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Abstract
The need for maintaining cell-spheroid viability and function within high-density cultures is
unmet for various clinical and experimental applications, including cell therapies. One immediate
application is for transplantation of pancreatic islets, a clinically recognized treatment option to
cure type 1 diabetes; islets are isolated from a donor for subsequent culture prior to
transplantation. However, high seeding conditions cause unsolicited fusion of multiple spheroids,
thereby limiting oxygen diffusion to induce hypoxic cell death. Here we introduce a culture dish
incorporating a micropyramid-patterned surface to prevent the unsolicited fusion and
oxygen-permeable bottom for optimal oxygen environment. A 400 µm-thick, oxygen-permeable
polydimethylsiloxane sheet topped with micropyramid pattern of 400 µm-base and 200 µm-height
was fabricated to apply to the 24-well plate format. The micropyramid pattern separated the
individual pancreatic islets to prevent the fusion of multiple islets. This platform supported the
high oxygen demand of islets at high seeding density at 260 islet equivalents cm−2, a 2–3-fold
higher seeding density compared to the conventional islet culture used in a preparation for the
clinical islet transplantations, demonstrating improved islet morphology, metabolism and function
in a 4 d-culture. Transplantation of these islets into immunodeficient diabetic mice exhibited
significantly improved engraftment to achieve euglycemia compared to islets cultured in the
conventional culture wells. Collectively, this simple design modification allows for high-density
cultures of three-dimensional cell spheroids to improve the viability and function for an array of
investigational and clinical replacement tissues.

1. Introduction

Three-dimensional (3D) cell spheroids are advant-
ageous over two-dimensional (2D) cultured cells in
mimicking the complex microenvironment of liv-
ing organisms with their active cell-cell interac-
tion and spatial communication [1–3]. Cultures of
3D spheroids are critically important for disease

modeling and drug screening applications to repro-
duce the physiological environment in vitro [4–8].
Other applications include the maintenance of 3D
functional spheroids for cell therapies, which are
transplanted for the supplementation of lost tis-
sue/organ functions of the human body [9, 10]. In
light of the recent rapid progress of stem cell bio-
logy, cell therapy applications are expanding [11], and
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thus the need for cultures of 3D spheroids is increas-
ing. However, maintaining 3D spheroids in culture is
challenging and requires more technical innovation
than the 2D culture to effectively supply sufficient
oxygen (O2) and nutrients for their survival while
limiting the loss of native 3D architecture and facil-
itating simple operability.

Cultured cells receive essential molecules such
as oxygen and nutrients and eliminate metabolic
byproducts through passive diffusion within the cul-
ture media; this is in contrast to the convective
transport of molecules via fine microvessel networks
proximal to cells in living tissue, which provides
an optimal microenvironment. The limitation of
molecular diffusion within 3D spheroids is lethal for
cell survival; especially the depletion of O2 induces
central necrosis, and therefore cell viability of cul-
tured 3D spheroids is inversely correlated to size
[12–14].

Three dimensional spheroids are not only gener-
ated and grown from single cells but can be isolated
from native organs. For example, pancreatic islets
are the spherical units in the pancreas that typically
are 100–500 µm in diameter [15]. Since islets play a
critical role in glucose homeostasis as an endocrine
micro-organ, isolated islets have been used for the
allo- and auto-transplantation to treat a certain type
of diabetes when the native islet function is totally
impaired [9, 16–19]. Typically, ∼500 000 islet spher-
oids (islet equivalent (IEQ) [15]) are isolated from an
organ donor to transplant within several days. While
waiting for recipients to be ready for the transplanta-
tion, culturing 3D spheroid islets is a critical step; in
fact, both the quality and quantity of the islets rap-
idly decrease during the conventional cultures in just
a few days, limiting clinical application efficacy.

In the current clinical setting, culturing islets is
performed as static incubation in polystyrene flasks
that limit the O2 supply. The flask is also flat-
bottomed, and islet distribution in the flask is not
well controlled, further exacerbating the diffusion
imbalance within the culture media. These issues
limit the islet seeding density; thus, islets are cultured
at ∼100 IEQ cm−2, which requires many flasks to
accommodate isolated islets from a donor prior to
the transplantation. Handling many flasks, i.e. seed-
ing maintenance, and collection of islets in an aseptic
procedure before transplantation, is a strenuous task
with the risk of contamination, which is behind the
scenes of islet delivery to patients.

Several methods have been explored to address
the limited diffusion of the essential molecules in 3D
spheroid culture. Exogenous oxygenationwas applied
to reduce central necrosis and improve the viability of
statically cultured pancreatic islets [13, 20–23]. Fur-
ther, perfusion chambers provide convective trans-
port to mimic physiological tissue fluid movement,

which reduces the gradient of the essential molecules
[24–26]. Although these approaches are promising,
culturing at high seeding density is still challenging.
Controlling the spheroid distributionwithin a culture
flask is especially important; otherwise, spheroids
fuse to generate huge constructs. In fact, the above-
mentioned approaches do not improve the limited
intra-spheroid diffusion within the large spheroids.

In this study, we engineered a micropyramid-
patterned, oxygen-permeable bottomed dish to
achieve a 2–3-fold increase in cell seeding density
while preserving the quality and function of the islet
cells, reducing laborious preparatory workload and
contamination risks. Our culture dish draws addi-
tional oxygen transport paths not only from the
bottom of the culture dish but also by generating
interstices between the islets. Relevant to the clinical
islet transplantation preparation period for 3–4 d,
we tested the short-term effect of the micropyramid-
patterned, oxygen-permeable bottomed dish in com-
parison to the conventional flat-bottomed dish on
the biological outcomes, including in vitro viabil-
ity, metabolism and function followed by the in vivo
function assessment of cultured islets (figure 1).

2. Method

2.1. Fabrication of micropyramid-patterned
culture dishes
Culture dishes were prepared with three different
types of bottom surfaces in a 24-well format with
an area of 1.9 cm2 in each well. These types were:
(a) a conventional flat surface (SARSTEDT, New-
ton, NC, USA), (b) a microwell array (Aggrewell 400,
STEMCELL Technologies, Vancouver, Canada), and
(c) a micropyramid-patterned array. The micropyr-
amid structure was designed to have the inverse
topography of Aggrewell 400 plates’ microwell array.
Polydimethylsiloxane (PDMS; Dow Sylgard 184, 1:10
mixing ratio, Ellsworth Adhesives, Germantown, WI,
USA) was poured into a dish of six-well Aggrewell
400 plate (mold) to fabricate micropyramid arrays,
then incubated at 25 ◦C for 48 h on a leveled surface
to cure the micropyramid-patterned PMDS sheets.
Each micropyramid-patterned PDMS was peeled
from a mold and cut using a hollow punch for the
subsequent process (figure 2(A)). To fabricate the
micropyramid-patterned PDMS sheets of different
thicknesses, 0.4, 0.5, 0.6 or 1.0 ml of PDMS were
poured into the six-well Aggrewell 400 plate to fab-
ricate molded PDMS sheets of 150, 250, 400, and
800 µm in thickness, respectively (figures 2(B) and
(C). PDMS thickness wasmeasured in cross-sectional
images through the middle of the sheet (microscopy:
SZ61, Olympus; Infinity2, Teledyne Lumenera; image
processing: cellSens, version 1.12, Olympus). The
PDMS sheet thickness was defined as the distance
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Figure 1. Overview of the study to achieve high seeding density culture of 3D spheroids. The study consists of three steps with
distinct aims for which different tests were employed with dish bottom modifications, including flat, microwell, micropyramid
and O2-permeable micropyramid.

from the culture dish bottom surface to the base of
the micropyramids.

Non-O2-permeable, micropyramid-patterned
bottom culture plates were fabricated by punching
out a circle 12.3 mm in diameter from an 800 µm-
thick micropyramid-patterned PDMS sheet to match
the inner diameter of dishes in 24-well plates. To fab-
ricate O2-permeable, micropyramid-patterned bot-
tom culture plates, a round micropyramid-patterned
PDMS sheet 15.9 mm in diameter (i.e. 3.6 mm larger
than the inner diameter of a 24-well) was prepared
and glued to the bottom of a 24-well no-bottom
plate (Greiner Bio-One, Monroe, NC, USA) using
a medical-grade epoxy (MasterSil 912Med, Master
Bond, Hackensack, NJ, USA). The glue was applied
exclusively to the region of overlap. After curing the
epoxy, 1 ml of distilled water was poured into the
dishes and left for 24 h at room temperature to con-
firm the absence of leakage at the sealed interface.
Figure 2(D) illustrates the schematic cross-section of
the fabricated wells.

