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A B S T R A C T

To overcome Type 1 diabetes mellitus (T1DM), which can cause hyperglycemia due to diminished insulin 
secretion of β-cell function, islet transplantation has been developed with various strategies including pseudo- 
islet. However, conventional pseudo-islet formation techniques combining with other cells depend on natural 
cellular aggregation, which requires at least 5 days to form and even show segregation of distinct cell types, 
leading to diminished cell viability and function. Herein, we applied a subaqueous free-standing 3D cell culture 
(FS) device, which can reduce the spheroid formation time by trapped cell in nodes of acoustic standing wave. 
Briefly, Culturing with adipose-derived stem cells (ADSCs) to form heterotypic pseudo-islet (Hislet) in FS device 
dramatically reduced formation time less than one day. Hislet demonstrated enhancement of cell viability than 
conventional pseudo-islet formation method. Additionally, ADSCs combined Hislet proved strong secretion of 
various paracrine factors. Also results showed significantly increased angiogenesis effect and immunomodulation 
effect for various type of immune cells in Hislet compared to islet, which can enhance transplantation survival. 
Furthermore, Hislet validated glucose-regulating capacity and enhanced angiogenesis effect in vivo T1DM model. 
Throughout this study, we propose a novel strategy for forming Hislet that can overcome the limitations of 
conventional Islet and pseudo-islet for T1DM.
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1. Introduction

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease 
characterized by insulin deficiency due to reduced β-cell function, 
leading to failure in controlling blood glucose level and resulting in 
hyperglycemia [1]. Since endogenous insulin production is insufficient 
to maintain blood glucose homeostasis in T1DM patients, they must rely 
on exogenous insulin in various method to control the blood glucose 
level [2,3]. To overcome the dependence on exogenous insulin in
jections, pancreatic islet transplantation has been used as a therapy to 
restore patients’ ability to produce their own insulin [4]. However, 
naïve islet (Islet) transplantation had shown the low graft survival rate 
due to various factors, such as 1) transplant rejection by the host’s im
mune cells, 2) cell death caused by necrotic inner cores of the 
large-diameter pancreatic islet, and 3) poor blood, nutrient, and oxygen 
supply due to the failure to form new blood vessels after transplantation 
[5–7]. To address these limitations, various methods combining scaffold 
and material have been developed to improve transplanted islet survival 
by protecting from immune cells or enhance neovascularization [8–12]. 
While effective, these strategies still require the use of 
non-human-derived foreign materials, which may pose immunogenic 
risks [13]. Additionally, pancreatic islet vary in size (50–400 μm), and 
islet with large diameters (>150 μm) are more vulnerable during 
transplantation due to necrotic cores [14]. In short, scaffolds and 
materials-based strategies have not been able to resolve this issue.

To improve the graft-survival without using foreign materials, 
pseudo-islet (p-islet) formation techniques have been developed by 
dissociating pancreatic islet and then re-aggregating them with endo
thelial cells or mesenchymal stem cells (MSCs) to control their size and 
enhance vascularization [15–18]. By controlling the diameter of the 
aggregate less than 150 μm, the p-Islet exhibit enhanced 
glucose-responsive insulin secretion, leading to better therapeutic ef
fects for T1DM by enhancing graft survival [19]. The incorporation of 
MSCs in islet transplantation has demonstrated several benefits. MSCs 
facilitate neovascularization, mitigating graft rejection through growth 
factor and cytokine secretion which is crucial for the long-term viability 
of transplanted Islet [20,21]. Furthermore, the paracrine effects of 
MSCs, mediated through the secretion of various growth factors and 
cytokines, contribute to improved islet survival and function [22]. These 
trophic factors create a supportive microenvironment, enhancing β-cell 
proliferation and insulin secretion [23]. Collectively, these mechanisms 
synergistically augment the overall therapeutic efficacy of islet trans
plantation, potentially leading to improved clinical outcomes in the 
treatment of diabetes.

