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Abstract
Macroencapsulation systems for pancreatic islet delivery are an emerging strategy for cell replace-
ment therapy in type 1 diabetes, aimed at eliminating systemic immunosuppression and enabling
the use of alternative cell sources. A critical design challenge is to achieve high packing densi-
ties while maintaining sufficient oxygen and nutrient supply to ensure islet viability and func-
tion. This design-focused study presents a one-step method for the simultaneous and defined for-
mation and spatial arrangement of uniformly sized pancreatic pseudoislets using high-density
concave microwell arrays with potential for future integration into macroencapsulation devices.
Microwells with diameters between 130 and 200 µm were arranged in a hexagonal pattern with
inter-well spacings of 50 or 100 µm to maximize the packing density while maintaining separation
between clusters. The effects of microwell depth, diameter, and inter-well spacing on pseudoislet
size, morphology, viability, and glucose-stimulated insulin secretion were systematically evalu-
ated using reaggregated rat islet cells as a standardized and well-characterized model system under
normoxic and hypoxic conditions. The optimized microwell configuration enabled efficient pseu-
doislet formation with a tailorable, uniform size, high viability, and preserved insulin secretory
function, even at high densities. This scalable microwell array technology addresses key limitations
of current pseudoislet culture and transplantation methods, thus providing a base for improved
macroencapsulation device design in diabetes cell therapy.

1. Introduction

Type 1 diabetes (T1D) is characterized
by autoimmune-mediated destruction of
insulin-producing beta-cells. The management and

treatment of this chronic disease is challenging. Beta-
cell replacement has been proven to successfully pro-
vide a functional cure for patients; however, it is lim-
ited by donor organ shortage and the need for per-
sistent potent immunosuppression. Encapsulation of
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pancreatic endocrine cells of xenogeneic or stem cell
origin is an promising approach to treat T1D andmay
reduce or eliminate the need for immunosuppression
[1–3].

Macroencapsulation systems designed for beta-
cell replacement integrate the entire cell volume
within a single container or scaffold, enabling
straightforward procedures for both transplantation
and retrieval. Immunoisolating encapsulation sys-
tems depend solely on diffusion for the exchange of
molecules essential for cell function and viability
[4]. The positioning of islet clusters within these
implants is critical for optimal cell function. In encap-
sulation devices, insufficient separation or random
arrangement of islet clusters can lead to aggregation
or restricted and uneven nutrient and oxygen sup-
plies, ultimately impairing cell viability and function
[5]. In many previously reported macroencapsula-
tion devices, for example, the TheraCyteTM device
(TheraCyte Inc.), the Islet Sheet (Cerco Medical
LLC), the βAir (Beta O2), the EnCRT (Encellin
Inc.), and the PEC-EncapTM device (ViaCyte Inc.),
physical separation of the islets is not sufficiently
implemented (figure 1(a)) [6–10]. The formation
of a monolayer of evenly sized and spatially sepa-
rated islets can improve their supply with oxygen
and nutrients [4]. Macroencapsulation systems with
intracapsular microstructures are expected to have
a positive effect on both the functionality of the
encapsulated cells and the encapsulation efficiency
[11]. In fact, some micropatterned device systems
have demonstrated promising preclinical outcomes
with native islets, pseudoislets, and other cell types
[12–14]. Particularly, concave microwells provide the
advantage of creating uniformly sized islets below
200 µm [15].

Microwell array-based systems could enable uni-
form distribution of islets, ensuring a sufficient oxy-
gen and nutrient supply to each islet throughout
the device and minimizing the size of the device
(figure 1(b)). Therefore, the optimal islet size and
spacing are critical factors in the design of macroen-
capsulation devices. Although dense packing leads to
competition for oxygen between islets, maximizing
packing density remains essential for clinical transla-
tion. An optimal design for sufficient oxygen deliv-
ery minimizes the distance between islet clusters and
the device surface to ensure the proximity of the islets
to the surrounding vasculature [4]. Furthermore, the
size of islet clusters is critical, as it affects oxygen
diffusion to the inner cells, where insufficient oxy-
genation can lead to beta-cell dysfunction, apoptosis,
and central necrosis. Large native islets with diam-
eters of up to 500 µm are particularly affected by
hypoxia due to the loss of their natural capillary net-
work during the isolation process [16–18]. For this
reason, small, uniform pseudoislets are used, which
offer improved functionality and viability compared
to larger native islets [19]. These pseudoislets can be

generated by reaggregation of dissociated islet cells
of different species (e.g. rodents, pigs, and humans)
or from stem cell-derived endocrine cells. The size
and composition of pseudoislets can be precisely con-
trolled by adjusting factors such as the number of
seeded cells per microwell, culture techniques, and
the media used. However, the material and geome-
try of the microwells are critical to ensure the reli-
able and reproducible generation of small and robust
pseudoislets.

Several materials have been reported as suitable
for the fabrication of microwell arrays, including
natural and synthetic polymers such as agarose,
polyester, polyurethane, poly(ethylene glycol)
(PEG), and poly(dimethylsiloxane) (PDMS) [20–
26]. Combinations of polymers like poly(ether
sulfone) (PES)—polyvinyl pyrrolidone (PVP)
or poly(ethylene oxide terephthalate) (PEOT)—
poly(butylene terephthalate) (PBT) have also been
used to develop thin (porous) polymer films pat-
terned withmicrowells [12, 27, 28]. Especially, PDMS
microwells have been successfully applied to culture
various cell types, including human native islets or
pseudoislets, making them a popular choice owing
to their favorable properties [15, 25, 29–31]. A key
advantage of PDMS is its high oxygen permeabil-
ity, which enhances oxygen diffusion to cells. This
property makes it well-suited for microwell arrays
designed to mitigate hypoxia and support cell viabil-
ity and function in three-dimensional cultures [15].
PDMS further offers other benefits, including low
material costs, straightforward curing fromaprepoly-
mer, biocompatibility, mechanical flexibility, and
resistance to corrosion andultraviolet (UV) light [32–
42]. However, PDMS has a major drawback in cell
biology: its pronounced surface hydrophobicity with
a water contact angle of ∼108◦ ± 7◦ [43, 44]. This
leads to poor wettability by aqueous solutions, gas
bubble formation in small cavities, and reduced effi-
ciency of cell seeding. Hydrophobic surfaces can also
adsorb biomolecules or small non-specific molecules
from the culture medium or secreted by cells. Several
strategies can be utilized to increase the hydrophilic-
ity of PDMS, including plasma treatment, application
of nonionic triblock copolymers (e.g. Pluronic® F-
127), coating with charged molecules such as poly-L-
lysine, or deposition of extracellular matrix proteins
[43, 45, 46].