2.2. Seeding test of microsphere beads
Spherical dextran beads were used to test the distri-
bution of 3D spheres on the culture dishes (Cytodex
1, Sigma-Aldrich St. Louis, MO, USA). Beads were
swelled to∼190µm(range: 150–300µm) in diameter
by incubation in distilled water overnight at 4 ◦C.
Beads were then colored in aMethylene Blue solution
(Sigma-Aldrich) overnight at 4 ◦C for visualization,
followed by the washing steps in distilled water.

Colored dextran beads were seeded into a 24-
well culture plate with 1 ml of phosphate-buffered
saline (PBS; Corning Life Sciences, New York, USA),

with three different bottom structures: flat, microw-
ell and micropyramid. Two seeding-density condi-
tions at 200 and 400 beads per dish were tested. Beads
were applied to the dishes, mixed with pipetting, and
left undisturbed for 10 min for the beads to sedi-
ment, then imaged using the bright field (microscope:
SZ61, Olympus; camera: Infinity2, Teledyne Lumen-
era, Ottawa, ON, Canada). The beads distribution
was categorized into single, two-bead-aggregate, and
⩾ three-bead-aggregate, and the number of beads in
each category was counted. Four individual experi-
ments were performed for each condition.

2.3. Preparations of pancreatic islets and culture
Islets were isolated from wild-type Lewis (LEW) rats
for all studies except the islet metabolism exam-
inations, in which Luciferase-transgenic (Luc-Tg)
LEW rats were used as donors for bioluminescent
imaging [27]. Islets were isolated using the following
procedures [28, 29]. Under general anesthesia, 9ml of
ice-cold collagenase solution (2.5 mg ml−1 in Hanks’
Balanced Salt Solution (HBSS), Sigma-Aldrich) was
injected into the pancreatic duct through the com-
mon bile duct. The distended pancreas was resec-
ted and enzymatically digested at 37 ◦C for 10 min.
The digested pancreas was centrifuged at 300 × g for
3min. Pellets were subjected to density gradient cent-
rifugation in HBSS solution and Histopaque-1077
(density: 1.077 g ml−1, Sigma-Aldrich) for 25 min at
300× g. Islets were hand-picked for purity. Since isol-
ated islets are heterogeneous in size, the standardized
unit of IEQwas used to count the volume-based, nor-
malized islet number, in which the islet with 150 µm
in diameter is defined as 1 IEQ [15].
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Figure 2. Fabrication of micropyramid-patterned culture dishes. (A) Micropyramid pattern was fabricated as an inverted pattern
of microwell (mold: aggrewell 400 plate), using PDMS. The top view of the fabricated dish with micropyramid-patterned bottom
in a 24-well format (right panel). (B) Micropyramid-patterned PDMS sheets were fabricated at 150, 250, 400 and 800 µm
thicknesses. Cross-sectioned PDMS sheet was placed on the metal plate to capture the images. The metal plate layer (M) was
placed on the PDMS layer (P) for imaging. (C) PDMS sheet thickness was controlled by the volume of PDMS applied to the mold
(microwell plate). Thickness was measured in the microscopic images. Linear regression was applied to demonstrate the
correlation between the applied PDMS volume and sheet thickness. R2 = 0.9578, P < 0.0001 in F-test. n= 4 per condition.
(D) Schemas of the cross-sectional views of the fabricated wells. Black and grey structures indicate polystyrene material and
PDMS, respectively.

Prior to the subsequent in vitro culture tests,
islets were recovered from the isolation process by the
overnight incubation at 27 ◦C at low seeding density
(11–15 IEQ cm−2, in a 95 mm-petri dish [Corn-
ing Life Sciences) using 8 ml of CMRL 1066 culture
media (Corning Life Sciences) supplemented with
0.5% human serum albumin, 0.1 µg ml−1 insulin-
like growth factor-1 (Cell Sciences, Newburyport
MA, USA), 10 Uml−1 heparin sodium (Sagent Phar-
maceuticals, Schaumburg, IL, USA), and Penicillin-
Streptomycin-Glutamine (Gibco, Waltham, MA,
USA) in a 5% CO2-incubator at 27 ◦C. Recovered
islets, defined as ‘pre-cultured islets,’ were retrieved,
counted, and seeded into the designated conditions
of subsequent culture at 37 ◦C with freshly prepared
culture media. All islet culture experiments were per-
formed in a 24-well format at high seeding density
(260 IEQ cm−2 (500 IEQ/dish)) with 1 ml of culture

media, except the first preliminary experiment at
100 IEQ cm−2 which is similar islet density condi-
tion used in the clinical islet transplantation prepar-
ations (86–114 IEQ cm−2 (15 000–20 000 IEQ/T175
flask)).

2.4. Seeding/movement test of isolated islets
Two culture dishes were prepared to assess the move-
ment of islets during culture: conventional flat-
bottom and micropyramid-patterned bottom. Two
hundred IEQ per dish of isolated islets were seeded
with gentle pipetting and left undisturbed for 10 min
to sediment. The distribution of islets was imaged in
the bright field (SZ61, Olympus; Infinity2, Teledyne
Lumenera) on days 0 and 3. To analyze the move-
ment (migration) of islets, the bottom area of the
24-well plate was categorized into 4 concentric zones
on the captured images (zone 1 for the center and
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zone 4 for the periphery); each zone had the same
area of 0.478 cm2. The islet number in each zone was
counted on day 0 and day 3. The percent increase of
the islet was defined as migration index.

Migration index(%)

=
(islet number on day 3)− (islet number on day 0)

(islet number on day 0)
. 100.

For example, when the islet numbers are the same
between day 0 and day 3 in a specific zone, migra-
tion index = 0%. Three individual experiments were
employed in each condition.

2.5. Culture media flow simulation
The culture media generates media dynamics as the
temperature changes after the culture dish is placed
in the 37 ◦C incubators. The media flow simulation
in a 24-well plate was employed using a finite volume
method in SOLIDWORKS Flow Simulation (Service
Pack 5.0, 2019, SOLIDWORKSWaltham, MA, USA).
Navier–Stokes equations were applied to govern the
fluid dynamics simulation. The simulation structure
is based on the 24-well plate geometry placed on the
heated incubator shelf with four different layers from
bottom to top: (a) aluminum shelf layer at 37 ◦C, (b)
polystyrene layer at 22 ◦C, (c) water (instead of cul-
ture media) layer at 22 ◦C, and (d) air layer at 37 ◦C.
Cultured islets on the bottom of the dish were not
involved in the flow simulation. Simulation data 10 s
after placing the 24-well plate in the incubator was
obtained.

2.6. Simulation of pO2 distribution
A finite element method (COMSOL Multiphysics
5.3, Stockholm, Sweden) was used to examine the
O2 gradient formed in the microenvironment of the
culture media in a 24-well plate. The O2 transport
properties were characterized using Fick’s diffusion
equation with the consumption term:

∂c

∂t
= D∇2c−R

[
mol

m3 · s

]
where c is the O2 concentration, D is the diffusion
constant of O2, and R is the O2 consumption rate of
cells governed by the Michaelis-Menten type meta-
bolic kinetics:

R = OCR

(
c

c+Km

) [
mol

m3 · s

]
where OCR denotes the maximum O2 consumption
rate achievable by the islets and Km represents the O2

concentration at which the rate equals to half of the
maximum. Henry’s law was also used to correlate the
O2 concentration with O2 tension so the continuity
of O2 partial pressure can be applied across different
boundaries:

c

[
mol

m3

]
=H

[
s2 mol

kg m2

]
· pO2 [Pa]

where H is the O2 solubility and pO2 is the partial
pressure of oxygen.

The simulation geometry (figure S1(A)) is based
on the 24-well plate geometry with three different lay-
ers from bottom to top: (a) the bottom layer, con-
sisting of either oxygen impermeable polyester or
oxygen-permeable PDMS membranes with different
thicknesses, (b) active O2 consumption layer, which
consists of islets and culture media, and (c) top cul-
ture media layer. In the active O2 consumption layer,
four different concentric zones with the same foot-
print size were constructed by homogenizing the O2

consumption rate and the corresponding parameters
based on the measured islet density (figure S1(B)). A
complete list of parameters used for the simulation of
pO2 is in supplemental table 1.

