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Abstract

Background: Three-dimensional (3D) cell cultures are increasingly recognized as effective
models for studying diseases and developing cell therapies. In the endocrine pancreas
field, organoids/spheroids derived from human islet cells enable advances in diabetes
research, drug screening, and tissue engineering. While various 3D culture methods ex-
ist, approaches such as magnetic bead-assisted aggregation remain underexplored for
endocrine pancreatic cells. Additionally, the use of biological scaffolds, especially those
derived from decellularized pancreatic extracellular matrix, provides a biomimetic envi-
ronment that promotes adhesion, proliferation, and functionality of pancreatic cells. This
study presents a protocol for magnetic bead-guided 3D culture of human islet cells within
decellularized pancreatic scaffolds. Methods: Human pancreas from adult brain-dead
donors was harvested for both islets” isolation processing and decellularization to generate
an acellular pancreatic bioscaffold. Primary human pancreatic islets were first grown in
two-dimensional adherent cultures, then enzymatically harvested from the surface and
reassembled into three-dimensional clusters using different initial cell amounts (small clus-
ters 0.5 x 10*-1 x 10* and larger clusters 2.5 x 10*-5 x 10* cells) and then placed within
acellular pancreatic slices of different thickness, namely 50 and 90 um. Optic microscopic
examination, scanning electron microscopy analysis, and assessment of insulin and lactate
dehydrogenase (LDH) levels were used to evaluate these 3D islet-like cluster cultures.
Results: We report the establishment of 3D cultures derived from primary pancreatic islet
cells using a magnetic approach in a remarkable 18 h period for the complete formation of
3D clusters. The small clusters (0.5 x 10*~1 x 10* cells) exhibited a faster attachment to
the acellular matrix, with cells visibly spreading outside the cluster interacting with the
bioscaffold slice, when compared to the larger clusters (2.5 x 10*-5 x 10* cells). These
cells continued to produce insulin, and no statistically significant differences in LDH levels
were found under these different conditions. Conclusions: Here, we demonstrate that a
magnetic bead-based protocol can be successfully applied to endocrine pancreatic cells,
enabling the rapid formation of compact, viable, and functional 3D structures. Despite
limitations such as higher cost and prolonged retention of magnetic particles, the approach
supports size-dependent interactions with decellularized pancreatic scaffolds. These find-
ings are valuable for researchers designing experiments tailored to specific objectives and
underscore the potential of this platform for advancing diabetes research and pancreatic
tissue engineering.
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1. Introduction

Three-dimensional (3D) culture systems have become essential tools in regenerative
medicine and disease modeling, especially since they provide a closer approximation of
the in vivo microenvironment compared to traditional two-dimensional (2D) cultures [1].
Among these, organoid and spheroid models have been extensively explored due to their
capacity for self-organization, maintenance of phenotypic traits, and responsiveness to
external stimuli. In the endocrine pancreas field, 3D systems derived from human islets,
embryonic progenitors, or pluripotent stem cells have demonstrated great potential for
disease modeling, drug screening, and future cell therapy approaches [2-5].

Numerous strategies have been explored to enable three-dimensional (3D) cell culture
systems, which better mimic the in vivo physiological microenvironment. Commonly used
techniques include (a) hanging drops cell cultures [6], (b) using rotating cell culture sys-
tems or low-attachment plastics surfaces [6], (c) pyramid-shaped plates containing conical
wells [7], (d) scaffold-free hydrogels [8], (e) macroporous scaffolds [9], and (f) magnetic
beads systems [10]. The hanging drops method, while widely adopted, presents limitations
such as low scalability, labor-intensive handling, and challenges in medium replacement
and compound addition. Furthermore, not all cell types are able to form compact spheroids
using this approach [6]. Suspension cultures using non-adhesive substrates or rotational
agitation promote spheroid formation but are associated with size heterogeneity, mechan-
ical stress, and limited longevity of cultures [6]. Pyramid well plates offer standardized
spheroid dimensions but are expensive and may be difficult to handle [7]. Scaffold-free
hydrogel provides significant advantages, including the ability to precisely regulate the
size of 3D constructs and produce a large quantity per plate. In this approach, cells are
seeded into a hydrogel containing preformed wells, where they settle and spontaneously
assemble into 3D spheroids [8]. Macroporous scaffolds often suffer from inconsistent cell
seeding due to variable pore sizes, requiring additional engineering strategies to improve
distribution [9]. Magnetic bead-based aggregation allows targeted cell organization, but
the method is costly and may result in intracellular nanoparticle retention [10].