Polymer-basedmicrowell arrays offer precise con-
trol over the well geometry enabled by photo- and
soft-lithographic fabrication techniques [47, 48], yet
their potential for creating small, closely packed
wells tailored to islet-sized clusters has not been
fully realized [12, 15, 23, 25, 26, 29, 30, 49–54].
A comparative analysis of the packaging density of
microwell arrays reported in selected previous pub-
lications highlights the range of microwell diameters
and inter-well spacings (defined here as the edge-to-
edge distance between adjacent wells) used to date
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Figure 1. Pancreatic islet arrangement in macroencapsulation devices and microwell array configurations for pseudoislet for-
mation. (a): Heterogenous native islet preparations and random islet placement without physical separation cause islet aggre-
gation, restricted oxygen diffusion, and necrotic islet cores. (b): Concept of optimized islet microarrangement for high-density
encapsulation of size-defined pseudoislets in a hexagonal pattern to prevent aggregation, optimize diffusion, and enhance islet
survival and function. (c): Comparative overview of microwell dimensions (diameters and inter-well spacings, defined here as
the edge-to-edge distance between adjacent wells) reported in selected studies. The high-density microwell array presented in
this study represents the smallest known configuration that supports the formation of size-homogeneous pseudoislets by single-
cell reaggregation within microwells. In studies where spacing was not explicitly reported, an estimate was taken from images
provided in the original publications (indicated by ∗). If multiple sizes were reported, the smallest diameter above 100 µm was
selected for inclusion in the plot. Estimated number of hexagonally packed microwells per cm2 as a function of microwell diam-
eter (D in µm) and inter-well spacing (d in µm). The calculation is based on the formula: hexagons per cm2 = 100× [(√3/2)
× ((D+ d)/1000)2]−1. An inter-well spacing of 0 indicates directly adjoining microwells without any gap. Background colors
indicate different microwell packaging densities. Detailed data are presented in supporting information table S1. Created with
BioRender.com

(figure 1(c)). Although previous studies have pro-
posed and optimized microwell designs to achieve
high packing densities for pancreatic islet culture,
many of these approaches have limitations, such as
inefficient seeding strategies, insufficient microwell
depth for the formation of pseudoislets in the 100–
150 µm size range, or the use of square-packed arrays
that inherently limit maximum density. In this study,
we address a critical gap in islet engineering, specif-
ically the lack of systematically optimized microwell
configurations for high-density, size-homogeneous

pseudoislet formation, by designing and testing var-
ious PDMS-based array configurations differing in
depth, diameter, and inter-well spacing. To the best
of our knowledge, the systems developed here repre-
sent the smallest-scale microwell array configuration
designed to support single-cell reaggregation into
functional pseudoislets while ensuring their homoge-
neous distribution. To further enhance cell aggrega-
tion and uniformity, the wells were engineered with
concave bottoms and arranged in a hexagonal layout,
thereby promoting spherical pseudoislet formation
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while maximizing the packing density. Importantly,
this readily adaptable microwell array not only sup-
ports robust in vitro functions but is intended for
future integration into macroencapsulation devices,
providing a basis for a scalable and clinically rele-
vant platform. Experiments were carried out using
rat pseudoislets cultured under normoxic (20% oxy-
gen) conditions, serving as a standardized and well-
characterized in vitro model system. Furthermore,
hypoxic culture conditions (5% oxygen) were investi-
gated, with pseudoislets cultured for 67 h after the ini-
tial normoxic culture to mimic reduced oxygen ten-
sion in macroencapsulation or post-transplantation
settings. Here, we present a geometrically optimized,
transplantation-compatible high-density microwell
platform that promotes efficient pseudoislet forma-
tion and dense cellular organization in a scalable for-
mat. This approach provides a foundation for preclin-
ical in vivo evaluation across species and supports the
development of tailored islet replacement therapies.

2. Results

2.1. Design of high-density microwell arrays for
improved pseudoislet formation andmaximized
packing capacity
Hexagonally arranged, high-density microwell arrays
with optimized microwell dimensions were devel-
oped to enable the generation of small pseudoislets
and to ensure adequate oxygen and nutrient sup-
ply, while simultaneously maximizing packing den-
sity. To enable high islet densities of up to 3564 islets
cm−2, arrays were designed to feature small microw-
ell diameters ranging from 130 to 200 µmwith inter-
well spacings of 50 or 100 µm (figure 2) for applica-
tion within a macroencapsulation device. A commer-
cially available microwell plate, Sphericalplate 5D®
(SP5D®), was used as the control for cell culture
experiments. This reference platform accommodates
a maximum islet density of 480 islets cm−2 and fea-
tures wells with a diameter of 500 µm and a depth of
320 µm.

To implement this design, a photolithography
protocol was developed to fabricate SU-8 master
molds with concavemicrowell bottoms, which served
as patterned templates for PDMS double casting. The
concave geometry was selected to promote efficient
cell sedimentation and ensure consistent pseudoislet
aggregation at the microwell bottom. The resulting
PDMS surface morphology was visualized by scan-
ning electron microscopy (figures 3(a)–(c)).

Two SU-8 masters (referred to as master 1 and
master 2) were developed to investigate the effects of
different microwell depths on pseudoislet formation
and performance (figure 3(f)). The resulting PDMS
microwell replicas matched the geometries of the
corresponding SU-8 masters. Microwell depth was
strongly dependent on the SU-8master development,

with SU-8 master 2 yielding significantly deeper
microwells compared to SU-8 master 1 across all
arrays (p < 0.0001). Microwells generated from
SU-8 master 1 had depths ranging from 139.4 to
160.7 µm, whereas those fabricated from SU-8 mas-
ter 2, developed with extended development time,
ranged from 218.3 to 270.2µm. The effect ofmicrow-
ell depth on pseudoislet formation was investigated
using dissociated rat islet cells. PDMS microwell
arrays replicated from both SU-8 master templates
enabled pseudoislet generation for all well diame-
ters, with larger microwell diameters (e.g. 200 µm,
figure 3(d)) yielding more reproducible results com-
pared to smaller microwell diameters. This dif-
ference was particularly evident in the microwells
with diameters below 150 µm. In 130 µm diame-
ter microwells prepared from SU-8 master 1, sin-
gle cells were observed to displace from the wells
on day 1, with displacement increasing until day
3. In contrast, deeper microwells of PDMS repli-
cas made from SU-8 master 2 prevented cell dis-
placement and enabled reliable pseudoislet forma-
tion even in smaller microwells (figure 3(e)). All
pseudoislets remained in their position within the
130 µm sized microwells during medium changes.
Therefore, PDMS microwell replicas fabricated from
SU-8 master 2 were used for subsequent experiments
to investigate the impact of microwell diameter and
inter-well spacing on the pseudoislet size, circularity,
viability, and in vitro function. To address the chal-
lenges caused by PDMS hydrophobicity during pseu-
doislet seeding and cultivation, plasma treatment was
applied, followed by incubation with 5% Pluronic®
F-127 solution in phosphate-buffered saline (PBS).
This treatment increased surface hydrophilicity
and eliminated bubble entrapment in the microw-
ells to facilitate homogenous seeding of single
cells.