2.7. pO2measurements of culture media
The O2 microenvironment in the post-culture media
was examined in vitro after the 3 d-culture using 300
and 600 IEQ per well. An optic, flexible wire-type
O2 probe to measure the pO2 in the media (Ocean
Optics, Dunedin, FL, USA) was placed on a rotary
positioner (Parker Hannifin, Irwin, PA, USA) for
fine spatial positioning, and the tip of the probe was
placed in the designated points. pO2 measurements
were employed to examine the two types of O2 gradi-
ent in the culture media, namely, transverse O2 gradi-
ent and vertical O2 gradient.

Transverse O2 gradient was assessed by the differ-
ence of pO2 (∆pO2) between two points in the bot-
tom layer of the well. pO2 weremeasured at the center
of the well (pO2_ctr) and 0.4 cm away from the cen-
ter (pO2_perif), and transverse∆pO2 (∆pO2_trans)
was defined as ∆pO2_trans = pO2_perif—pO2_ctr.
Transverse O2 gradient was examined in two cul-
ture conditions with a flat bottom or micropyramid-
bottom dish, and three individual experiments were
employed for reproducibility.

Vertical O2 gradient was assessed by the differ-
ence of ∆pO2 between two points in the center of
the well. pO2 was measured at the bottom of the
well (pO2_btm) and 0.4 cm upper from the bot-
tom (pO2_upr), and vertical ∆pO2 (∆pO2_vert)
was defined as ∆pO2_vert = pO2_upr—pO2_btm.
Vertical O2 gradient was examined in the five
micropyramid-patterned bottom conditions, includ-
ing a non-O2-permeable bottom and O2-permeable
PDMS bottoms (150, 250, 400, and 800 µm in thick-
ness). Three individual experiments were performed
in each condition.

2.8. Oxygen consumption rate of the isolated islets
The OCR of the isolated rat islets was measured for
the pO2 simulations. Isolated islets were recovered
from the isolation process by the overnight incub-
ation at 27 ◦C at low seeding density as described
in Preparations of pancreatic islets and culture, fol-
lowed by the pre-incubation at 37 ◦C for 4 h prior to
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the OCR measurement in a 95 mm-petri dish. Islet
OCR was measured using a Seahorse XFe analyzer
(Seahorse Bioscience, North Billerica, MA, USA).
Approximately 100 IEQ per donor were plated onto
wells in a Seahorse XFe islet capture plate with the
RPMI media containing 3 mm glucose. Seven islet
OCR measurements were employed every 7.5 min to
calculate the average OCR. The exact islet number
applied was calculated by the image analysis for the
conversion to IEQ (cellSens, Olympus). Data were
obtained from five different donors.

2.9. Islet morphology and viability assessment
Bright-field images of cultured islets were captured
to assess the islet morphology (SZ61, Olympus;
Infinity2, Teledyne Lumenera). Shape factor, which
numerically describes the shape of a particle in 2D
images [30], was calculated for the cultured islets:

Shape factor = 4.π .

(
area

perimeter2

)
where the area and perimeter of individual islets were
measured. Shape factor values can range from 0 to
1, where the value of 1.0 indicates a perfect spher-
oid. Fifty cultured islets were incubated in 0.48 µM
of fluorescein diacetate (FDA; Sigma-Aldrich, Saint
Louis, MO, USA) solution in PBS for 5 min in the
dark at room temperature, washed with PBS, and
gently transferred to a 96-well plate to capture the
fluorescent images (IX50, Olympus) to calculate the
shape factor (cellSens, Olympus).

Islet mass was assessed by calculating the islet area
using bright-field photomicrographs (IX50, Olym-
pus) [22, 31]. Briefly, 2D islet area was analyzed by
cellSens imaging software (Olympus), followed by the
conversion to the unit of IEQ (1 IEQ represents the
islet 150 µm in diameter; 17 671 µm2/IEQ in 2D area
analysis) [15]. Islet mass was evaluated on day 0 (pre-
culture) as well as day 4 (post-culture).

Islet viability was analyzed using live/dead stain-
ing by a semi-automated method [22, 32]. Cultured
islets (100 IEQ per group) were incubated in 0.48 µm
and 15 µm of FDA/propidium iodide (PI; Sigma-
Aldrich) solution in PBS for 5min in the dark at room
temperature, washedwith PBS, and gently transferred
to a 96-well plate to capture the fluorescent images
(IX50, Olympus). Overall viability of all islets imaged
was calculated using the cellSens software (Olympus)
as previously described [32].

The occurrence of islet fusion was evaluated using
the live/dead staining images. Fusion was defined by
the structure of 2 or more islets tightly attached, and
islets were categorized as ‘Single’ or ‘Fused.’ Especially
for the viability assessment of Single vs. Fused, the
viability of individual constructs (n = 45 for Single
and n= 35 for Fused) was calculated. The 2D area of
the islet constructs (including Single and Fused) was
also measured using the same images to analyze the
islet size.

2.10. Islet damage assessments
Cell damage of post-cultured islets was assessed using
the 3 day-cultured islets. HMGB1 is the ubiquit-
ous nuclear protein, and secreted HMGB1 has been
used as a biomarker of non-cell-type-specific dam-
age by necrotic cells to trigger inflammation [33–35].
HMGB1 released into the culture media was meas-
ured using an HMGB1 Detection Kit (Chondrex,
Woodinville, WA, USA), and HMGB1 concentration
was normalized by IEQ seeded on day 0.

Insulin content in the post-cultured islets was
examined for beta cell-specific damage. Approxim-
ately 100 IEQ of islets were sampled and lysed in
1 ml of cell lysate buffer composed of 70% ethanol
(v/v; Sigma Aldrich) and 0.09 mol l−1 of Hydro-
chloric acid (as final concentration; Sigma Aldrich)
dissolved in distilled water [36]. The insulin con-
centration of the islet lysate was measured using a
rat insulin ELISA kit (Mercodia, Uppsala, Sweden).
Before islets were lysed, accurate isletmass (in the unit
of IEQ) was measured by image analysis (cellSens,
Olympus, Tokyo, Japan), with which insulin con-
tent data was normalized. Three independent experi-
ments were performed for HMGB1 and insulin con-
tent measurements.

2.11. Histological examinations of cultured islets
In vitro cultured islets were fixed in 10% formalin
and embedded in 3% agar for histological sec-
tioning. H&E stain was performed for morpholo-
gical assessment. For the detection of cellular hyp-
oxia, immunohistochemistry (IHC) was performed
on Ventana Discovery Ultra IHC autostainer (Roche
Diagnostics, Indianapolis, IN, USA) using HIF1A
primary antibody (MA1-16 504, Thermo Fisher Sci-
entific, Waltham, MA, USA; dilution at 1:100) and
Discovery HQ-HRP-DAB detection system (DIS-
COVERY anti-Mouse HQ andDISCOVERY anti-HQ
HRP). Images were captured using an IX50 micro-
scope (Olympus) and cellSens software (Olympus).
For the islet damage assessment, the pyknotic area,
characterized by nucleus deformation and loss of
cytoplasm with an eosin-negative area, was detected
and measured in the image analysis (cellSens, Olym-
pus), to calculate the % pyknotic area to the whole
islet area [37]. The overall % pyknotic area/islet area
of 10–20 islets were assessed from a single islet prepar-
ation, and the data from three individual experiments
were presented.

2.12. Gene expression assays (qPCR)
RNA was isolated from 200 IEQ of islets 3 d after
in vitro culture (TRI Reagent, Molecular Research
Center, Cincinnati, OH, USA, and Direct-zol RNA
Microprep, Zymo Research, Irvine, CA, USA) for
following real-time PCR, as described previously
[38]. Relative quantities of each transcript (hypoxia-
related genes (HIF1-target genes)) were normalized
to an endogenous housekeeping gene (ACTB) and
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expressed as a fold-increase to the average of CTL.
All primers for VEGFA (Rn01511602_m1), GAPDH
(Rn01775763_g1), SLC2A1 (Rn01417099_m1),
and ACTB (Rn00667869_m1) were obtained from
Thermo Fisher Scientific (Waltham,MA, USA). Gene
expression data were obtained from three independ-
ent experiments.