While p-islets had advantages in size control and enhanced func
tionality when combined with other cells containing MSCs, the process 
is labor-intensive and requires long formation time (at least 5 days) 
which can reduce cell viability and efficiency caused by cell loss [24]. 
Furthermore, the formation of pseudo-islet through the amalgamation of 
heterotypic cellular populations have revealed an inherent tendency 
towards cellular segregation [24]. This phenomenon, characterized by 
the spatial separation of distinct cell types within the pseudo-islet 
structure, presents a significant challenge in maintaining the desired 
cellular composition and architecture [25]. Such segregation may 
potentially compromise the functional integrity and long-term stability 
of the engineered pseudo-Islet, necessitating the development of 
advanced strategies to mitigate this issue and ensure sustained cellular 
integration. In this context, new approaches are required to enhance the 
therapeutic efficacy of p-islet.

In our previous study, we have designed a subaqueous free-standing 
3D cell culture (FS) device based on acoustic standing waves in the 
vertical direction, which can form cell spheroids in relatively short time 
compared to conventional 3D culture methods [26]. Applying the FS 
device to mesenchymal stem cell culture resulted in a 4-fold faster 
spheroid formation time compared to conventional methods. Thus, we 
aim to enhance p-islet formation by co-culturing pancreatic islet cells 

with adipose-derived mesenchymal stem cells (ADSCs) using the FS 
device. ADSCs, which can be obtained from adipose tissues, have high 
therapeutic potential in inducing angiogenesis and immunomodulation 
due to their strong secretion of paracrine factors and cytokines [27–29]. 
After spheroid formation, ADSCs show upregulated angiogenic proper
ties caused by hypoxic cores within the spheroids that increase HIF-1α 
expression, which in turn upregulates the secretion of angiogenic factors 
through HIF-1α-mediated cell signaling [30,31]. This mechanism also 
allows ADSCs and adjacent cells to exhibit tolerance to hypoxic condi
tions [32,33]. Moreover, ADSCs induce high extracellular matrix (ECM) 
expression, enhancing stability, reducing the time required for spheroid 
formation, and therefore strengthening cell function [34,35]. Specif
ically, our approach seeks to create multifunctional p-islet that exhibit 
improved angiogenesis, immunomodulation, and insulin secretion ca
pabilities, while significantly reducing the formation time from days to 
hours through the efficient use of the FS device.

In this study, we present a highly functional heterotypic pseudo-islet 
(Hislet) composed of ADSCs and pancreatic islet cells formed in a short 
time using the FS device. Remarkably, only 8 h were required to form 
Hislet by using FS device, and an additional 12-hr culture period 
strengthened their stability. Hislet had an average diameter of 105 μm 
and showed comparable cell viability to freshly isolated pancreatic is
lets, addressing the problem of nutrient and oxygen deficiency in the 
cores of large-diameter pancreatic islet. RNA sequencing result sup
ported that Hislet showed enhanced angiogenesis, immunomodulation, 
and insulin secretion compared to Islet without ADSCs, due to their 
increased ECM expression and secretion of various paracrine factors 
crucial for the survival of transplanted cells [36]. Additionally, they 
maintained glucose-dependent insulin secretion properties essential for 
treating T1DM and showed immunomodulation effect for various im
mune cells which is crucial for graft survival. Lastly, in vivo T1DM 
models demonstrated that Hislet effectively regulates blood glucose 
levels.

2. Materials and methods

2.1. Cell culture

Rat ADSCs was purchased from iXCells Biotechnologies (San Diego, 
CA, USA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium/ 
Nutrient Mixture F-12 (DMEM/F-12; Gibco BRL, Gaithersburg, Mary
land, USA) supplemented with 10 % (v/v) fetal bovine serum (FBS, 
Gibco BRL) and 1 % (v/v) penicillin/streptomycin (PS, Gibco BRL). The 
cells were incubated at 37 ◦C and 5 % CO2 saturation. The cell culture 
medium was changed every 2 days. Rat ADSCs within 5 passages were 
used.