In addition to microwell depth, the microwell
diameter of the PDMS replicas was also analyzed
for the two SU-8 masters. No significant differences
in microwell diameter were observed between SU-
8 masters 1 and 2, except for the 200/100 µm array,
with arrays derived from SU-8 master 2 showing
diameters closer to the intended design values (sup-
porting information, figures S1).

Inter-batch analysis of microwell diameter and
depth showed generally consistent values across
batches, with only minor batch-to-batch variabil-
ity (supporting information figures, S3 and S5).
For SU-8 master 1, greater variability in PDMS
microwell diameter was observed between batches,
including significant differences under specific con-
ditions. In contrast, PDMS replicas from SU-8 mas-
ter 2 showed more consistent microwell diameters
across batches andmore closelymatched the intended
dimensions (figure S3). Overall standard deviations
were low across all conditions. Intra-array analysis
revealed local variations within individual arrays of
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Figure 2. Design of high-density microwell arrays for microarrangement of pseudoislets. Featuring diameters of 130–200 µm in a
hexagonal layout, these arrays efficiently distribute pseudoislets and maximize capacity. For clarity, the arrays are denoted using
a diameter/spacing nomenclature (e.g. 200/100 indicates a microwell diameter of 200 µm with an inter-well spacing of 100 µm).
(a): Method of seeding single islet cells into high-density microwell arrays. (b): Schematic side and top views of concave-bottom
microwell structures with depths (green), diameter (blue), inter-well spacing (orange), and microwell density of the tested
screening conditions. Created with BioRender.com.

a given batch, particularly for PDMS replicas from
SU-8 master 1 and for master 2 in the 200/100 and
150/50 array designs, affecting both microwell
diameter and depth (supporting information,
figures S2 and S4).

2.2. Impact of microwell diameter and inter-well
spacing on pseudoislet formation, viability and
function
Microwell arrays with various diameters and inter-
well spacings were screened to identify optimal
parameters for preparing and culturing rat pseu-
doislets. A homogeneous distribution of pseudoislet
clusters across the high-density microwell arrays was
achieved for all tested microwell diameters when
seeded with 600 cells permicrowell (figure 4) and col-
lected three days after seeding.

Comparing the mean sizes, the generated pseu-
doislets demonstrated a smaller size distribution
than the native islets (134.5 µm ± 74.1 µm,
n = 3) (figures 5(a) and (b)) as expected. While

pseudoislets generated from 600 cells within com-
mercial microwell cell culture plates (SP5D®) were
109.1 µm ± 19.3 µm (n = 4) in diameter, pseu-
doislets generated in custom-made microwell arrays
of 150/50 and 130/50 measured 101.2 µm± 19.4 µm
(n = 4) and 103.3 µm ± 18.0 µm (n = 4), respec-
tively. The size distribution of these pseudoislets
remained within the predefined limits of ± 10 µm,
as statistically tested for equivalence to the con-
trol condition SP5D® using two one-sided tests
(TOST, see section 5.8; principle of equivalence
test explained in supporting information figure S6).
Similarly, pseudoislets cultured in 200/100 arrays
(100.9 µm ± 29.7 µm, n = 3) and 140/50 arrays
(100.5 µm ± 16.8 µm, n = 4) reached a compa-
rable size, but did not demonstrate equivalence to
SP5D®within the predefined boundaries. Comparing
normoxic (20% O2) and hypoxic (5% O2) condi-
tions, pseudoislets cultivated in the microwell array
at hypoxic conditions showed a similar size in all
tested microwell arrays (150/50: 99.9 µm± 12.7 µm,
n = 3; 140/50: 101.6 µm ± 19.8 µm, n = 3;

5
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Figure 3. Concave microwell arrays, convex pillar replica structures, and optimization of microwell depth for pseudoislet seed-
ing and culture. (a)–(c): Scanning electron microscopy images of PDMS microwell arrays replicated from SU-8 master 2 with
increased depth: tilted top view of microwells (a), side view of the PDMS replica with convex pillars used for casting (b), and
concave PDMS microwells in cross-sectional view (c). Dissociated rat islet single cells were seeded into the high-density microw-
ell arrays at the same cell number per microwell and observed after three days of culture. (d): The pseudoislets formed in the
microwell arrays with a diameter of 200 µm and an inter-well spacing of 100 µm (replicas of SU-8 master 1) had a uniform size
distribution. (e): Deeper microwells obtained with SU-8 master 2 allowed successful pseudoislet formation within the small-
diameter 130/50 microwell arrays. Brightfield images are shown (scale bar: 100 µm). (f): Characterization of the depths of PDMS
microwell replicas generated from SU-8 masters 1 (M1) and 2 (M2). Depths were determined from cross-sectional images of
microwell arrays at multiple positions from independent batches. Data are presented as mean± SD (n= 3 batches; N = 9 mea-
surements per batch; total N = 27). Statistical analysis was performed using a two-way ANOVA followed by Šídák’s multiple
comparisons test (∗∗∗∗p< 0.0001).

130/50: 97.1 µm± 18.0 µm, n= 3) and were equiv-
alent to those cultivated under normoxic conditions
within the margin of 10 µm.

Circularity measurements of pseudoislets
formed in high-density microwell arrays of 150/50
(0.68 ± 0.10, n = 4) and 130/50 (0.65 ± 0.11, n = 4)
indicated values below 0.7, reflecting less rounded
morphologies. In contrast, the pseudoislets cultured
within the microwell arrays 200/100 (n = 3) and
140/50 (n= 4) showed a more uniform and rounded
morphologywith circularity values of 0.74± 0.09 and
0.72 ± 0.10, respectively. These circularity val-
ues were comparable to those observed for SP5D®
plates (0.70 ± 0.10, n = 4) (figure 5(c)). Under
hypoxia, the circularity of the pseudoislets formed
in arrays of 140/50 (0.71 ± 0.09, n = 3) and 130/50
(0.66 ± 0.10, n = 3) were similar to those formed
under normoxic conditions within a limit of ± 0.05.
However, pseudoislets with improved circularity were

achieved under hypoxia in the 150/50 microwell
arrays (0.76± 0.08, n= 3).