2.13. Islet metabolism
In vitro islet metabolism of isolated islets from LUC
transgenic rats [27] was assessed using an ATP-
based bioluminescent intensity assay [39]. Three-day
cultured islets at 500 IEQ/well in a 24-well plate
were incubated in luciferin solution (PerkinElmer,
Waltham, MA; 150 µg ml−1 dissolved in the culture
medium) for 20 min at 37 ◦C. Then bioluminescent
images were captured over 60 s per image (Lago X
platform, Spectral Instruments Imaging, Tucson, AZ,
USA). Images of three independent experiments were
obtained, and bioluminescent intensities were nor-
malized by the IEQ number applied.

2.14. Islet function
Glucose stimulated insulin secretion (GSIS) was
assessed using post-cultured islets on day 3 after
high seeding density culture. Approximately 200 IEQ
per well were incubated on a 24-well plate cell cul-
ture insert (Millipore Sigma, Burlington, MA, USA)
with 1 ml of Krebs–Ringer buffer (KRB) solution
containing 2.8 mm glucose for 1 h, followed by a
1 h incubation with 1 ml of KRB solution contain-
ing 28 mm glucose. After each incubation, the buf-
fer was collected to measure insulin concentration
using a rat insulin ELISA kit (Mercodia). After the
high glucose incubation, islets were lysed in the well
using 1 ml of cell lysate buffer. The insulin con-
centration of the samples was measured using a rat
insulin ELISA kit (Mercodia, Uppsala, Sweden). Data
of secreted insulin in low and high-glucose KRB solu-
tions were normalized using total insulin content in
islets [36, 39]. The insulin secretion ratio between
high glucose over low glucose was used to calculate
the stimulation index (SI_GSIS). Three independent
experiments were performed.

2.15. In vivo transplantation of cultured islets
Streptozotocin (STZ)-induced diabetic NOD-SCID
mice (Charles River Laboratories, Wilmington, MA,
USA)were used as recipients for islet transplantations
under the renal capsule of left kidneys, as previously
described [40, 41]. Mice were injected intraperiton-
eally with STZ (50 mg kg−1-body weight of mouse)
for 3 consecutive days for 2 weeks before the trans-
plantations to induce diabetes. Before the islet trans-
plantation, diabetes was confirmed by measuring
blood glucose levels at >400 mg dl−1.

Four-day-cultured islets were handpicked to pre-
pare the designated IEQ required for the study under
the microscope (SZ61, Olympus). Digital images of

handpicked islets were obtained (Infinity2, Teledyne
Lumenera) to measure and confirm the IEQ in cell-
Sens software (Olympus). In the initial study, pre-
cultured islets were transplanted to examine the mar-
ginal islet number to reverse diabetes in this animal
model: 100 IEQ (n = 3), 200 IEQ (n = 3), 300 IEQ
islets (n = 1) and 400 IEQ (n = 1). In subsequent
in vivo experiments, 200 IEQ of 4 day-cultured islets
in three different culture conditions (flat-bottom
(CTL), microwell, and micropyramid bottom) were
transplanted (n= 4 per condition).

Non-fasting blood glucose levels were measured
weekly for 7 weeks after the transplantation, and
reversal of diabetes was defined as blood glucose
below 200 mg dl−1 for two consecutive weeks. Area
under the curve (AUC) of the blood glucose in the
observation period between 0 and 6 weeks (AUC_0–
6 weeks) was calculated and expressed in the unit
of mg/dL ∗week to quantify the post-transplant gly-
cemic control [42, 43]. For the mice in which dia-
betes was reversed, kidneys with transplanted grafts
were resected to confirm the increase of blood gluc-
ose without functional islet grafts.

As an in vivo functional assessment of trans-
planted islets, an intraperitoneal glucose tolerance
test (IPGTT) was employed 4 weeks after the trans-
plantations. Recipient mice fasted for 6 h before an
intraperitoneal administration of glucose solution
at 2 g glucose kg−1 body weight to assess glucose
tolerance [44]. Blood glucose was measured at 0, 15,
30, 60 and 120 min after the glucose injection. AUC
of the blood glucose between 0 and 120min (AUC_0–
120 min) was calculated and expressed in the unit of
mg/dL∗min [39] to quantify the IPGTT data.

The long-term systemic effect of islet transplant-
ation was also evaluated by the occurrence of dia-
betic nephropathy, a representative complication of
diabetes mellitus [45–47]. At the end of the study
at 6–7 weeks, kidneys were resected to fix in 10%
formalin for histology sectioning. Periodic acid-Schiff
(PAS) staining with the hematoxylin counterstain
was performed for the assessment of the mucopoly-
saccharides deposition in the glomerulus (Periodic
Acid-Schiff Kit, Sigma Aldrich). The average % PAS-
positive area/glomerulus area was quantified from ten
glomeruli in each recipient (cellSens, Olympus).

The use of animals and animal procedures in this
study were approved by the City of Hope/Beckman
Research Institute Institutional Animal Care and Use
Committee.

2.16. Statistical analysis
Data were reported as the mean ± standard error
(SEM). Statistical analyzes were performed using the
JMP 9 program (SAS Institute, Cary, NC, USA). For
the statistical comparisons between the averages of
two groups, Student’s t-tests was used. Correlations
were analyzed using fitted regression lines and coef-
ficient of determination (R2) values, and statistical
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significance were calculated using F-tests. p < 0.05
denotes statistical significance.

3. Results

3.1. Reduced viability by the fusion of pancreatic
islets during culture
The diffusion of essential molecules into the core of
spheroids is suboptimal in large 3D spheroids, indu-
cing cell death [13, 14]. Fused islets act as a single lar-
ger unit which detrimentally affects islet survival in
cultures [13]. Notably, such fusion frequently occurs
in standard flat culture flasks and dishes. We cultured
isolated rat islets in a flat-bottomed dish for 4 d at a
conventional islet seeding density of 100 IEQ cm−2,
similar to the clinical islet transplantation prepar-
ation. We found a frequent occurrence of central
necrosis in large, fused islets with live/dead staining
(figure 3(A)). Viability plots of overall islets and fused
islet constructs revealed that the viability negatively
correlates to the islet area analyzed in the 2D images
(figure 3(B), viability= 98.2–3.3× 10−4 × Islet area,
R2 = 0.25, P < 0.0001). The area of fused islet struc-
tures was significantly larger than that of single islets
(figure 3(C), 25 560 µm2 vs. 69 379µm2, P< 0.0001).
The viability of fused islet structures was significantly
lower than that of single islets (figure 3(D), 91.0% vs.
73.6%, P < 0.0001). These results indicated that the
prevention of islet aggregation could be an import-
ant strategy to maintain islet quality during the
culture.

3.2. Improved separation of islet-mimicking beads
with micropyramid-patterned dish
We examined the distribution of dextran beads on
three different surfaces to determine the extent of
potential islet separation in culture on these sur-
faces: (a) flat (conventional culture dish), (b)microw-
ell array, and (c) micropyramid array (figure 4(A)).
We hypothesized that the microwell and micropyr-
amid patterns could have a similar effect on spher-
oid separation in mid-seeding density (figure 4(B)),
whereas the micropyramid pattern could be advant-
ageous over microwell, especially at high seeding
density (figure 4(C)) since the microwell dish poten-
tially can accommodate multiple spheroids within a
well to induce unsolicited aggregation (figure 4(C)).
We investigated the actual occurrence of aggregation
using beads ranging from 150 to 300 µm in dia-
meter, similar to the size range of the isolated rodent
islets used in this study; aggregation was defined as
beads in contact in images. At mid-seeding dens-
ity, an analysis using images of beads in different
bottom surfaces (figure 4(D)) revealed that microw-
ell and micropyramid bottoms effectively preven-
ted aggregation as observed for the flat-bottom sur-
face (figure 4(E); 71%, 88%, and 91% of single
beads in the flat bottom, microwell, and micropyr-
amid, respectively). Detailed comparison analysis

(figure S2(A)) demonstrated that the occurrence of
aggregation is significantly reduced for both microw-
ell and micropyramid patterns when compared to
the flat bottom (P = 0.0001 (microwell vs. flat bot-
tom) and P < 0.0001 (micropyramid vs. flat bot-
tom)). High seeding density increased the occurrence
of aggregation in all conditions compared to the mid-
seeding density (figures 4(F) and (G)). However, the
percentage of single beads was notably highest for the
micropyramid array at high seeding density (53, 68,
and 80% in the flat bottom,microwell, andmicropyr-
amid, respectively), indicating the highest bead sep-
aration. Occurrence of aggregation in micropyramid
(20%) was significantly lower than that in microw-
ell (32%) (figure S2(B); P = 0.0422 (microwell
vs. micropyramid)). These results demonstrate the
potential use of the micropyramid-patterned bottom
for the culture of 3D spheroids, including pancreatic
islets, to mitigate islet fusion during the culture.