2.2. Islet isolation and purification

Pancreatic islets were isolated from male Sprague-Dawley rats (DBL, 
Chungcheongbuk-do, Republic of Korea) using an enzymatic digestion 
method. In brief, 10 mL of 0.8 mg/mL collagenase P solution (Roche 
Diagnostics, GmbH, Mannheim, Germany) was carefully injected into 
the pancreas through cannulation of the pancreatic duct. The pancreas 
was subsequently excised and incubated at 37 ◦C for 18 min. Islets were 
purified by density gradient centrifugation with a Ficoll Paque PLUS/ 
RPMI-1640 medium gradient. The isolated islets were then manually 
selected and cultured in RPMI-1640 medium (Sigma Aldrich, St Louis, 
MO) supplemented with 10 % FBS (Gibco BRL) and 1 % PS (Gibco BRL). 
All animal experiments were conducted in strict accordance with na
tional guidelines and received approval from the Institutional Animal 
Care and Use Committee (IACUC) of Sungkyunkwan University, Re
public of Korea (SKKUIACUC2023-01-31-1).
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2.3. Design of FS device

The piezoelectric actuator used in this study was made of lead zirc
onate titanate and fabricated as a 20 mm in diameter, 1.3 mm thick, 
round disc with 1800 pF capacitance and 1.6 MHz resonance frequency. 
The piezoelectric actuator was installed at the bottom of the cell culture 
vessel, and the reflector was positioned about the upper side. As the 
sidewall of the cell culture vessel, a borosilicate tube with an outer 
diameter of 50 mm and a wall thickness of 5 mm was used. Both the top 
and bottom sides of the vessel tube were plugged in with O-ring sealed 
actuator and reflector components. In order to control the distance be
tween the actuator and reflector to tune the resonance condition of 
acoustic waves, the holder of the reflector was designed to be movable. 
To maintain a temperature of approximately 36 ◦C in the cell culture 
vessel, cooling water was circulated through the aluminum frame con
taining heat sources such as the actuator and the driving circuit.

2.4. Spheroid formation using FS device

DMEM/F-12 and RPMI 1640 supplemented with 10 % FBS and 1 % 
PS were mixed in 1:1 ratio for co-culture media of pancreatic islet cells 
and rat ADSCs [37]. 150 IEQ were dissociated by treating accutase for 
20 min in 37 ◦C (Thermofisher, A1110501, Waltham, MA, USA). After 
pancreatic islets were dissociated to single cells, they were co-cultured 
with 2.5 × 105 rat ADSC cells in FS device with co-culture media. The 
formed Hislet was easily retrieved from the FS device by turning off the 
device. After the power was off, the spheroids settled at the bottom and 
were gently retrieved with a pipette (Supplementary Movie. 1).

2.5. Spheroid formation using U-shaped 96-well

Round-bottom 96-well plates (Corning, NY, USA) coated with poly 
(2-hydroxyethyl methacrylate) were seeded with 5 × 103 cells per 
well, consisting of 1:1 ratio of mixed dissociated pancreatic islet single 
cells and rat ADSC cells, in co-culture media. Plates were incubated at 
37 ◦C for inducing spheroid formation.

2.6. DiI staining

Rat ADSCs cultured on the cell culture plate were treated with DiI 
(Sigma-Aldrich, St. Louis, MO, USA) mixed with DMEM/F-12 at a ratio 
of 1:200 for 2 h and then washed twice with PBS. DiI-stained rat ADSCs 
were used in Hislet formation by using FS device.

2.7. Hematoxylin & eosin staining

Pancreatic islet and Hislet were fixed with 4 % formaldehyde for 24 h 
and immersed with 30 % sucrose for another 24 h. The cells were 
embedded in optimum cutting temperature (OCT, SciGen Scientific, 
Gardenas, USA) compound. Next, 10 μm sections were obtained from 
specimens and stained with H&E.

2.8. FDA/EB staining

FDA/EB staining was performed using fluorescein diacetate (FDA, 
Sigma-Aldrich) and ethidium bromide (EB, Sigma-Aldrich). FDA (green) 
stains the cytoplasm of viable cells, whereas EB (red) stains the nuclei of 
nonviable cells. The staining solution was freshly prepared by 
combining 10 mL of FDA stock solution (1.5 mg/mL of FDA in dimethyl 
sulfoxide), 5 mL of EB stock solution (1 mg/mL of EB in PBS), and 3 mL 
of PBS. Pancreatic Islet and Hislet were then incubated with the staining 
solution for 3 min at 37 ◦C. After staining, the samples were washed 
twice with PBS and examined using a fluorescence microscope (DFC 
3000 G, Leica, Wetzlar, Germany).