The mean viability of the generated pseudoislets
was greater than 77% for all groups (figure 6(b)).
Within the predefined boundaries of ± 7.5%, the
viability of native islets (88.1% ± 16.1%, n = 3),
pseudoislets generated in 200/100 microwell arrays
(85.4%± 12.9%, n= 3) and 140/50 microwell arrays
(85.7% ± 13.5%, n = 4) were comparable to those
obtained using SP5D®plates (91.2%± 12.8%, n= 4).
However, the viability of the pseudoislets formed
in the 150/50 microwell arrays (81.9% ± 19.4%,
n= 4) and 130/50 microwell arrays (77.5%± 19.0%,
n = 4) was lower than that in the control con-
dition (SP5D®) and did not demonstrate equiva-
lence. Under hypoxic conditions, pseudoislets cul-
tured in the 140/50 microwell arrays (n = 3) showed
the highest viability (87.2% ± 11.9%). Similar
results were observed for pseudoislets produced

6
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Figure 4. Formation and culture of rat pseudoislets in high-density microwell arrays with various diameters and inter-well
spacings. Each microwell was seeded with 600 single cells and cultured for three days. Microwell dimensions are denoted as
diameter/inter-well spacing (in µm). Brightfield microscopic images with a scale bar of 100 µm are shown.

in the 150/50 microwell arrays (85.4% ± 15.5%,
n= 3). Clusters formed in microwell arrays of 130/50
(78.0% ± 14.6%, n = 3) showed the lowest viabil-
ity under hypoxic conditions. All groups exposed to
hypoxic conditions were equivalent to their respective
normoxic conditions.

For all conditions, equally robust insulin secre-
tion was observed, indicating comparable functional
performance independent of themicrowell array con-
figuration. The in vitro function of the pseudoislets
revealed no significant differences in basal or stimu-
lated insulin secretion, as assessed using Dunn’s mul-
tiple comparison test (figure 6(c)). No significant dif-
ferences in insulin secretion were observed between
pseudoislets formed and cultured in microwell arrays
with identical microwell sizes under hypoxic and nor-
moxic conditions. However, the 130/50 microwell
array group exhibited higher basal insulin secretion
than stimulated secretion, indicating a lack of a func-
tional response under hypoxic conditions. Despite
this, the pseudoislets generated in the othermicrowell
array configurations maintained functional potency
even in a low-oxygen environment.

2.3. Modeling oxygen distribution and
consumption in pseudoislets cultured in microwell
configurations of defined geometry
The oxygen distribution and consumption of
microwell-cultured pseudoislets were investigated
in a model considering three islets representatively

with an islet size of 100 µm. The microwell diam-
eter and inter-well spacing were selected to match
the dimensions used in in vitro culture: microwells
with diameters of 130 µm, 140 µm, and 150 µmwere
modeledwith an inter-well spacing of 50µm,whereas
microwells with a diameter of 200 µm were modeled
with a spacing of 100 µm. The spatial oxygen dis-
tribution within the high-density microwell arrays
and islets was estimated using a 2D in silico model
based on finite element modeling (FEM) of islet con-
taining microwells. The chosen model dimensions
provide a realistic in vitro representation of islet cul-
ture, as microwell systems generate uniformly sized
pseudoislets and promote consistent experimental
conditions.

During static culture, oxygen is supplied from
both themedium-air interface and oxygen-permeable
PDMS microwell bottom, creating a gradient as
the islets consume oxygen. The closer the islets are
arranged to each other, that is, the higher the islet
density, the less oxygen is available, particularly at
the islet core. The simulations indicate that islets in
high-density microwell arrays experience an oxygen
tension ranging from 0.0992 mol m−3 to 0.149 mol
m−3 in the islet core when exposed to an oxygen
concentration of 0.2 mol m−3 (equivalent to 20%
oxygen at 37 ◦C) (figure 7). Microwell arrays with
larger and wider spaced microwells (200/100) exhib-
ited higher oxygen availability (0.131–0.151 mol m−3

or 13.1%–15.1% O2 at 37 ◦C) than microwell arrays
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Figure 5.Morphology of rat pseudoislets clustered and cultured in high-density microwell arrays with various diameters and
inter-well spacings under normoxic and hypoxic conditions. (a): Native islets and pseudoislets, collected from microwell arrays
three days after seeding under normoxic conditions. Darkfield images (scale bar: 500 µm). (b): Size (in µm) and (c): circularity
of native islets and pseudoislets. The scatter dot plot illustrates the data distribution, showing values with mean and standard
deviation, based on three to four independent experiments with more than 100 analyzed islets per experiment under both nor-
moxic and hypoxic conditions. For normoxia, an equivalence test (two one-sided tests) was performed with predefined lower and
upper margins, comparing the pseudoislets generated in high-density microwell arrays to SP5D® pseudoislets. For hypoxia, pseu-
doislets were cultured for additional 67 h at 5% O2. A two-sided equivalence test was applied within the same microwell array
group comparing results to the normoxic conditions. ‘= ’ indicates equivalence of p< 0.05; ‘==== ’ indicates equivalence of
p< 0.0001.
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Figure 6. Viability and function of rat pseudoislets in high-density microwell arrays with various diameters and inter-well spac-
ings under normoxic and hypoxic conditions. (a): Native islets and pseudoislets were collected after three days of cultivation
under normoxic conditions. Live cells (green, fluorescein diacetate); dead cells (red, propidium iodide). Fluorescence images
(scale bar: 100 µm). (b): Viability (in %) of native and pseudoislets. The scatter dot plot illustrates the data distribution, showing
values with mean and standard deviation, based on three to four independent experiments with more than 100 analyzed islets
per experiment under both normoxic and hypoxic conditions. For normoxia, an equivalence test (two one-sided tests) was per-
formed with predefined lower and upper margins, comparing the high-density microwell arrays to pseudoislets cultured in com-
mercial microwell plates. For hypoxia, pseudoislets were cultured for additional 67 h. A two-sided equivalence test was applied
within the same microwell array group, comparing results to the normoxic conditions. ‘==’ indicates equivalence of p< 0.01;
‘=== ’ indicates equivalence of p< 0.001; ‘==== ’ indicates equivalence of p< 0.0001. (c): Functionality (static GSIS) of
native islets and pseudoislets. Data represent the mean± standard deviation of three to four individual experiments. The stim-
ulation index of each sample is represented above each corresponding group. A Kruskal–Wallis test followed by Dunn’s multiple
comparison was performed to compare the basal (white, 3.3 mМ glucose) and stimulated (gray, 16.7 mМ glucose) insulin secre-
tion values of the SP5D® group with those of the other groups. A Student’s t-test was used to compare the basal and stimulated
insulin secretion between the different oxygen conditions (20% and 5%) for each microwell size.
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Figure 7. Simulated spatial oxygen concentration within and around pseudoislets cultured in high-density microwell arrays. (a):
FEM simulation of the oxygen gradient under static conditions. (b): Oxygen concentration at the vertical cross section of an islet.
Created with BioRender.com.

with smaller and denser spaced microwells (150/50,
140/50, and 130/50) (0.095–0.131 mol m−3 or 9.5%–
13.1%O2 at 37 ◦C). The lowest oxygen concentration
of 0.0954mol m−3 was obtained by these simulations
for islets in 130/50 high-density microwell arrays at a
vertical islet cross section of 29 µm.