3.3. Alleviating islet movement-induced O2
gradient inmedia bymicropyramid-patterned dish
Although the micropyramid-patterned bottom pre-
vented aggregation of beads immediately after seed-
ing, investigators, including ourselves, experiment-
ally know that the seeded islets accumulate in
the center of the dish during the culture period,
which potentially increases the risk of aggregation
via physical islet-islet contact. In vitro, we investig-
ated the change in islet distribution between pre-
(day 0) and post-culture (day 3) in the flat bottom
and micropyramid-patterned bottom (figure 5(A)),
which demonstrated that islets in the conventional
flat bottom showed more movement than those cul-
tured in the micropyramid bottoms. In fact, most of
the islets seeded on the micropyramid bottom stayed
in the same spot, in the gutter between the micropyr-
amids (figure 5(A), enlarged pictures), during the cul-
ture for 3 d (without culture media replacement). We
quantified the change in islet distribution by count-
ing the number of islets in 4 zones in the dish in the
captured images (Zone 1 in the center to Zone 4 in
the periphery; figure 5(B)). Note that each zone has
the same area of 0.478 cm2. Analysis revealed that the
islets seeded in the flat bottommoved toward the cen-
ter with the increase of islet population at +165% in
Zone 1,−23% in Zone 2,−66% in Zone 3 and−81%
in Zone 4, compared to pre-culture. On the other
hand, micropyramid showed minimal movement in
each zone (5%, −4%, −8%, and +10% in Zone 1–4,
respectively). Detailed data are presented in figure S3.
Simulation of the culture media dynamics revealed
that the temperature increase of the culture media
generates the flow from the periphery toward the cen-
ter in the dish bottom level (figure S4), which could
explain the islet movement during culture. These
results indicated that the micropyramid-patterned
bottom mitigated movement-induced islet aggrega-
tion during the culture.
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Figure 3. Fusion of pancreatic islets reduces viability in vitro. Isolated islets were cultured in a conventional condition at
100 IEQ cm−2 on a flat-bottom dish. (A) A representative photo of Live (green)/Dead (red) stain. Single and fused (aggregated)
islets were identified. Blue and red arrowheads indicate single and fused islets, respectively. (B) Viability and islet area of single
islets (n= 45, in blue) and fused islets (n= 35, in red) were plotted. Linear regression analysis demonstrated a negative
correlation between viability and size of islets. R2 = 0.25, P< 0.0001 in F-test. (C) The average area of single and aggregated islets
measured in 2D images. n= 45 and 35, respectively. ∗∗∗ P < 0.001. (D) Viability of single and aggregated islets measured in 2D
images. n= 45 and 35, respectively. ∗∗∗ P < 0.001 in Student’s t-tests.

Figure 4. Prevention of aggregation in the culture dish with micropyramid-patterned bottom: islet-mimicking beads model.
(A) Schemas of micropatterns bottoms tested: conventional flat, microwell and micropyramid. Blue-colored 3D spheroids are in
the micropatterned bottom dishes. (B) Schemas of seeded spheroids in mid-seeding density in microwell and micropyramid
patterns. (C) Schemas of seeded spheroids in high seeding density in microwell and micropyramid patterns. Spheroids in contact
are colored in orange that can potentially form aggregates in culture. (D) Image of seeded dextran beads (blue; 150–300 µm in
diameter) at mid-seeding density in three bottom-patterned dishes in a 24 well-platform. Overview photographs are shown in the
upper row and enlarged photographs in the bottom row. (E) Analysis of dextran bead aggregation at mid-seeding density. Seeded
beads were categorized into three groups: single, 2 beads and⩾3 beads and expressed as % of total beads. Detailed statistical
analysis of aggregation is available in figure S3(A). (F) Imaged of seeded dextran beads (blue; 150–300 µm in diameter) at high
seeding density in three bottom-patterned dishes in a 24 well-platform. (G) Analysis of dextran bead aggregation at high seeding
density. Detailed statistical analysis of aggregation is available in figure S3(B).

Movement of the islets not only increases the
risk of aggregation but also induces the non-uniform
islet distribution within the culture dish, which
theoretically can create the oxygen tension (pO2)
gradient in the culture media. We simulated the

pO2 in the bottom layer of the dishes where islets
sediment in three conditions at different seed-
ing densities. Note that the islet distribution used
for the pO2 simulation was based on the actual
post-cultured islet distribution (figure S3), and the
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Figure 5. Assessments of islet movement and resultant pO2 gradient in the culture media. Isolated islets were seeded in flat or
micropyramid bottom dishes to observe islet movement during culture. (A) Representative photos of the same dish on day 0 and
day 3. Enlarged photos are shown for the micropyramid bottom dish. (B) Islet movement was analyzed by dividing the dish into 4
zones, and Migration index was defined as a % increase of islet number and calculated for each zone. Zero percent indicates no
change in islet number in the specific zone. Definition of zones in the upper panel; analysis of islet movement in the flat (bottom
left panel) and micropyramid-patterned bottom dishes (bottom right panel). The islet number in each zone was compared
between day 0 and day 3 to determine the significant % increase of islet number in each zone. n= 4 per group. ∗P < 0.05 and
∗∗∗ P< 0.001 in Student’s t-tests. (C) pO2 gradient was examined by the pO2 simulation of the culture media in the bottom layer
of the dishes (islet layer). Simulations were employed in the seeding density at 200, 300 and 600 IEQ in the flat and micropyramid
bottom dishes. Islet distribution used for the simulation was based on the actual islet distribution measured in vitro on day 3 in flat
and micropyramid bottom dishes using 200 IEQ (figure S3). (D) pO2 gradient was evaluated by the measured pO2 of the culture
media in the bottom layer of the dishes on day 3; pO2 in the center (pO2_ctr) and the periphery (pO2_perif) were measured to
calculate transverse∆pO2 (∆pO2_trans= pO2_perif—pO2_ctr), in flat and micropyramid bottom dishes at 300 IEQ per dish.
n= 3 per group. ∗P < 0.05 in Student’s t-tests. pO2 simulation methods are also available in figure S1 and supplemental table 1.

oxygen consumption rate (OCR) of the islets for
the pO2 simulation was separately measured as
1.84 pmol sec−1 IEQ−1 (figure S5). As expected, the
flat-bottom dishes generated a steeper O2 gradient
compared to the micropyramid bottom dishes in the
simulation (figure 5(C)). Further, we measured the
pO2 gradient in the post-culture media with 300 IEQ
per dish in vitro (figure 5(D)). Micropyramid-
patterned bottom dishes diminished the pO2 gradi-
ent, and a more uniform O2 microenvironment
was obtained compared to the flat-bottom dishes
(∆pO2_trans = 23.9 mmHg (CTL) vs. −0.2 mmHg
(micropyramid), P = 0.0429), which aligned well to

the pO2 simulation data. These results showed the
advantage of the micropyramid-patterned bottom
dishes over the flat-bottom dishes in preventing islet
movement and creating an O2 gradient in the culture
media. However, pO2 simulation at higher seeding
density (e.g. 600 IEQ) on micropyramid-patterned
bottom dishes exhibited an absolute pO2 level drop
in the entire dish area. This result suggested that the
external O2 supply combined with micropyramid-
pattern dishes has the potential to improve the O2

microenvironment, especially in ultra-high seeding
density islet cultures, which were tested in the sub-
sequent experiments.
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Figure 6.Micropyramid-patterned bottom, O2-permeable dish eliminates the vertical pO2 gradient in the culture media. After
achieving the uniform islet distribution on the micropyramid-patterned bottom dishes, absolute pO2 in the islet layer was
improved by using O2-permeable PDMS to eliminate the vertical pO2 gradient. (A) pO2 simulation in the cross-sectional plane in
the middle of the dish is shown. pO2 in high seeding density at 300 and 600 IEQ were simulated in different bottom thicknesses
between 150–800 µm. Islet distribution used for the simulation was based on the actual islet distribution on the micropyramid
bottom dishes (post-culture) shown in figure S3. pO2 simulation methods are also available in figure S1 and supplemental table 1.
(B) Measured vertical O2 gradient were assessed. The∆pO2 between two points (pO2_btm and pO2_upr) in the center of the
dish was measured 3 d after the 300 IEQ (left panel) and 600 IEQ (right panel) islets were cultured on different
micropyramid-patterned bottom conditions. n= 3 per each condition. ∗∗∗ P < 0.001 in Student’s t-tests, compared to the
∆pO2 in polystyrene+ 800 µm-thick-PDMS micropyramid dishes.