2.9. Flow cytometry for cell viability

Pancreatic islet and Hislet were dissociated by accutase (Gibco BRL) 
treatment for 20 min at room temperature. The cells in each group were 
centrifuged for 5 min at 250 g. Then, cells were washed twice with cold 
cell staining buffer (Biolegend, San Diego, CA, USA) and treated with 
100 μL of Annexin V binding buffer (Biolegend). After treatment with 
Annexin V binding buffer, the cells were transferred to test tubes. 
Annexin V (Biolegend) and 7-aminoactinomycin D (7-AAD, Biolegend) 
solution were added to the hDFs in the test tubes. Annexin V binds to 
phosphatidylserine on the external leaflet of the plasma membrane of 
apoptotic cells, while 7-AAD solution penetrates the nuclear membrane 
and binds to the DNA of necrotic cells. Next, the test tubes were gently 
vortexed and incubated for 15 min at room temperature. More Annexin 
V binding buffer (200 μL) was added to each cell in the test tubes and the 
cells were analyzed by flow cytometry with a CytoFLEX flow cytometer 
(Beckman Coulter, Brea, CA, USA).

2.10. Apoptotic activity

For apoptotic activity, pancreatic islet and Hislet were fixed with 4 % 
paraformaldehyde solution and immersed with 30 % sucrose for another 
24 h. After fixation, the cells were embedded in OCT compound. OCT 
block was cut into 10 μm-thick sections at − 22 ◦C. A terminal deoxy
nucleotide transferase-mediated deoxyuridine triphosphate nick-end 
labeling (TUNEL) assay was performed using the ApopTag® Fluores
cent In Situ Apoptosis Detection Kit (Millipore, Bedford, MA, USA) to 
examine the apoptotic activity of each group. Following 4,6-diamidino- 
2-phenylindole (DAPI, Vector Laboratories, Newark, CA, USA) staining, 
TUNEL-positive fluorescence was measured using a fluorescence mi
croscope (DFC 3000G, Leica).

2.11. Immunofluorescence staining

For immunofluorescence staining, pancreatic Islet and Hislet were 
fixed with 4 % paraformaldehyde solution and immersed with 30 % 
sucrose for another 24 h. After fixation, samples embedded in the OCT 
compound were cut into 10-μm-thick sections at − 22 ◦C. Sections were 
immunofluorescently stained with Ki67 (Abcam, ab16667, 1:250, 
Cambridge, UK), Collagen1 (Col1, Abcam, ab34710, 1:50), Connexin 43 
(Con43, Abcam, ab235585, 1:250), Laminin (Abcam, ab11575, 1:200), 
E-cadherin (Abcam, ab231303, 1:100), Insulin (Abcam, ab181547, 
1:200). Positive signals of each protein were visualized with fluorescein 
isothiocyanate-conjugated secondary antibodies (Jackson ImmunoR
esearch Laboratories, West Grove, PA, USA). These sections were then 
counterstained with DAPI (Vector Laboratories) and examined using a 
fluorescence microscope (DFC 3000 G, Leica).

2.12. Western blot analysis

For Western blot analysis, samples lysed in radio- 
immunoprecipitation assay (RIPA) buffer (Rockland Immunochemicals 
Inc., Limerick, PA, USA) buffer. After centrifugation at 10,000 g for 10 
min, the supernatant was prepared as a protein extract. Protein con
centrations were determined using a Bicinchoninic Acid Assay (BCA 
assay) (Pierce Biotechnology, Rockford, IL, USA). Equal amounts of 
protein from each sample were mixed with a sample buffer and sub
jected to sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) using a 10 % (v/v) resolving gel. The separated proteins 
were transferred to immune-blot Polyvinylidene difluoride (PVDF) 
membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked 
with 5 % (w/v) skim milk in Tris-buffered saline (TBS; 50 mM Tris–HCl 
(pH 7.5), 150 mM NaCl, 2.5 mM KCl) and incubated for 1 h at 25 ◦C. 
Then, the membranes were probed overnight at 4 ◦C with antibodies 
against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Abcam, 
ab9485, 1:2000, Cambridge, UK), ITGA5 (Abcam, ab179475, 1:1000), 
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Con43 (Abcam, ab235585, 1:1000), Laminin (Abcam, ab11575, 
1:1000), and CD44 (Abcam, ab189524, 1:1000). Thereafter, the mem
branes were incubated with horseradish peroxidase-conjugated sec
ondary antibody (R&D Systems, Minneapolis, MN, USA, HAF017 for 
GAPDH, 1:2000 for ITGA5, Con43, Laminin and CD44, 1:1000, Min
neapolis, MN, USA) for 1 h at 25 ◦C, followed by addition of ECL reagent 
(TransLab, Daejeon, Republic of Korea). The blots were developed in a 
dark room, and luminescence was recorded using an X-ray blue film 
(Agfa HealthCare NV, Mortsel, Belgium). Quantification of Western blot 
was performed by image J analysis (National Institutes of Health, 
Bethesda, MD, USA).