3. Discussion

Transplantation of pancreatic islets within
encapsulation-based systems represents a promising
therapeutic approach for T1D. In current approaches,
islets are typically introduced into encapsulation
devices as a suspension of clusters or embedded in
hydrogel matrices. However, these loading strate-
gies often result in random spatial distribution and
clustering, which reduces entrapment efficiency and

limits uniform dispersion within the device [12, 14,
25, 27, 50, 52–55]. In addition, variability in islet
cluster size further contributes to inhomogeneous
device loading and inconsistent culture outcomes.
Only a limited number of studies have addressed
the challenge of achieving a homogeneous distribu-
tion of size-defined islets within macroencapsulation
systems.

This study establishes a geometry-driven frame-
work for balancing pseudoislet density and oxygen-
dependent functionality under diffusion-limited con-
ditions. To address the limitations of current load-
ing strategies, high-density microwell arrays were
employed as structured platform for the controlled
formation and spatial organization of pseudoislets.
By seeding dissociated single islet cells into defined
microwells, reproducible pseudoislet formation with
uniform size and precise positioning was achieved.
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A central finding of this study is that high-density
microwell arrays, defined by diameter, inter-well
spacing, and depth, preserve the viability and glucose-
stimulated function of pseudoislets. While reducing
inter-well spacing increases pseudoislet density, it
simultaneously limits oxygen and nutrient availabil-
ity, underscoring the need to balance packing den-
sity with functional stability for downstream applica-
tions. In many previously reported systems, microw-
ell diameters and inter-well spacings are substan-
tially larger than the size of individual islets [12,
15, 25, 26, 28–30, 50–55]. While this enhances oxy-
gen availability around each cluster, it also necessi-
tates larger dimensions to achieve therapeutically rel-
evant cell numbers. Only a limited number of stud-
ies have explored microwell arrays with small diam-
eters, reduced inter-well spacing, and depths tailored
for pancreatic islet culture. For example, Bernard et al,
Smink et al, and Shinohara et al reported compar-
atively compact microwell configurations; however,
in these cases, the microwell depth appeared insuf-
ficient to reliably support the formation and cul-
ture of pseudoislets in the physiologically relevant
size range of approximately 100–150 µm [14, 23,
56]. In addition, these approaches exhibit specific
methodological differences. Smink et al employed
concave microwells, but exclusively seeded native
islets, thereby limiting control over spatial arrange-
ment and increasing the risk of islet aggregation
[14]. Bernard et al and Shinohara et al demon-
strated cluster formation directly within microwells,
enabling size control and homogeneity; however, the
use of ß-cell lines limits the physiological relevance of
their findings [14, 23]. In Bernard et al the square-
packed arrangement restricts achievable packing den-
sity compared to hexagonal configurations [23].
Pham et al improved entrapment efficiency by dis-
tributing pseudoislets into microwells, but did not
address high-density spatial organization within a
defined geometric framework [54]. Together, these
studies highlight that while key aspects such as pseu-
doislet formation, concave geometries, or loading
strategies have been investigated individually, a sys-
tematic optimization ofmicrowell geometry for high-
density pseudoislet arrangement under diffusion-
limited conditions has not yet been established. In
contrast, the present study specifically targets smaller
microwell geometries (130–200 µm diameter, 50 or
100 µm spacing) to maximize pseudoislet density
within a confined space. This design strategy resulted
in pseudoislet densities of up to 3564 islets cm−2

in the 130/50 configuration, representing a nearly
seven-fold increase compared to the control condi-
tion, the commercial microwell culture plate SP5D®
(480 islets cm−2).

The controlled microarrangement of pseu-
doislets represents a key advantage of this approach.
The hexagonal arrangement of concave microw-
ells enables homogeneous distribution and spatial

separation of uniformly sized pseudoislets, thereby
preventing aggregation and reducing local compe-
tition for oxygen and nutrients. This is in contrast
to randomly distributed or clustered islet config-
urations, which are associated with oxygen avail-
ability and increased risk of necrosis. The result-
ing single-layer organization is particularly relevant
for macroencapsulation systems, where minimiz-
ing diffusion distances to the surrounding vascula-
ture is critical for both oxygen supply and insulin
exchange. The pseudoislet approach further enables
precise control of islet size by adjusting the number
of seeded cells per microwell. Compared to native
pancreatic islets, which often exhibit large size vari-
ability, this allows the generation of uniformly sized
clusters, thereby reducing the risk of central hypoxia
and necrosis and improving overall functional sta-
bility. To achieve controlled pseudoislet formation
and long-term culture, both microwell geometry
and material selection are critical design parameters.
Previous studies have demonstrated, that polymer
composition can influence islet function and cellu-
lar homeostasis [57]. PDMS is widely used due to
its high oxygen permeability and general biocom-
patibility, supporting the cultivation of various cell
types including pseudoislets [15, 31, 58, 59]. Certain
material-related aspects of PDMS have been dis-
cussed in the literature in the context of extended
culture durations, including potential effects associ-
ated with uncrosslinked oligomers, as well as gradual
changes in surface and mechanical properties over
prolonged time periods under specific conditions
[60, 61]. In the present study, no indications of struc-
tural changes or instability of the PDMS microwell
arrays were observed. However, for long-term appli-
cations, both material stability and potential effects
on cellular behavior would require further investiga-
tion. From a functional perspective, cellular aggre-
gation and the establishment of functional cell-cell
contacts predominantly occur within the first days
after seeding, thereby defining short-term culture
as the critical window for evaluating structural and
functional performance of the microwell array sys-
tem. While extended culture periods may provide
additional insights into long-term viability and func-
tion, this was beyond the scope of the present design-
focused study and will be addressed in future investi-
gations. In addition to material properties, microwell
geometry plays a decisive role in supporting pseu-
doislet formation. Concave-bottom microwells pro-
mote uniform aggregation and improved function-
ality compared to flat geometries, consistent with
previous reports [29, 30, 62]. For example, Hwang
et al demonstrated that concave PDMS microwells
facilitate the formation of uniformly sized pseu-
doislets with functional properties comparable to
native islets, whereas flat-bottom geometries resulted
in reduced insulin secretion [30]. These findings are
in agreement with our results and further support
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the importance of combining appropriate material
properties with optimized geometric design.