Regarding pancreatic endocrine cells, especially islet-derived cultures, the literature
primarily describes the use of low-attachment methods [11-13] and agarose microwell
platform [14] generating systems that allow assessment of 3-cell function, including disso-
ciation and re-aggregation of human islets of different sizes and compositions [11,12], cell
lineages giving rise to pseudo-islets in 3D culture [13,14], and primary islets co-cultured
with non-pancreatic cells in microfluidic devices [15]. However, methods such as magnetic
bead assembly remain underexplored for endocrine pancreatic cells. On the other hand,
they have been successfully used for 3D culture of human exocrine pancreatic cancer cells
(human pancreatic epithelial carcinoma cell line PANC-1), aiming at drug screening [10].
Implementing an alternative 3D culture strategy for endocrine pancreas applications could
provide substantial methodological advancements, particularly when combined with bio-
logically relevant environments such as decellularized pancreatic tissue slices.

Advances in pancreatic tissue engineering have demonstrated that decellularized
extracellular matrix (ECM) scaffolds offer essential biochemical and biomechanical cues
that promote cell adhesion, proliferation, and differentiation, supporting the survival and
function of pancreatic progenitor and (3-cells [16-21]. These scaffolds have been effectively
repopulated with several cell types, including mesenchymal stem cells, iPSC (induced
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Pluripotent Stem Cells)-derived (-cells, and endothelial progenitor cells [22-24]. More
recent approaches combine organoid formation with biomimetic scaffolds to generate a
bioartificial pancreas, enhancing long-term culture, maturation, and function of endocrine
cells, with promising applications not only in diabetes research but also in pancreatic cancer
modeling and precision medicine platforms [2,25-29].

In the presented study, we explore the use of a magnetic bead-assisted protocol to
generate 3D structures of a primary culture of human pancreatic islet cells and assess their
interaction with decellularized pancreatic tissue scaffolds. While some limitations of the
technique are acknowledged, our findings reveal important insights into the formation,
organization, and behavior of insulin-producing 3D clusters in a biologically relevant
microenvironment. These findings help advance the continuous improvement of 3D
culture methodologies and provide a basis for future applications in diabetes research and
tissue engineering.

2. Materials and Methods
2.1. Isolation and 2D Culture of Human Pancreatic Islets

A human pancreas from a brain-dead adult donor (n = 1) was obtained following
Brazilian regulations and approved by the local Institutional Ethics Committee of the Uni-
versity of Sao Paulo Medical School (CEP FMUSP; CAAE 47887115.6.0000.0065; Approval
Code: 2.695.463; Approval Date: 6 June 2018) for isolation and processing of pancreatic
islets. Table 1 provides an overview of the donor characteristics and information for
the islets used in this study. Pancreatic islets were obtained following ductal distension
of the pancreas and enzymatic digestion with collagenase and neutral protease (SERVA
Electrophoresis), based on Ricordi’s automated method [30], with modifications [31], as pre-
viously reported [32]. In short, islet purification was performed using a continuous Ficoll
density gradient on a COBE 2991 Cell Processor (Gambro, Bakersfield, CA, USA). The islet
preparation used in this study yielded approximately 34,217 IEQs (Islet Equivalents, de-
fined as islets normalized to a diameter of 150 pm), with a purity of 70 & 4% as determined
by Dithizone staining. Cell viability was about 80%, assessed by the Live/Dead fluorescent
method, based on the incorporation of fluorescein diacetate (FDA, Sigma-Aldrich, Saint
Louis, MO, USA) by viable cells and propidium iodide (PI, Sigma-Aldrich, Saint Louis,
MO, USA) by non-viable cells, evaluated under fluorescence microscopy. After isolation,
the islets (2 x 10* islet equivalents [TEQ] per 100 cm? plate) were cultured as adherent cells
in CMRL 1066 medium (5.6 mM glucose) (Mediatech-Cellgro, Manassas, VA, USA), supple-
mented with 1 mM L-glutamine (Sigma-Aldrich, Saint Louis, MO, USA), 0.2% ciprofloxacin
(Sigma-Aldrich, Saint Louis, MO, USA), and 10% fetal calf serum (FCS) (Cultilab, Camp-
inas, SP, Brazil) at 37 °C in a 5% CO, atmosphere. The medium was renewed every three
days. Upon seeding onto adherent surface flasks or plates, the cells migrate out from each
adhered pancreatic islet and spread throughout the surface [33].