2.13. Quantitative reverse transcription polymerase chain reaction

Quantitative reverse transcription polymerase chain reaction (qRT- 
PCR) was used to quantify the relative gene expression levels of each 
experiment. Rat-specific gene primers were used for Islet and Hislet 
analyses. Total ribonucleic acid (RNA) was extracted from the samples 
using 1 mL TRIzol reagent (Life Technologies, Inc., Carlsbad, CA, USA) 
and 200 μL chloroform. The lysed samples were centrifuged at 12,000 
rpm for 10 min at 4 ◦C. The RNA pellet was washed with 75 % (v/v) 
ethanol in water and dried. The samples were then dissolved in RNase- 
free water. The SsoAdvanced Universal SYBR Green Supermix kit (Bio- 
Rad) and CFX Connect™ real-time PCR detection system (Bio-Rad) were 
used for qRT-PCR. Table 1 lists the primers used for qRT-PCR.

2.14. Rat cytokine array

Islet and Hislet were cultured in serum-free co-culture media for 
additional 2 days. After retrieving the conditioned media (CM) from 
each group, RAT XL cytokine array (ARY030, R&D Systems) was con
ducted following the manufacturer’s protocols. Pixel densities were 
quantified with Image J software (National Institutes of Health). Signals 
from duplicated spots were averaged.

2.15. Tube formation assay

Human umbilical vein endothelial cells (HUVECs) were purchased 
from PromoCell (Heidelberg, Germany) and cultured in endothelial cell 
media (PromoCell) supplemented with Growth Medium SupplementMix 
(PromoCell) at 37 ◦C with 5 % CO2. The medium was changed every 
2 days. Cells within four passages were used in the experiments. Tube 
formation of HUVECs was conducted using an Angiogenesis assay kit in 
vitro (ab204276; Abcam) following the manufacturer’s protocols. The 
CM extracted from each group was mixed with HUVEC medium at a 1:1 
ratio and then used to treat HUVECs cultured on pre-coated Matrigel.

2.16. RNA-sequencing

RNA sequencing was performed on Hislet and Islet. Briefly, RNA was 
isolated using TRIzol reagent (Life Technologies, Inc.). The purified RNA 
was analyzed for size, quality, and quantity, then cDNA library was 
constructed using QuantSeq 3′ mRNA-seq Library Prep Kit FWD for 
further sequencing (NextSeq 550, Illumina). All reads were trimmed and 
mapped using the STAR aligner and data analysis was performed using 
R. Initially, RNA counts were preprocessed using the edgeR package to 
remove genes with a total RNA counts 0 and those with 0 in more than 
two samples per group. The RNA counts were then normalized across 
groups using the trimmed mean of M-values (TMM) method and con
verted to log2 counts per million (CPM). Principal component analysis 
(PCA) was conducted to compute principal components and eigenvalues 
using the FactoMineR and FactoExtra packages. Library sizes were 
calculated using R’s built-in function. Differential expression analysis 
between Islet and Hislet was performed using the dream function from 
the variancePartition package, which enables empirical Bayesian statis
tical analysis. Volcano plots were generated to visualize significant 
differences in gene expression using the EnhancedVolcano package. 
Genes with an absolute log2 fold change greater than 2 and a p-value 
less than 0.01 were highlighted. Hierarchical clustering heatmaps were 
then created using the pheatmap package to illustrate the expression 
patterns differentially expressed genes.

