocrine progenitor cells to
mature beta cells.53 Stained cells were analyzed
using a NovoCyte 3000VYB Flow Cytometer
(ACEA Biosciences, Inc., San Diego, CA). Cell
populations were quantified using FlowJo software
(FlowJo, Ashland, OR). An unstained, single-
stained, fluorescence minus one, and matching
isotype control were used as gating controls.

Static glucose stimulated insulin release assay

Glucose-stimulated insulin release assay (GSIR)
was used to determine the in vitro islet
function.13 A triplicate of 100 IEQ per sample
was incubated at 37°C and 5% CO2 for 1 hour in

the following concentration and order of glucose
media: low glucose #1 (2.8 mM; L1), high glucose
(28 mM; H), low glucose #2 (2.8 mM; L2), and
high glucose plus 3-isobutyl-1-methylxanthine
(28 mM + 0.1 mm IBMX; H+). The supernatant
from each sample was collected for storage at −20°
C until analysis. The amount of secreted insulin
was analyzed using a standard porcine insulin
enzyme-linked immunosorbent assay (Porcine
Insulin ELISA; cat# 10-1200-01, Mercodia) and
quantified using a microplate reader (Infinite
F200, Tecan and Magellan V7, Männedorf,
Switzerland). The insulin concentration was nor-
malized to the DNA content in each sample and
expressed as pg of insulin/ng of DNA/h. The sti-
mulation index (SI) was calculated by dividing the
insulin concentration in the high glucose media
(H) by the insulin concentration in the first low
glucose media (L1).

Dynamic glucose stimulated insulin release
perifusion assay

Dynamic perifusion assay was adapted from pre-
vious studies.54,55 After overnight culture in
2.8 mM glucose media, 200 islet equivalents were
placed in a perifusion chamber at 37°C connected
to a syringe containing the perifusion solutions.
Glucose media was circulated using a syringe
pump at 0.2 mL/minutes. After 45 minutes of
washing with 2.8 mM glucose media for stabiliza-
tion, islets were exposed to the following sequence
of glucose media: 15 minutes of 2.8 mM glucose,
15 minutes of 28 mM glucose, and 15 minutes of
2.8 mM glucose. Serial perifusate samples were
collected every 5 minutes for storage at −20°C
until analysis. Insulin concentration was measured
using a standard porcine insulin enzyme-linked
immunosorbent assay (Porcine Insulin ELISA;
cat# 10-1200-01, Mercodia). The total insulin
secretion from each glucose media condition was
calculated as the area under the curve (AUC).56

Islet DNA content

Islets were lysed with cell lysis buffer (10 mM Tris-
HCl, 1 mM EDTA, 1% Triton X-100, pH 8) and
sonicated (Sonics VibraCell Ultrasonic Processor
Model VC70 T; Sonics & Materials, Inc, Newtown,
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CT) for 30 seconds on ice. After centrifugation at
4°C and 1400 g for 15 minutes, the supernatant
was analyzed for DNA content with a fluorescent
DNA stain (Quant-iT PicoGreen dsDNA kit; cat#
Q32850, Molecular Probes) and quantified on
a microplate reader (Infinite F200, Tecan and
Magellan V7, Männedorf, Switzerland).52

Statistical analysis

All data are expressed as mean ± standard error of
the mean (SEM). An unpaired Student’s t-test was
used to determine the statistical significance of the
IC/g, IEQ/g, isolation index, and amount of insu-
lin secreted in the high glucose media (H) com-
pared to the first low glucose media (L1) or
the second low glucose media (L2) of islets cul-
tured in control media or IMM on day 3, 7, and 14
of culture. A one-way ANOVA followed by a post
hoc Tukey’s HSD test was performed for the sta-
tistical analysis of the IC/g, IEQ/g, and isolation
index of islets cultured in the same media after 3, 7
and 14 days of culture. Statistical significance of
the islet viability, insulin content, cellular viability,
composition, differentiation, and function between
islets cultured in control media or IMM through-
out 14-day culture was also calculated by a one-
way ANOVA followed by a post hoc Tukey’s HSD
test. Statistical significance of differences was con-
sidered for p-values < .05. Statistical analysis was
performed using GraphPad Prism (GraphPad
Software 8.0.1, San Diego, CA).
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