Although optimization of microwell parameters
was performed using rat islet cells, the underly-
ing design principles, microwell diameter, inter-well
spacing, and depth, are based on general biophysical
considerations of cell aggregation and oxygen diffu-
sion and are therefore expected to be broadly appli-
cable across species. Nonetheless, species-specific dif-
ferences in oxygen consumption may require minor
adjustments in seeding density or culture condi-
tions. Importantly, the microwell system can be read-
ily adapted by modifying the SU-8 master molds,
allowing systematic variation of geometric param-
eters. In particular, microwell depth represents a
critical parameter, as it directly influences diffusion
distances within confined environments. Reducing
microwell depth minimizes the distance for oxygen
and nutrients to reach the pseudoislets and support
rapid glucose responsiveness, highlighting its impor-
tance for the design of high-density pseudoislet sys-
tems. Shallower microwells (139.4–160.7 µm) were
less effective in retaining cells during the initial aggre-
gation phase, leading to cell displacement, particu-
larly in smaller diameter wells. In contrast, deeper
microwells (218.3–270.2 µm) enabled reliable pseu-
doislet formation across all tested diameters, includ-
ing 130 µm wells. These findings indicate that suf-
ficient geometric confinement is required to sup-
port stable aggregation and reduced dimensions.
Importantly, the increased depth achieved with SU-
8 master 2 improved aggregation conditions while
maintaining high reproducibility. Minor variations
in microwell geometry are most likely attributable to
PDMS curing-induced shrinkage and measurement
limitations, but are not expected to affect pseudoislet
formation or size distribution.

In addition to microwell depth, inter-well spac-
ing and diameter constrain cell loading per microw-
ell and thus the pseudoislet clustering and size,
which may have implications for function. While all
tested configurations supported pseudoislet forma-
tion with comparable viability and function under
normoxic conditions, differences became apparent
under hypoxic conditions. The 130/50 microwell
array configuration exhibited impaired functional-
ity, likely due to limited oxygen and nutrient dif-
fusion in highly confined geometries. In contrast,
the 140/50 microwell array configuration provided
a favorable balance between high density and pre-
served function, identifying an optimal parameter
range within the tested design space. The hypoxic
culture condition (5% oxygen) applied in this study
served as a functional stress test to evaluate geometry-
dependent oxygen limitations relevant for macroen-
capsulation and early post-transplantation condi-
tions. The combined assessment of viability and
insulin secretion indicates preserved cellular sur-
vival and functional competence in the majority of

configurations under hypoxic conditions, demon-
strating that appropriate geometric design can miti-
gate oxygen limitations even at high pseudoislet den-
sities. However, the observed functional impairment
in the most compact configuration highlights the
existence of a critical threshold beyond which diffu-
sion limitations dominate. Additional analyses of cel-
lular metabolism (e.g. ATP content), oxidative stress
(e.g. reactive oxygen species), and apoptosis-related
pathways (e.g. BAX/BCL-2 expression or Caspase-
3 activation) could provide valuable insight into the
mechanisms contributing to hypoxia-induced func-
tional alterations of pseudoislets and represent an
important subject for future research. To further
interpret these findings in the context of oxygen
transport, FEM was used to analyze oxygen diffusion
within the microwell arrays. The simulations indicate
that reduced inter-well spacing and increased packing
density lead to steeper oxygen gradients and limited
oxygen availability, particularly in the core regions
of densely packed pseudoislets. These results are
consistent with the experimentally observed reduc-
tion in functional performance in the most com-
pact configurations, confirming that oxygen diffu-
sion represents a key constraint at high densities.
At the same time, the modeling supports the con-
clusion that appropriate geometric design can mit-
igate these limitations by maintaining diffusion dis-
tances within a critical range. These findings empha-
size that both oxygen availability and spatial orga-
nization must be considered together when design-
ing high-density pseudoislet systems. To further con-
textualize these findings, oxygen availability in islet
culture systems has been extensively studied. Oxygen
levels in vivo vary substantially across physiologi-
cal compartments, with generally low oxygen ten-
sions in most tissues [63–65]. Previous modeling and
experimental studies have demonstrated that oxy-
gen supply can be enhanced through diffusion via
oxygen-permeable materials such as PDMS [15, 56].
For example Buchwald et al showed that dual oxy-
genation supply through medium and membrane
can significantly improve oxygenation of the islets
[66]. Similarly, Avgoustiniatos et al demonstrated
increased oxygen availability at high cell densities
using oxygen-permeable membranes [67]. In line
with these findings, the PDMS-based microwell sys-
tem used in this study supports oxygen diffusion
from below, contributing to the maintained viabil-
ity and function observed under hypoxic conditions.
At the same time, literature reports confirm that oxy-
gen gradients persist within islet cultures and in vivo
environments, reinforcing the importance of mini-
mizing diffusion distances through optimized spatial
organization [68–70].

To estimate the translational relevance of the pre-
sented design, a theoretical scaling approach was
applied. For a typical 70 kg patient requiring a
dose of 5000 IEQ kg−1, the 140/50 microwell array
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configuration with a density of 3199 microwells
cm−2 would correspond to an encapsulation sur-
face area of approximately 350 cm2. In a double-
sided configuration, this would translate into a device
radius of approximately 7.5 cm. While this calcula-
tion represents a simplified approximation, it high-
lights the importance of maximizing pseudoislet den-
sity through geometric optimization in order to
achieve clinically relevant cell numbers within fea-
sible device dimension. It is important to note that
device integration was intentionally not addressed
in the present study in order to isolate geometry-
dependent effects on pseudoislet formation and func-
tion. Macroencapsulation involves additional device-
level challenges, including membrane properties, dif-
fusion distances of molecules, and host response such
as fibrotic overgrowth, which are largely indepen-
dent of pseudoisletmicroarrangement. The presented
microwell arrays are designed as a modular platform
for future integration into such systems.

Taken together, this study demonstrates that
microwell geometry is a critical determinant of
pseudoislet density, viability, and function under
diffusion-limited conditions. By defining the design
space for balancing packing density and oxygen-
dependent functionality, the presented approach pro-
vides a foundation for the development of scalable
and clinically relevant macroencapsulation strategies
for diabetes therapy and informs the rational design
of future macroencapsulation systems.

4. Conclusion

In the context of macroencapsulation strategies, the
microarrangement of islet clusters is a crucial inno-
vation. This approach aims to maximize the trans-
plantable islet mass while maintaining islet sur-
vival and function, addressing a significant gap
in many current macroencapsulation devices where
suchmicroarrangement is not the primary focus. The
pseudoislet microwell array presented here enables
integration of the maximum islet mass in a mono-
layer at the smallest area. To achieve this, hexagonally
arranged microwells with varying diameters, inter-
well spacings, and depths were developed, provid-
ing a design that is expected to be broadly appli-
cable. The results demonstrated that the viabil-
ity and glucose-stimulated function of pseudoislets
are not compromised by the high-density microw-
ell arrangement. Furthermore, mimicking the low
oxygen conditions that islets are often exposed to
in vivo, did not reduce the function or viability
of closely packed pseudoislets. Consequently, the
proposed one-step generation and microarrange-
ment strategy of small uniformly sized pseudoislets
represents a scalable technology for application in
macroencapsulation devices, thereby enhancing the
prospects for effective T1D treatment. Future studies

will first investigate the effects of integrating the
microwell array into a macroencapsulation device
under various oxygen culture conditions and subse-
quently evaluate the performance of the optimized
design using human islets or xenogeneic sources,
such as porcine pancreata. Minor adjustments in
geometry or cell seeding density may be required
for different species or alternative cell sources and
can be readily implemented by modifying the SU-
8 master, thereby highlighting the flexibility of the
presented approach. These efforts aim to facilitate
the successful translation of this technology into
clinical practice, including in vivo biocompatibility
testing.