3.4. Eliminating the vertical O2 gradient by
micropyramid-patterned, O2-permeable bottomed
dish
Although the micropyramid-patterned dishes pre-
vented islet fusion andmovement, pO2 on the bottom
layer of the dishes dropped, especially in ultra-high
seeding density, as shown in figure 5(C), since the
micropattern was placed on the O2-impermeable
polystyrene dishes. Therefore, we fabricated the
O2-permeable PDMS-bottomed, micropyramid-
patterned dishes in thicknesses between 150 and
800 µm (figure 2). We employed pO2 simulation
in the cross-sectional plane in the middle of the
dish (figure 6(A)). Simulations revealed that the

PDMS-bottomed dishes between 150 and 800 µm in
thickness effectively improved O2 environment in the
bottom layer of the dishes by minimizing the vertical
O2 gradient at both 300 and 600 IEQ/dish seeding
density. To confirm the simulation results, we meas-
ured the vertical O2 gradient in vitro culture setting at
300 IEQ and 600 IEQ seeding density (figure 6(B)).
The O2-impermeable polystyrene bottom demon-
strated huge vertical O2 gradient (i.e. pO2 drop on the
bottom compared to the media surface), especially in
the high seeding density condition. PDMS-bottomed
dishes significantly reduced the vertical O2 gradi-
ent compared to the O2-impermeable polystyrene
bottom in both seeding conditions at 300 IEQ and
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Figure 7. The effect of the micropyramid-patterned bottom dishes on the islet morphology and mass in high seeding culture.
Isolated islets were cultured for 4 d at a high seeding density of 500 IEQ per dish in a 24-well plate (∼260 IEQ cm−2) in 3
different types of bottoms dishes. (A) Representative islet appearances at post-culture are shown. Overview photographs (upper
row) and enlarged photographs (bottom row) in bright field. (B) Islet morphology was assessed by the shape factor. The average
shape factor of 50 islets from a single donor was calculated, and the analysis was performed using the data from 3 individual
donors per group. ∗∗∗ P< 0.001 in Student’s t-tests. (C) Islet mass between pre- and post-culture were analyzed. All islets seeded
in the dishes were imaged for subsequent area-based imaging analysis. n= 3 per each condition. ∗ P < 0.05 in Student’s t-tests;
pre-culture vs. post-culture.

600 IEQ (P < 0.001). There was no significant differ-
ence in vertical O2 gradients among different PDMS
thicknesses tested. These actual measurements were
consistent with the simulation data.

Collectively, we demonstrated that (a) micropy
ramid-patterned bottom dishes alleviated the islet
fusion and movement, and (b) additional O2-
permeability in the bottom layer of dishes further
improved O2 environment of the culture media.
Accordingly, in the following experiments, we com-
pared three different types of dish bottoms for
islet culture at high seeding density: flat bottom
(CTL), micropyramid-patterned bottom (micropyr-
amid), and micropyramidal + O2-permeable bot-
tom (micropyramid + O2). We used a 400 µm-thick
PDMS to fabricate the O2-permeable bottom dishes
due to easier handling than the other PDMS thick-
nesses and since all thicknesses of PDMS showed
similar vertical O2 gradients.

3.5. Improved islet morphology in high seeding
culture onmicropyramid-patterned dish
We cultured isolated islets at high seeding density
(500 IEQ per dish in a 24-well plate; 260 IEQ cm−2)
in three different dish bottoms (CTL, micropyramid,
andmicropyramid+O2), shown in figure 7(A). Both
micropyramid and micropyramid + O2 maintained
islet morphology well with demarcated borders. In
contrast, islets in the CTL dishes had obscure borders,
indicating the degraded islets. Further, we evaluated
the islet morphology using the shape factor, numer-
ical values describing the shape under 2D images
[30]; the micropyramid and micropyramid + O2

significantly improved the islet morphology com-
pared to the CTL (P = 0.0002 (CTL vs. micropyr-
amid) and P= 0.0002 (CTL vs. micropyramid+O2);
figure 7(B)). CTL significantly reduced islet mass
within 4 d (P = 0.0312, pre-culture vs. post-culture),

whereas micropyramid andmicropyramid+O2 alle-
viated the islet mass reduction (figure 7(C)).

3.6. Mitigation of hypoxia-induced islet damage by
micropyramid-patterned O2-permeable bottom
dish
Live/dead stain images of post-cultured islets showed
massive islet death with significant debris present
in CTL (figure 8(A)). Less debris was present, but
islet central necrosis occurred in the micropyr-
amid. In contrast, micropyramid + O2 minimized
islet death. Image analysis demonstrated that the
micropyramid-pattern and O2-permeable bottoms
synergistically improved the islet viability (17.9%,
42.1%, 90.0%, respectively; P = 0.0309 (CTL vs.
micropyramid), P = 0.0002 (CTL vs. micropyr-
amid + O2); figure 8(B)). Histological examin-
ation with Hematoxylin and eosin (H&E stain)
showed deformed islets with extensive necrosis
and the loss of cytoplasm in CTL (figure 8(C)).
Islets cultured in the micropyramid showed round-
shaped morphology but with central necrosis char-
acterized by the pyknotic nuclei [37, 48], while
micropyramid + O2 mitigated such cell damage.
Image analysis of pyknotic area demonstrated the
advantage of the use of micropyramid as well as
the O2-permeable bottom to alleviate islet damage
(figure 8(D)).

We also measured secreted High mobility group
box protein 1 (HMGB1) into the culture media,
the indicator of the non-cell type-specific islet
damage [33–35, 49]. Micropyramid-pattern and O2-
permeable bottom synergistically reduced HMGB1
released from islets (figure 8(E)). Further, micropyr-
amid + O2 maintained insulin content significantly
better than CTL, indicating the beta cells within
the islets were protected from damage (figure 8(F)).
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Figure 8. Synergistic effect of micropyramid-pattern and O2-permeable bottom to prevent hypoxia-induced islet damage in high
seeding culture. Hypoxia-related cell damage was assessed in the islets after the high seeding density culture at 500 IEQ per dish in
a 24-well plate (∼260 IEQ cm−2) in 3 different types of dish bottom. (A) Representative photos of Live (green)/Dead (red) stain.
(B) Islet viability analysis. The overall viability of 100 IEQ from a single donor was calculated, and the data from 3 individual
donors was presented. ∗P < 0.05, ∗∗ P < 0.01, and ∗∗∗ P < 0.001 in Student’s t-tests. (C) Histological assessment of
post-cultured islets in H&E stain; overview photographs (upper row) and enlarged photographs (bottom row) in bright field.
(D) Islet damage assessment in H&E stain images. Image analysis measured the pyknotic area, characterized by nucleus
deformation and loss of cytoplasm with an eosin-negative area (left panel). n= 3 donors per each condition. ∗P < 0.05
and ∗∗∗ P < 0.001 in Student’s t-tests. (E) Measurement of HMGB1 released into the culture media to determine the
non-cell-type-specific islet damage. HMGB1 measurement in the culture media was normalized the IEQ seeded on day 0. n= 3.
∗P < 0.05 and ∗∗ P < 0.01 in Student’s t-tests. (F) Insulin content from the lysate of∼100 IEQ post-cultured islets. Data was
normalized by the IEQ measured in the image analysis obtained before the lysis of islets. n= 3. ∗P < 0.05 in Student’s t-tests.
(G) Representative immunohistochemistry images for HIF1A protein expression; overview photographs (upper row) and
enlarged photographs (bottom row) in bright field. (H) Expressions of target genes regulated by the HIF1A, including Slc2a1,
vegfa, and gapdh, in the post-cultured islets. Gene expression was expressed in the fold change to the average of the CTL group.
n= 3. ∗P < 0.05 and ∗∗ P < 0.01 in Student’s t-tests.