Table 1. Human islets donor information.

Patient Gender Age BMI Blood Cause of Glucose Amylase Hb
Code (Years) Type Death (mg/dL) (U/L) (g/dL)
P0115 Female 49 29 AB S AH 164 80 14.3

Fisher 4

BMI—body mass index. SAH—subarachnoid hemorrhage. Hb—hemoglobin.

2.2. Mycoplasma Contamination Assessment

The presence of mycoplasma contamination in human primary pancreatic islet prepa-
rations was evaluated as part of routine microbiological quality control. Detection was
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performed using a nested polymerase chain reaction (Nested-PCR) method, as previously
described by Uemori et al. [10]. This approach targets highly conserved sequences in
the ribosomal RNA (rRNA) genes of prokaryotes, including mycoplasma species. The
PCR products were examined using 2% agarose gel electrophoresis and visualized with
UV illumination. A no-template negative control and a positive control were included in
each run.

2.3. Cell Characterization by Immunophenotyping

Human islets’ primary cultures were characterized by immunophenotyping of their
membrane proteins by flow cytometry. To this end, the cells were detached from the
plate using the TrypLE enzyme (Life Technologies, Carlsbad, CA, USA) and fixed with
4% paraformaldehyde (PFA) for 1 h at room temperature. Non-specific epitopes were
blocked with a solution containing 5% BSA and 0.01% Triton-X and incubated for 12-16 h
with primary antibodies against insulin (NewPortGreen, Invitrogen, Carlsbad, CA, USA),
C-peptide (Invitrogen, Carlsbad, CA, USA), amylin (Abcam, Waltham, MA, USA), glu-
cose transporter 2—Glut2 (Chemicon International, Temecula, CA, USA), pancreatic and
duodenal homeobox 1—PDX1 (Millipore, Burlington, MA, USA), neurogenin-3—NGN3
(Millipore, Burlington, MA, USA), nestin—NES (Invitrogen, Carlsbad, CA, USA), growth
factor GATA4 (Invitrogen, Carlsbad, CA, USA) and CXC chemokine receiver type 4 CXCR4
(Abcam, Waltham, MA, USA). After washing, the cultures were incubated with the respec-
tive secondary antibodies coupled to fluorophores. As a negative control, IgG1 isotypic
controls coupled to the same fluorophores were used. Cell labeling was evaluated in a
FACS Aria II cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.4. Human Primary Pancreatic Islet Cells—Derived 3D Cultures