5. Materials andmethods

5.1. Fabrication and characterization of
high-density microwell arrays
SU-8 masters were fabricated using pho-
tolithographic techniques. Briefly, silicon wafers
(Microchemicals GmbH) were spin-coated with a
negative epoxy-based SU-8 2075 photoresist (Kayaku
Advanced Materials, Inc.) and exposed to UV
light through a brightfield photomask (JD Photo
Data) using an EVG 620 mask aligner (EV Group
GmbH). The photomask contained the desired
microwell patterns, which were designed using K-
Layout. After the post-exposure bake, the unexposed
regions were partially removed by immersion in
a developer (mr-Dev 600, Microresist Technology
GmbH). The depth of the microwells was con-
trolled by adjusting the development time of the
fabricated masters. Concave microwells were created
by thermally reflowing the photoresist. Subsequent
flood exposure and final baking fully crosslinked
the previously unexposed regions of the photore-
sist, forming microwell structures [71, 72]. SU-
8 masters were functionalized using 1 H, 1 H,
2 H, 2 H-Perfluorooctyltriethoxysilane (Apollo
Scientific) [73].

High-density microwell PDMS arrays were fab-
ricated by replicating the SU-8 master using soft
lithography techniques. To this end, PDMS base
(SYLGARD™ 184 Silicone Elastomer Base, DOW®)
was mixed in a ratio of 1:10 with the correspond-
ing curing agent (SYLGARD™184 Silicone Elastomer
Curing Agent, DOW®). Air bubbles formed during
the mixing process and poured onto the SU-8 mas-
ter were removed by applying vacuum. The PDMS
was then polymerized at 78 ◦C for 2.5 h. The cured
PDMS negative replica, featuring convex pillars, was
carefully peeled off from the SU-8 master. Finally,
microwell arrays were replicated from the convex pil-
lars after plasma-treating the surface with oxygen
plasma for 120 s at 50 W (Tucano Plasma System,
Gambetti Kenologia Srl) and immersing the struc-
tures in a surfactant solution (1:300). Circles of the
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microwell arrays were then punched out using a
5 mm biopsy needle. These PDMS sections were then
affixed with a silicone adhesive (DOWSIL™ SE 1700,
DOW®) into 3D-printed structures made of BioMed
Clear resin (Formlabs GmbH) using a Form 3B+ 3D
Printer [74]. The adhesive was cured at 78 ◦C for at
least 2.5 h. On the day before the experiment, the
microwell arrays were disinfected with 70% isopropyl
alcohol for at least 15min. The driedmicrowell arrays
were treated with oxygen plasma for 120 s at 50 W
and immediately immersed in 5% Pluronic® F-127
(Sigma-Aldrich®) for 20min. The fabricatedmicrow-
ell arrays were stored in PBS (Sigma-Aldrich®).

Three independent PDMS microwell array
batches were replicated from the corresponding SU-
8 master to assess the reproducibility of microw-
ell fabrication. Microwell diameters were quanti-
fied from top-view images and microwell depths
from cross-sectional images across three indepen-
dent PDMS batches fabricated from the SU-8 mas-
ters 1 and 2 using an Axio Scope. A1 fluorescence
zoom microscope (Carl Zeiss Microscopy Germany
GmbH). Intra-array variability was evaluated bymea-
suring the size of multiple PDMS microwells across
different regions of the same PDMS array batch,
whereas inter-batch variability was evaluated between
different PDMS array batches. PDMS microwell
arrays and negative replicas were analyzed by scan-
ning electron microscopy using an ESEM Quattro
(Thermo Fisher Scientific Inc.) in HiVac mode at an
acceleration voltage of 10kV. Prior to imaging, the
samples were sputter-coated with gold.

The following microwell diameters and inter-
well spacings were chosen for the experiments: (1)
200/100, (2) 150/50, (3) 140/50, and (4) 130/50. In
this notation, the first value denotes the microwell
diameter and the second denotes the inter-well spac-
ing. The influence of microwell depth derived from
the two SU-8 masters on the formation and cultiva-
tion success of rat pseudoislets was investigated.

5.2. Isolation of rat islets
All animal studies were conducted with the approval
of the local animal care committee (Saxony,
Germany) in accordance with institutional guide-
lines and national animal welfare legislation (license
numbers TV T 2/2018 and TV T 4/2023). The ani-
mals were housed under standard conditions for at
least one week before the experiments. Pancreatic
islets were isolated from 14 to 16 week old female
Wistar rats (Janvier Laboratory, Le Genes St Isle,
France), as previously described [75]. The pancre-
ata were digested with collagenase (from Clostridium
histolyticum, 1 mg ml−1, Sigma-Aldrich®)/DNAse
solution (0.1 mg ml−1, Roche Deutschland Holding
GmbH) in RPMI 1640 medium (Gibco™), and islets
were purified using Ficoll (Cytiva) density gradi-
ent centrifugation (1.125 g cm−3,1.096 g cm−3,
1.08 g cm−3 and 1.069 g cm−3). After isolation,

islets were cultured overnight in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS,
Gibco™), 5.5 mМ glucose (Sigma-Aldrich®), 10 mM
HEPES buffer (Sigma-Aldrich®), 1% penicillin, and
streptomycin (10.000 U ml−1, Gibco™) at 37 ◦C and
5% CO2.

5.3. Formation and cultivation of pseudoislets in
microwell arrays with different configurations
Prior to cell culture, themicrowell arrays were washed
with PBS and medium, and sterilized by UV treat-
ment for 30 min. Exocrine tissue was manually
removed from the native islet preparation. After two
washes with PBS, native islets were digested into sin-
gle cells using 1X TrypLE™Express Enzyme (Thermo
Fisher Scientific Inc.) for at least 12 min at 37 ◦C, as
previously described [26]. Cells were seeded at a den-
sity of 600 cells per concave microwell into microw-
ell arrays of different configurations and a commer-
cially available microwell plate (SP5D®, Kugelmeiers
Ltd). Single cells were settled into themicrowell arrays
by centrifugation using the Heraeus™ Multifuge™
X3R (Thermo Scientific™) at 100 g, applying a soft
acceleration (ACC) and deceleration (DCC) setting of
6/6 for 1 min.