Subsequently, we assessed hypoxia-related islet dam-
age; the IHC showed the accumulation of hypoxia-
inducible factor-1 (HIF1A) protein in the nuclei
of pyknotic cells, indicating that central necrosis
was caused by hypoxia (figure 8(G)). Micropyr-
amid + O2 significantly reduced the representative
HIF1A target gene expressions, including Slc2a1,
Vegfa and Gapdh, when compared to other condi-

tions (figure 8(H)). These data demonstrated that
the molecules on the HIF1A pathway were com-
prehensively altered, further confirming the mit-
igation of hypoxia in micropyramid + O2. Note
that Slc2a1, Vegfa and Gapdh are the represent-
ative genes regulated by HIF1A [38, 39, 50–52],
although Gapdh is frequently used as a housekeeping
gene.
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Figure 9. Islet metabolism and function of post-culture islets at high seeding density. (A) ATP-based metabolism was assessed
using isolated islets derived from Luc-Tg rats. Luciferin solution was added at 150 µg ml−1 in the culture medium to capture the
bioluminescence of the whole dish. Representative images of each group were shown. (B) Analysis of the bioluminescent intensity
normalized by the IEQ in the dish. n= 3. ∗P < 0.05 and ∗∗ P < 0.01 in Student’s t-tests. (C) GSIS of post-culture islets in low
glucose (2.8 mm) and high glucose (28 mm). Data were normalized using total insulin content in islets. Insulin secretions
between low and high glucose were compared in each group. n= 3. ∗P < 0.05 in Student’s t-tests. (D) Stimulation index, the
ratio of insulin secretion in high glucose over low glucose, was calculated. n= 3. ∗∗ P < 0.01 in Student’s t-tests.

3.7. Enhanced islet metabolism and function via
improved oxygen environment
To investigate islet metabolism, we used islets isol-
ated from luciferase-transgenic (Luc-Tg) rats [27];
bioluminescence from Luc-Tg cells correlates with
ATP-based metabolism in the presence of luciferin
[39, 53]. We measured the bioluminescence intens-
ity emitted from the post-cultured islets in the dishes
(figure 9(A)). Quantification of the biolumines-
cence revealed that the micropyramid and micropyr-
amid + O2 showed significantly higher metabolism
over the CTL (P = 0.0315 (CTL vs. micropyramid),
and P = 0.0084 (CTL vs. micropyramid + O2);
figure 9(B)). Additionally, we assessed the function
of post-cultured islets by measuring the glucose-
stimulated insulin secretion (figure 9(C)). Islets cul-
tured in CTL secreted high insulin levels even in the
low glucose environment and did not respond to the
high glucose, indicating the islet damage [54, 55],
In contrast, islets cultured in micropyramid + O2

showed the well-regulated insulin secretion in the low
glucose environment and responded well to the high
glucose solution. Islets cultured in micropyramid
condition secreted insulin levels between the other
two conditions. Stimulation index, the ratio of insulin
secretion in high glucose/low glucose, was signific-
antly higher inmicropyramid+O2 over other condi-
tions (P= 0.0087 (CTL vs. micropyramid+O2), and
P = 0.0099 (micropyramid vs. micropyramid+ O2);
figure 9(D)). In fact, the improved islet function
demonstrated by the insulin secretion was inversely
correlated to the HMGB1 release, an indicator of islet
damage shown in figure 8(E).

3.8. Functional in vivo engraftment of cultured
islets onmicropyramid-patterned dish
Finally, we transplanted the high seeding density-
cultured islets under the kidney capsule of NOD-scid

mice, which is a standardized method of islet qual-
ity assessment in vivo [56]. First, using pre-cultured
islets, we determined the marginal islet number to
reverse diabetes in this transplantation model (figure
S6), demonstrating that 100 IEQwas sub-marginal to
reverse diabetes, whereas 200 IEQ and more reversed
diabetes at 100%. Accordingly, we cultured islets
at a high seeding density of 500 IEQ/dish in three
dish conditions (CTL, micropyramid, and micropyr-
amid + O2) for 4 d, then transplanted post-cultured
200 IEQ per mouse. Blood glucose level change over
a 7 week-period showed the diabetes reversal rate
at 50% (2/4), 75% (3/4), and 100% (4/4) in CTL,
micropyramid, andmicropyramid+O2, respectively
(figure 10(A)). AUC of blood glucose levels between
0–6 weeks showed significantly better blood gluc-
ose control in both micropyramid and micropyr-
amid + O2 compared to the CTL (figure 10(B)).
Glucose tolerance test at 4 weeks post-transplant
demonstrated that islets cultured in micropyramid
and micropyramid + O2 dishes exhibited improved
post-transplant function over the islets cultured in
CTL (figures 10(C) and (D)). The occurrence of dia-
betic nephropathy, a major systemic complication
of diabetes [46], was correlated to the uncontrolled
diabetes in post-transplant period; transplantations
of islets cultured in micropyramid and micropyr-
amid+O2 dishes reduced the complication, although
no statistical significance was detected (figures S7(A)
and (B)). This also demonstrated the improved post-
cultured islet quality for the efficient engraftment in
micropyramid andmicropyramid+O2, compared to
the CTL.

We further analyzed the transplantation out-
comes between mice received post-cultured 200 IEQ
islets shown in figure 10 and those received pre-
cultured 200 IEQ islets demonstrated in figure S6.
Mice that received cultured islets on the flat-bottom
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Figure 10. Functional assessment of high seeding density-cultured islets in in vivo transplantations. Two hundred IEQ of rat islets
cultured in three conditions (CTL, micropyramid, and micropyramid+ O2) were transplanted into the kidney capsule of
STZ-induced diabetic NOD-scid mice (n= 4 per each condition). (A) Blood glucose was measured weekly. For the mice that
reversed diabetes, islet graft (with kidney) was resected to confirm recurrent diabetes (black arrowheads in graphs), demonstrating
that the euglycemia was islet graft dependent. (B) Post-transplant blood glucose control was assessed using area under the curve
(AUC) of blood glucose between 0–6 weeks. n= 4 per group. ∗P < 0.05 and ∗∗ P < 0.01 in Student’s t-tests. (C) Glucose
tolerance test at 4 weeks post-transplant. Dextrose solution was intraperitoneally injected at 2 g glucose kg−1 body weight. n= 4
per group. Average blood glucose levels of micropyramid and micropyramid+ O2 groups were compared to that of CTL at each
timepoint at 0, 15, 30, 60 and 120 min after the glucose injection. n= 4 per group. ∗P< 0.05 and ∗∗ P< 0.01 in Student’s t-tests.
(D) AUC of the blood glucose between 0 and 120 min (AUC_0–120 min). n= 4 per group. ∗P < 0.05 in Student’s t-tests.

dish (CTL) demonstrated significantly impaired
post-transplant glycemic control compared to mice
that received pre-culture islets (figures S8(A) and
(B)). However, both micropyramid and micropyr-
amid + O2 demonstrated comparable transplanta-
tion outcomes to the pre-cultured islets. Similarly,
IPGTT at 4 weeks after the transplantation exhibited
no statistical difference between cultured islet groups
and pre-culture islet groups, except for the cultured
islets on the flat-bottom dish (CTL) (figures S8(C)
and (D)).

4. Discussion

In this study, we addressed the challenge of high
seeding density culture of isolated pancreatic islets
using a simply structured micropyramid-patterned
bottom dish. Combining the unique micropyramid
array and modification of O2-permeable bottom
effectively prevented the fusion of cultured islets,

hypoxia-induced cell death and maintained islet
functionality in vitro. Micropyramid-patterned bot-
tom flasks could maintain pre-transplantation islet
quality as well as quantity, which are critical factors
for successful islet transplantations. Importantly,
high-density-cultured islets using the micropyramid
platform functionally engrafted and reversed diabetes
when transplanted into diabetic animals, demon-
strating the promise of this platform in regenerative
medicine for a wide range of 3D spheroids.