Three-dimensional (3D) cultures were established from primary human pancreatic islet
cells initially grown in two-dimensional (2D) adherent cultures using the NanoShuttle™
Kit (Greiner Bio-One, Kremsmdiinster, Austria) magnetic 3D culture system, following the
manufacturer’s instructions. Briefly, the 2D islet cells were detached from the culture
surface and suspended, then incubated with the NanoShuttle™ reagent-PL, containing
gold, iron oxide, and poly-L-lysine nanoparticles, by centrifugation. According to the
manufacturer, the nanoparticles remain attached to the cell membrane for up to eight
days without affecting cell metabolism, proliferation, or inflammatory response. After
nanoparticle attachment, various cell densities (0.5 x 10%-1 x 10* and 2.5 x 10*-5 x 10%)
were seeded onto non-adherent plates positioned above the magnetic base to centralize the
cells and enhance their aggregation into 3D spheroids. Cultures were maintained in CMRL
1066 medium (5.6 mM glucose; Mediatech-Cellgro) supplemented with 1 mM L-glutamine
(Sigma-Aldrich), 0.2% ciprofloxacin (Sigma-Aldrich), and 10% fetal calf serum (Cultilab) at
37 °C with 5% CO,, with medium refreshed every three days.

2.5. Human Acellular Pancreatic Matrix (Bioscaffold)

A human pancreas from a brain-dead adult donor (n = 1) was obtained following
Brazilian regulations and approved by the Institutional Ethics Committee of the Univer-
sity of Sao Paulo Medical School—CEP FMUSP (CAAE 47887115.6.0000.0065; Approval
Code: 2.695.463; Approval Date: 6 June 2018) for the purpose of decellularization and the
production of a pancreatic bioscaffold. This acellular human pancreatic bioscaffold was
previously collected and characterized in a prior publication by our group [34]. Briefly, the
pancreas was cannulated, using three blood catheters, through the pancreatic Wirsung’s
duct, the splenic artery, and the splenic vein. Upon cannulation, the pancreas was immedi-
ately submitted to the detergent-enzymatic decellularization protocol using 4% sodium
deoxycholate (SDC) [3]. The pancreatic bioscaffold generated by decellularization was
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maintained in saline phosphate buffer (PBSA) at 4 °C until ready to use. To generate the
thin sections, samples of approximately 1 mm length, 1 mm width, and 1 mm thickness
were included in an OCT (optimal cutting temperature) compound (Fisher HealthCare,
Pittsburgh, PA, USA) and stored at —80 °C until use. For histological sectioning, the sam-
ples were transported on dry ice to a cryostat (Microm GmbH, Walldorf, Germany) and
cut into slices of 25 um, 50 pm, and 90 um. The sections were then collected on coverslips,
placed in 24-well non-adherent culture plates, and kept in PBSA at 4 °C until use.

2.6. Scanning Electron Microscopy (SEM)

Samples prepared for scanning electron microscopy (SEM) were initially fixed in 2.5%
glutaraldehyde in 0.1 M PBSA (pH 7.4) for 1 h, followed by three washes in 0.1 M PBSA
for 15 min each. They were then treated with 1% osmium tetroxide at 4 °C for 1 h, washed
three more times in PBSA, and dehydrated through a graded ethanol series (50%, 70%,
95%, and 100%) previously filtered through a 0.22 um filter. The dehydrated samples were
dried using a K850 Critical Point Dryer (Quorum Technologies Ltd., Lewes, Germany)
with carbon dioxide, mounted on copper conductive tape (3M, Maplewood, MN, USA),
and coated with gold in a Desk II Sputter Coater (Denton Vacuum, Moorestown, NJ, USA)
for 180 s. SEM imaging was performed using a LEO 435VP (CADI) scanning electron
microscope (Zeiss, Oberkochen, Germany).

2.7. Histological Analysis

For histological analysis via optical microscopy, samples were fixed in 4% paraformalde-
hyde for at least 24 h and stored in 70% ethanol. Following fixation, samples were de-
hydrated through a graded ethanol series (70%, 96%, and 100%), cleared in xylene, and
embedded in paraffin. Sections of 4-5 um thickness were cut using a microtome and
mounted on silanized slides. For hematoxylin and eosin (H&E) staining, sections were
deparaffinized, rehydrated, stained with Harris Hematoxylin for 1 min 30 s, rinsed under
running water for 2 min, followed by eosin staining for 12 s, then rinsed, dehydrated
through ascending ethanol concentrations (70-100%), and cleared in xylene. Slides were
then mounted with mounting medium and coverslips, and stored at room temperature
until imaging with an Optiphot-2 Nikon optical microscope equipped with a Nikon Dig-
ital video camera Nikon DXM1200F (Nikon, Tokyo, Japan), using NIS Elements N ikon®
software (v. F3.0, Nikon, Tokyo, Japan).