Native islets and pseudoislets were maintained at
37 ◦C in a humidified incubator at 5% CO2. Initially,
all samples were cultured in an incubator set to 20%
O2 for three days. Pseudoislets in microwell array
configurations 150/50, 140/50, and 130/50 were pre-
pared in duplicate. Native islets and pseudoislets cul-
tured in SP5D®plates were cultured in parallel as con-
trols. The SP5D® system was used as a reference plat-
form for pseudoislet formation, as it represents an
established and widely used microwell-based culture
system with reproducible and standardized culture
conditions. It served as a functional benchmark for
comparison with the customizedmicrowell arrays. To
mimic the typical hypoxic conditions at the graft site
early after device implantation, these duplicates were
transferred to a hypoxic incubator set to 5% O2 for
an additional 67 h. The medium was changed every
1–2 d during the culture period.

5.4. Glucose-stimulated insulin secretion (GSIS)
To assess islet functionality, a static GSIS test was per-
formed. Three technical replicates were performed
for each experiment, with each replicate consisting of
40 hand-picked pseudoislets transferred to cell strain-
ers (pluriStrainer Mini 5 or 10 µm, pluriSelect Life
Science UG & Co.KG). The cells were washed and
preincubated for 2 h at 37 ◦C in Dulbecco’s Modified
Eagle’s medium (DMEM, Gibco™) supplemented
with 0.5% protease- and fatty acid-free bovine serum
albumin (BSA, Sigma-Aldrich®), 2 mM glutamine
(Gibco™), 10 mM HEPES buffer and 3.3 mМ glu-
cose (basal media). After the pre-incubation step, the
inserts were transferred into fresh basal media (1 ml)
for 60 min, followed by incubation in stimulatory
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Table 1. Lower and upper bound in the equivalence testing to the SP5D®
group.

Lower equivalence

bound

Upper equivalence

bound

Viability −7.5% +7.5%

Size −10 µm +10 µm

Circularity −0.05 +0.05

media (DMEM 16.7 mМ glucose) for an additional
60 min. At the end of each time point, the medium
was collected and frozen at −20 ◦C for further anal-
ysis. Radioimmunoprecipitation assay buffer (Sigma-
Aldrich®) was used to extract total insulin.

5.5. Insulin measurement by homogeneous
time-resolved fluorescence assay (HTRF)
Insulin content was quantified using an InsulinUltra-
Sensitive HTRF kit (Cisbio) according to the manu-
facturer’s instructions, and the resulting fluorescence
was measured using a BIOTEK fluorescent reader
(excitation/emission wavelengths of 620/665 nm).
Each value was normalized to the total insulin con-
tent. The stimulation index was calculated as the ratio
of insulin secreted at high glucose concentrations to
insulin secreted at low glucose concentrations.

5.6. Viability staining
The viability of the pseudoislets was determined by
fluorescein diacetate (FDA) and propidium iodide
(PI) (Sigma-Aldrich®) staining after cultivation. FDA
(5 mg ml−1 in acetone) was diluted 1:100 with PBS.
Pseudoislets were transferred into a small volume of
culture medium, and fluorescent dyes were added at
a 1:10 ratio to a final concentration of 5 µg ml−1

FDA and 100 µg ml−1 PI. Fluorescence microscopy
was performed using an Axio Scope. A1 fluorescence
zoom microscope (ZEISS).

5.7. Image analysis
Data evaluation for fluorescence microscopy analysis
was performed using an in-house Fiji macro script.
A minimum of 100 islets were analyzed to deter-
mine their viability, Feret diameter, and circularity.
Viability was defined as the ratio of the stained red
area (PI, dead cells) to the total cell area (live and dead
cells). Another key parameter evaluated was islet cir-
cularity, which provides information about the over-
all spherical shape of the islets. Circularity values
ranged from 0 to 1, with higher values indicating a
more spherical shape.

5.8. Statistical analysis
Relevant statistical tests, sample sizes, and p-values
are presented in the corresponding figures. Data are
presented as scatter-dot plots with the mean ± stan-
dard deviation. The spheroids clustered in the
microwell arrays and native islets were tested for
equivalence to SP5D® pseudoislets by selecting an

experimentally relevant boundary below and above
the mean (table 1, figure S6). In the equivalence test,
p-values were calculated using TOST for normally
distributed (Gaussian distribution) means and cor-
rected p-values using the Holm–Bonferroni method
[76, 77]. For non-normally distributed means (GSIS
data), Kruskal-Wallis test followed by Dunn’s multi-
ple comparison test was used to compare the experi-
mental groups to the commercial microwell plate.

To evaluate culture conditions under hypoxia, an
equivalence test with the same pre-defined margins
for the parameter size, circularity, and viability was
performed to compare the two experimental groups,
20% and 5% O2. The Student’s t-test was used to
evaluate the non-normally distributed means of the
GSIS data. Differences between conditions were con-
sidered significant at p < 0.05 (∗), whereas equiva-
lence was denotedwith an equal sign (=) for p< 0.05.
Statistical analyses were performed using R (ver-
sion 2024.04.1 + 748, Posit Software, PBC). Graphs
were constructed using Prism 9 (GraphPad Software,
Boston, MA, USA).

5.9. Modeling of oxygen distribution in
microwell-cultured pseudoislets
A model of three islets captured in a microwell array
was created inCOMSOLMultiphysics 6.2 (COMSOL,
Inc., Burlington,MA, USA). Amodel geometry based
on the designed arrays of variable diameters and
inter-well spacing was chosen to fit the dimensions
of the islet culture environment. The media column
on top of the islets was set to a height of 5 mm,
whereas the PDMS membrane beneath the microw-
ell array was 400 µm thick. A symmetry condition
was placed on the vertical axis on both sides of the
three microwells. Islets were defined as areas where
oxygen consumption RO2 takes place and modeled as
aMichaelis-Menten reaction (equation (1)), as previ-
ously described [66],

RO2 = RMax, O2

cO2

cO2 + CMM, O2

∗ δ (cO2 > Ccr) (1)

where RMax, O2 = 0.034 mol m−3 s−1 is the high-
est rate at which oxygen can be consumed under
optimal conditions, and CMM,O2 = 0.034 mol m−3

is the Michaelis–Menten constant, and the oxygen
concentration cO2 at which the consumption rate
drops to half of its maximum value. δ(cO2 > Ccr)
defines a Heaviside function to model the abrupt ces-
sation of oxygen consumption in regions where the
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oxygen falls below the critical concentration, where
Ccr = 0.0001 mol m−3, which denotes the thresh-
old oxygen concentration below which tissue necro-
sis is likely to occur if exposure is prolonged, accord-
ing to a previously published model [66]. The oxy-
gen tension at the PDMS-air and culture medium-
air boundaries was set to 0.20088 mol m−3. The
islet size was set to 100 µm, which is comparable
to the average pseudoislet size in the experimen-
tal condition. The Diffusivity coefficient (Deff) of
the medium, PDMS, and tissue were assumed to be
Deff, media = 3 10−9 m2 s−1, Deff, PDMS = 3.4 10−9 m2

s−1 andDeff, tissue= 2 10−9m2 s−1 based onpreviously
reported values [66, 78]. The simulation was started
under normoxia and continued until equilibriumwas
reached.
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