While our platform is potentially applicable to
multiple applications, it could readily contribute to
the current clinical islet transplantation procedures
for diabetes patients. We successfully cultured 500
IEQ/dish of pancreatic islets with the seeding density
at ∼260 IEQ cm−2 in a 24-well plate. This is approx-
imately 2–3 times higher than the seeding density
of human pancreatic islets prior to the clinical islet
transplantations (85–115 IEQ cm−2), in which islets
are cultured at 15 000–20 000 IEQ in a flat-bottomed
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conventional polystyrene T175 flask. T175 flask can
easily be modified to micropyramid-pattern bottoms
with PDMS modification, reducing the number of
multiple tissue culture apparatus and the risk of con-
tamination. Preparation of islets includes isolation
from a donor pancreas, seeding islets onto∼50 flasks
(depending on the islet yield), culturing, and collect-
ing islets for transplantation. These steps are carefully
performed in a clean condition in a GMP facility and
intensely laborious work with contamination risk.
Automating the culturing process is ideal but would
require extensive modifications including GMP facil-
ity instruments and is costly. Therefore, our effort to
lower the number of flasks with high seeding density
is a practical and economical method to improve the
current clinical islet transplantation process.

The main challenge in culturing 3D spheroids at
high seeding density is O2 depletion in the culture
microenvironment. We addressed two distinct hyp-
oxia mechanisms associated with the culture condi-
tions: (a) intra-islet hypoxia and (b) O2 depletion in
the culturemedia, which exacerbates theO2 microen-
vironment. Intra-islet hypoxia is caused by the lim-
itation of the O2 diffusion into the 3D spheroids as
well as the high O2 demand in the O2-consuming
cells, resulting in the steep decrease of pO2 within
the 3D spheroids [13, 14]. O2 depletion in the cul-
ture media occurs on a larger scale than intra-islet
hypoxia. Critically, localized high islet density caused
by the non-uniform islet distribution in the culture
dish not only induces the localized hypoxia around
the cultured islets but also increases the risk of islet
fusion to form large, diffusion-limiting islets.

It has been previously demonstrated that the
culture O2 environment and islet size are the crit-
ical limiting factors in determining the viability of
cultured pancreatic islets [13]; thus high O2 cul-
ture environment reduces central necrosis via sup-
plying more O2 from the spheroid surface [13, 20–
22]. Importantly, O2-permeable bottomed dish using
PDMSwas introduced for the culture of isolated islets
[23], and this pioneering work has been extended to
the enhanced production methods to culture stem
cell-derived endocrine spheroids in an improved O2

environment [57–59]. Although such O2 strategies
are requisite for supporting islets’ high demand for
O2 at high seeding density, it is critically important to
note that the improved O2 on the islet surface can not
completely counteract the intra-islet hypoxia, partic-
ularly in the large islets. For example, according to the
previous literature [13], the viabilities of a 150 µm-
islet and a 500 µm-islet under 21% O2 culture condi-
tions calculate 96.6% and 72.5%, respectively; how-
ever, oxygenated culture under 35%O2 only increases
the viability of a 500 µm-islet to 81.6%. In addition,
using higher O2 to complement intra-islet hypoxia
could induce O2-mediated cell injury on the spheroid
surface [13, 14]. This oxygenation paradox brings the

important implication that the fusion of islets should
be avoided; thus, minimizing the risk of fusion is the
critical strategy for high seeding density cultures of
3D spheroids.

Accordingly, our micropyramid-patterned,
oxygen-permeable bottom dishes addressed two crit-
ical, challenging factors described above. To prevent
the fusion of 3D spheroids, microwell and micropyr-
amid patterns were initially compared to the con-
ventional flat-bottom dish using the 3D-spherical
dextran beads model. Although both micropatterns
significantly improved the separation of beads com-
pared to the flat bottom, multiple beads were occa-
sionally observed in themicrowells, which potentially
can create the unsolicited fused large spheroids. The
separation effect of the micropyramid pattern over
flat bottom and microwell became evident in the
high seeding density.

Our high seeding density platform can be used
inmultiple applications, including isolated pancreatic
islets as well as 3D spheroids generated from single
cells. Important note is that the purpose of this plat-
form is not to grow the 3D spheroids from the single
cells on it; our platform is suitable for the generated
or isolated spheroids. Multiple methods can gener-
ate 3D spheroids from single cells, including biore-
actors, microwells, and the hanging drop method
[60]. After the spheroid formation, the subsequent
high seeding density culture can be performed on our
micropyramid-patterned platform.

In addition to lowering the number of flasks,
another potential advantage of micropyramid over
the microwell platform is the retrievability of 3D
spheroids, including collecting islets post-culture.
As many investigators are aware, spheroids are
often trapped within the concave bottom microw-
ells, hindering the collection of 3D spheroids. Thus,
the collection step requires the flipping of culture
plates or rigorous wash for retrieval, which increases
the contamination risk, and is not ideal, especially
when a high sterility standard is required in the
clinical setting. Our micropyramid-pattern does not
trap spheroids and have high retrievability with easy
handling.

One important consideration to achieving uni-
form distribution of spheroids in micropatterned
bottom dishes is the size and type of the micropat-
terning, which should be optimized according to the
desired spheroid size. For example, a microwell may
accommodate multiple spheroids if the spheroids are
far smaller than the microwell diameter. However, if
the microwell is smaller than the spheroids, spheroids
may not fit the wells, and the separation function is
lost. Therefore, the microwell platform is most effect-
ive when the individual 3D spheroid size is known
and uniform. However, isolated islets have a wide
range in diameter, inherently determined by the size
of islets in the native pancreas [15, 61]. Further, the
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3D spheroids produced in the bioreactors are gener-
ally not uniform. These biological fluctuations make
the use of the standardized size of microwell diffi-
cult. However, the micropyramid-patterned bottom
allows the 3D spheroids to sit not only at the inter-
section of four pyramid bases but also in the gutter
between the two pyramids; we observed islets occa-
sionally settled between the two pyramids, while large
islets tend to sediment in the intersection of four pyr-
amid bases. This unique feature of the micropyramid
structure allows 3D spheroids of varying sizes to be
cultured on the standardized size of the micropyr-
amid array.

The micropyramid-bottomed dish also preven-
ted islet movement during culture; this could occur
due to the convection current of the culture media
and mechanical vibration in the incubator. Several
factors determine the convection current in the cul-
ture dishes, including the shape of the dish (e.g. round
dish and square flask) and the media depth. Shal-
low culture media could minimize the cultured 3D
spheroid movement even in the conventional flat-
bottom dishes; however, reduced media would res-
ult in poor nutrient supply and concentrated waste,
which is suboptimal in the high seeding density cul-
ture. Dynamic culture could enhance molecular dif-
fusion; however, the instrument would be more com-
plicated and expensive than static culture. Further,
the media flow speed in dynamic cultures should be
optimized for eliminating molecular diffusion as well
as for minimizing shear stress [24, 62].

Although our study demonstrated the effective-
ness of micropyramid-bottomed dishes in maintain-
ing isolated pancreatic islets, there are several limita-
tions in this study. First, we did not test the ultra-high
density over 3-fold than the conventional culture,
which can further reduce the preparatory work-
load mentioned above before islet transplantation.
Second,we did not use a clinical grade PDMSmaterial
in this study; the use of the clinical grade PDMS could
reduce cell toxicity and further improve the qual-
ity of cultured islets. Third, the study was conducted
using rodent islets and not human islets. Although
the hypoxia resistance of the islets between the spe-
cies is not known, the results obtained using rodent
islets may not directly translate into human islets in
clinical applications. Fourth, we studied islet quality
in a short-term period of 4 d-culture without culture
media change, aligned to the current clinical islet cul-
ture period between islet isolation and transplanta-
tion. However, achieving a longer culture can provide
flexibility to the transplantation schedule. In such a
case, culturemedia should be regularly replaced, lead-
ing to islet movement; however, islets will re-settle in
a similar pattern between the micropyramids as re-
seeding. Thus, micropyramids will separate islets and
prevent islet fusion. Lastly, for large-scale manufac-
turing (e.g. T175 flasks), each step should be con-
sidered carefully. Each component can be fabricated

using traditional manufacturing technologies such as
plastic injectionmolding and reel-to-reel hot emboss-
ing to assemble into the final product using bond-
ingmethods such as ultrasonic welding. Additionally,
the thin PDMS-micropyramid-membrane is soft and
very elastic and, for its use in large flasks, may require
a supporting structure underlying the membrane to
prevent sagging.

In summary, micropyramid-patterned, O2-
permeable bottom can be a practical option for the
high seeding density culture of 3D spheroids, which
has simple structure modification with ease of use.

5. Conclusion

The combination strategy of a simply structured
micropyramid array and modification of O2-
permeable bottom achieved high seeding density
culture of isolated pancreatic islets. This simplemodi-
fication can be an ideal high seeding density culture
platform of 3D spheroids.
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