2.8. Insulin Assay

The supernatants collected from human primary pancreatic islet cell cultures were
analyzed for insulin levels using the Elecsys Insulin Quantitative Reagent Kit (Roche®,
Basel, Switzerland), following the manufacturer’s instructions on the automated Cobas E
601® system (Roche®, Basel, Switzerland).

2.9. Lactate Dehydrogenase (LDH) Assay

Lactate dehydrogenase (LDH) activity was assessed in the supernatants from human
primary pancreatic islet cell cultures using the reagent kit for quantitative determination of
lactate dehydrogenase activity (lactate dehydrogenase kit acc. IFCC ver.2, Roche®, Basel,
Switzerland), following the manufacturer’s instructions on the automated Cobas E 601®
system (Roche®, Basel, Switzerland).

3. Statistical Analysis

Data are presented as the mean + SEM. Statistical differences between group means
were tested by an ordinary one-way ANOVA, along with the Brown-Forsythe test for
sample homogeneity. Differences were considered statistically significant at p < 0.05.
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4. Results and Discussion

In this study, we hypothesized that combining magnetic bead-guided aggregation with
the use of decellularized pancreatic scaffolds would support the formation of functional
3D structures from cultured primary human islet cells. Although 3D culture systems are
increasingly used in endocrine pancreas research, methods such as magnetic bead assembly
remain underexplored for endocrine pancreatic cells. To test our hypothesis, we evaluated
how different cell inoculum densities (0.5 x 10*~1 x 10* and 2.5 x 10*-5 x 10%) and scaffold
thicknesses (50 and 90 pm) affected cluster formation, insulin production, and cytotoxicity
under static culture conditions.

Pancreatic organoids are 3D cellular assemblies that partially recapitulate the architec-
ture and cellular heterogeneity of native pancreatic tissue. However, the term “organoid”
remains subject to debate, as it is sometimes erroneously used interchangeably with
spheroids or islet-like clusters, which develop into 3D structures as well, but exhibit
distinct cellular composition and functional characteristics. Pancreatic organoids have
become valuable models for studying pancreas development [35-37], pancreatic ductal ade-
nocarcinoma [38,39], cystic fibrosis-related pancreatic dysfunction [40], drug screening for
pancreatic disorders [10,41], and functional assessment of 3-cells [11-15]. Recent advances
have further refined pancreatic organoid culture techniques, enhancing their physiological
relevance and expanding their applications in disease modeling and regenerative medicine
(for example, endocrine organoids [42] and exocrine organoids [43]).

4.1. Cell Characterization of Human 2D Pancreatic Islets Cultures

Following the establishment of primary 2D cultures of human pancreatic islets
(Figure 1B), we performed a mycoplasma contamination test using a nested PCR approach.
No contamination was detected in the sample used for subsequent experiments (Figure 1A).

Immunophenotyping by flow cytometry confirmed the presence of key pancreatic
endocrine markers in the 2D cultures: 53.05% insulin-positive, 60.94% C-peptide-positive,
26.56% amylin-positive, and 50.33% PDX1-positive (3-cells. Additionally, populations
indicative of progenitor or immature phenotypes—NGN3 (54.82%), GATA4 (54.89%), and
CXCR4 (65.42%)—were detected, along with 53.00% glucagon-positive o-cells and 53.55%
GLUT2-positive cells (Figure 1C). This heterogeneous cell population was used without
further selection for subsequent 3D cluster formation, leveraging the physiological benefits
of cellular heterogeneity [44].

4.2. Generation of 3D Human Primary Pancreatic Islet Cell Cultures

Dissociated 2D primary pancreatic islet cell cultures were rapidly and reproducibly
reaggregated into 3D clusters using magnetic nanoparticles. Microscopic examination
showed that, after 2 h in the magnetic plate, cells from all tested cell densities self-organized
into spherical structures, which became increasingly compact, with complete cluster for-
mation observed within 18 h (Figure 2). Various cell densities (0.5 x 10%*-1 x 10* and
2.5 x 10*-5 x 10* cells/ well) were tested, all of which formed compact, stable 3D struc-
tures that remained viable after magnetic field removal.
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Figure 1. Cell characterization of human pancreatic islets 2D cultures. (A) Mycoplasma contami-
nation assessment. The image shows the execution of a previously described test [45] for detecting
mycoplasma contamination using the nested PCR technique. Lane 1: DNA marker; Lanes 2-7: tested
samples (only lane 3 corresponds to the sample discussed in this study; other lanes represent unre-
lated samples run in parallel); Lane 8: Negative control (no-template control); Lane 9: Positive control.
(B) Representative image of the 2D primary culture of human pancreatic islets. Magnification 10x.
(C) Immunophenotyping of the 2D culture of primary human islet cells. Showing the following
positive populations: Insulin (53.05%), C-peptide (60.94%), Amylin (26.56%), PDX1 (50.33%), NGN3
(54.82%), GLUT2 (53.55%), GATA4 (54.89%), CXCR4 (65.42%), and Glucagon (53.00%).
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Figure 2. Human 3D primary pancreatic islet cell cultures. After impregnating the cells with the
magnetic reagent, different cell numbers (0.5 x 10*-1 x 10* and 2.5 x 10*-5 x 10%) were plated
onto non-adherent plates. The figure illustrates the arrangement of 3D cultures of human primary
pancreatic islet cells (structures/clusters) at two distinct stages: initially on a magnetic base at 0,
2, and 18 h, and subsequently without the magnetic base for an additional 24 and 72 h. Scale bar
1000 pm.
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Histological analysis (H&E staining) revealed 3D structures to be circular with an
epithelial-like polarization outer cell layer, resembling differentiation patterns observed in
epithelial spheroids [46,47], though no central lumen was detected (Figure 3). Notably, the
3D structures retained pigmentation from the magnetic nanoparticles beyond 16 days in
culture, exceeding the manufacturer’s expected release timeframe.

Small Cluster ll | Larger Cluster !
0.5 — 1.0x10% ] |\ 2.5 - 5.0x10% J

Figure 3. Histological analysis of 3D structures—Hematoxylin and eosin (H&E) staining. The
figure shows the microscopic organization of the human 3D primary pancreatic islet cell cultures.
Cellular self-organized spheres derived from 0.5 x 10%-1 x 10* cells (small clusters). Scale bar
100 um and 50 pum (zoom). Cellular self-organized spheres derived from 2.5 x 10%-5 x 10% cells
(larger clusters). Scale bar 100 um and 50 um (zoom). Under all conditions, it was possible to note a
smooth epithelium-like surface on the 3D structures.

The magnetic bead-based method uses the NanoShuttle™ reagent-PL, composed of
gold, iron oxide, and poly-L-lysine nanoparticles. As reported by the manufacturer, the
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reagent stays attached to the cell membrane for up to eight days before being released
into the culture medium. Notably, our findings align with previous studies indicating that
poly-L-lysine-coated iron oxide nanoparticles exhibit prolonged intracellular retention. For
instance, research by Babic et al. (2008) [48] demonstrated that poly-L-lysine-modified
iron oxide nanoparticles were efficiently internalized by mesenchymal stem cells and
retained within the cells, as confirmed by electron microscopy and Prussian blue stain-
ing. Similarly, studies by Pongrac et al. (2016) [49] reported that poly-L-lysine-coated
maghemite nanoparticles were effectively utilized for neural stem cell labeling, with mini-
mal cytotoxicity observed over extended periods of time. These findings underscore the
potential of magnetic bead-assisted 3D culture systems in generating insulin-producing ag-
gregates/spheroids/organoids and highlight the need for careful consideration of nanopar-
ticle retention and its implications for cellular behavior and experimental outcomes.

4.3. Interaction Between 3D Clusters and the Acellular Pancreatic Bioscaffold

The results shown in Figure 4 indicate that, in the absence of an acellular pancreatic
scaffold (control), the clusters derived from a smaller number of cells only attach to the
plastic surface at the 6th day after plating, while larger clusters do not attach at all. When
seeded onto bioscaffold slices of varying thickness, smaller 3D structures (0.5 x 10*-1 x 10*
cells) adhered to the matrix within 1-3 days, migrated into the scaffold between days 3-6,
and tended to envelop and intertwine with the scaffold. In contrast, larger 3D structures
(2.5 x 10*-5 x 10* cells) exhibited delayed attachment and limited envelopment, with no
visible migration observed (Figure 4).
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Figure 4. Three-dimensional (3D) cultures derived from human primary pancreatic islet cells (cell
clusters) were seeded onto human acellular pancreatic matrix slices. Clusters generated from varying
cell numbers were placed onto different thicknesses of acellular slices (0.5 x 10*~1 x 10* cells and
2.5 x 10*-5 x 10% cells on 50 um and 90 pm slices) and observed at days 0,1, 3, 6,9, 13, and 16.
Black arrows denote associations between cell structures and the bioscaffold, asterisks indicate cells
adhered to the matrix, and white arrows show 3D structures being enveloped by the bioscaffold. On
the right panel, the images were taken from the full panel (left). The 3D structures from the same
experimental conditions were tracked throughout the experiment. ECM: extracellular matrix. Scale
bar: 1000 pm.

Scanning electron microscopy (SEM), carried out at day 16, confirmed 3D clusters
association with the acellular matrix and the presence of cells outside the clusters resulting
from their interaction with the matrix. This SEM analysis revealed the nanofibrous structure
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of the human acellular pancreatic matrix and its interaction with the clusters (Figure 5).
Figure 5 shows a representative aspect of 3D smaller clusters with visible cells outside the
cluster and interacting with the ECM network of the bioscaffold slice, and a representative
aspect of larger 3D clusters with no visible cells outside the cluster, but a positive association

with the matrix.

Figure 5. Scanning electron microscopy (SEM) of 3D human primary pancreatic islet cell clusters
seeded on human acellular pancreatic matrix. The 3D images highlight the nanofibrous architecture
of the matrix and its interaction with the cell clusters. The figure shows a representative smaller 3D
cluster with cells visible outside the cluster (left) and a representative larger 3D cluster (right) with
no cells visible outside, yet showing interaction with the matrix. Scale bar: 3 pm.

4.4. Functional Assessment: Insulin Secretion and Cytotoxicity

Both insulin and lactate dehydrogenase (LDH) were detected in the culture medium
supernatant on the 16th day after the human 3D primary pancreatic islets cultures were
seeded onto the acellular pancreatic slices. The results, displayed in Figure 6A, indicate no
statistically significant difference in the levels of insulin released in the culture medium
between the human primary pancreatic islet cells-derived 3D cultures alone or seeded
onto the acellular pancreatic matrix (Figure 6A), indicating positive insulin secretion under
all different conditions. Figure 6B indicates no statistically significant difference in the
levels of LDH released to the culture medium when comparing the human 3D primary
pancreatic islets cultures alone or seeded onto the acellular pancreatic matrix. However,
larger 3D structures displayed slightly higher accumulated LDH values, when compared
to the smaller ones (Figure 6B), which can be due to the larger number of cells present
in these clusters, indicating an increased cellular turnover or cell death caused by lower
oxygenation of the clusters’ inner region [50].
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Figure 6. Analysis of insulin and lactate dehydrogenase (LDH) levels. These assays were per-
formed using the culture medium collected on the 16th day after the human primary pancreatic
islets—derived 3D clusters were cultured onto acellular pancreatic slices. (A) represents insulin quan-
tification (mU/mL). CTR (—) Culture medium (negative control); (A) 3D representative small cluster
(0.5 x 10%-1 x 10* cells)—no scaffold; (B) 3D small cluster derived from 0.5 x 10*-1 x 10% cells seeded
onto 50 um acellular matrix slice; (C) 3D small cluster derived from 0.5 x 104-1 x 10* cells seeded
onto 90 um acellular matrix slice; (D) 3D representative larger cluster (2.5 x 10%-5 x 10* cells)—no
scaffold; (E) 3D larger cluster derived from 2.5 X 10%-5 x 10* cells seeded onto 50 pm acellular matrix
slice; (F) 3D larger cluster derived from 2.5 x 104-5 x 10 cells seeded onto 90 um acellular matrix
slice; (B) represents LDH quantification (U/L). CTR (+) Small cluster (0.5 x 10*-1 x 10* cells) +
Triton X-100 0.1% (positive control); (A) 3D representative small cluster (0.5 x 10%-1 x 10* cells)—no
scaffold; (B) 3D small cluster derived from 0.5 x 10*~1 x 10* cells seeded onto 50 um acellular matrix
slice; (C) 3D small cluster derived from 0.5 x 10*~1 x 10% cells seeded onto 90 um acellular matrix
slice; CTR (+) Larger cluster (2.5 x 10*-5 x 10* cells) + Triton X-100 0.1% (positive control); (D) 3D
representative larger cluster (2.5 x 10*-5 x 10* cells)—no scaffold; (E) 3D larger cluster derived from
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2.5 x 10%-5 x 10* cells seeded onto 50 um acellular matrix slice; (F) 3D larger cluster derived from
2.5 x 10*-5 x 10* cells seeded onto 90 um acellular matrix slice. Data are presented as the mean
value + SEM (standard error of mean) in triplicate. The statistical analysis was made by an ordinary
one-way ANOVA using mixed multiple comparisons. **** < 0.0001; ns: no statistically significant
difference. All analyses were made with GraphPad Prism (v. 10.6.1).

5. Conclusions

Several three-dimensional (3D) culture models have been developed for studying the
endocrine pancreas, each with distinct approaches and limitations. Unlike many existing
systems, we employed the magnetic bead-based model for the first time in the context
of endocrine pancreatic cells. We started with dissociated human pancreatic islet cells
cultured in 2D, a condition under which they adhere to the plastic surface and lose their
native architecture. Using a magnetic bead-assisted method (NanoShuttle™), the cells were
reaggregated into 3D pseudo-islets, whose size and cellular composition can potentially
be controlled. The resulting 3D structures exhibit a circular morphology with a polarized
epithelial-like outer layer, although they do not develop a central lumen.

Importantly, these 3D structures can be co-cultured with acellular human pancreatic
bioscaffolds, which provide not only structural support and spatial orientation but also
biochemical cues that promote cell adhesion and potentially enhance functionality. We
observed differential behavior between the smaller and larger 3D structures: smaller
clusters adhered more efficiently to the bioscaffold slices and exhibited migratory behavior
and integration into the matrix, while larger clusters showed delayed attachment and no
visible migration. These observations, along with slightly elevated LDH levels in larger
structures, highlight the importance of cluster size in scaffold integration and further
support the use of a decellularized matrix to create a tissue-relevant microenvironment for
physiologically meaningful studies.

Nevertheless, considering the advantages and limitations of magnetic bead-based
3D culture systems, the choice of methodology for generating three-dimensional cultures
of insulin-producing cells ultimately depends on the specific goals and criteria of the re-
searcher. Careful evaluation of each protocol’s suitability, based on factors such as cell
type, functionality, reproducibility, and potential side effects, is essential. Despite these
challenges, the ability to reproducibly generate functional endocrine clusters and assess
their behavior within a tissue-relevant microenvironment highlights the potential of this ap-
proach as a platform for studying pancreatic physiology and advancing diabetes research.
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