2.17. Glucose-stimulated insulin secretion

For investigating the responses to varying glucose concentrations, 
the glucose-stimulated insulin secretion (GSIS) assay was performed. 
Islet and Hislet were pre-incubated with Krebs Ringer Buffered HEPES 
(KRBH; pH 7.4) containing 2.8 mM glucose at 37 ◦C for 30 min. Next, 
they were cultured in either a low-glucose (2.8 mM) or high-glucose 
(20.2 mM) buffer for 1 h [38]. The insulin concentrations in the cul
ture buffers were measured by a commercial rat insulin enzyme-linked 
immunosorbent assay (ELISA) kit (Alpco Diagnostics, Salem, NH, 
USA). The stimulation index (SI) values were calculated by the following 
formula: (normalized amount of secreted insulin at high glucose)/(
normalized amount of secreted insulin at low glucose).

2.18. Analysis of inducing M2 polarization of M1 macrophage

RAW 264.7 cell lines (ATCC) were cultured with Dulbecco’s Modi
fied Eagle Medium (DMEM, Gibco BRL). 1 % (v/v) penicillin- 
streptomycin (PS, Gibco BRL) and 10 % (v/v) fetal bovine serum (FBS, 
Gibco BRL) were supplemented. Cells were maintained in a humidified 
incubator at 37 ◦C with 5 % CO2, and the culture medium was replaced 

Table 1 
Primer sequences for qRT-PCR.

Gene Forward Reverse

Rat GAPDH AACGACCCCTTCATTGACCTC CCTTGACTGTGCCGTTGAACT
Rat VEGF TTTCTCCGCTCTGAACAAGGC TGCAGATCATGCGGATCAAAC
Rat IGF-1 TGGTGGACGCTCTTCAGTTC AGTGTACTTCCTTCTGAGTCTTGG
Rat Angpt-2 CATGATGTCATCGCCCGACT TCCATGTCACAGTAGGCCTTG
Rat FGF2 GATCCCAAGCGGCTCTACTG TAGTTTGACGTGTGGGTCGC
Rat IL-1 TCTCTCCGCAAGAGACTTCCA ATACTGGTCTGTTGTGGGTGG
Rat IL-1b TTCACCATGGAACCCGTGTC GGAGACTGCCCATTCTCGAC
Rat IRF1 TGAAGCTGCAACAGATGAGG AGCAAGTATCCCTTGCCATC
Rat TNF-α AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTGGTTTGCTACGAC
Rat IL-4 AGGGTGCTTCGCAAATTTTA CAGTGTTGTGAGCGTGGACT
Rat IL-10 CCTGCTCTTACTGGCTGGAG TGTCCAGCTGGTCCTTCTTT
Rat IL-13 TTCCCTGACCAACATCTCCAA TTGCGGTTACAGAGGCCATG
Rat TGF-β GGATCTTGGGTGGAAATGGATTCA ACACGCAGCAAGGGGAAGCA
Rat PDX1 AAATCCACCAAAGCTCACGC GGTCAAGTTCAACATCACTGCC
Rat HK1 GACCCGAGGCATCTTCGA AGCAGCGCTAATCGGTCACT
Rat GLUT1 TTGCAGGCTTCTCCAACTGGAC CAGAACCAGGAGCACAGTGAAG
Rat UCP2 CCAATGTTGCCCGAAATG CCCGAAGGCAGAAGTGAAG
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every other day. For M1 polarization, RAW 264.7 cells were treated with 
lipopolysaccharide (LPS, 1 μg/mL) for 24 h. After inducing M1 polari
zation, the CM extracted from each group was mixed with DMEM me
dium at a 1:1 ratio and applied to M1-polarized Raw 264.7 cells for 24 h. 
Cells were then harvested by scraping, centrifuged (125 RCF, 3 min, 
25 ◦C), and resuspended in cell staining buffer (BioLegend). The sus
pended cells were incubated in dark for 30 min at room temperature 
with 100 μL of staining solution containing fluorescein isothiocyanate 
(FITC)-conjugated anti-mouse CD206 and Brilliant Violet 605-conju
gated anti-mouse CD11b antibodies. After staining, 400 μL of cell 
staining buffer was added to sample, and flow cytometry analysis was 
performed using a CytoFLEX flow cytometer (Beckman Coulter).

2.19. Splenocyte isolation, activation, and co-culture with islet or Hislet

Eight-week-old male C57BL/6 mice were sacrificed, and their 
spleens were aseptically harvested. The spleens were mechanically 
dissociated by gently crushing and passing through a sterile 70-μm nylon 
filter in RPMI-1640 medium (Sigma Aldrich) supplemented with 10 % 
FBS (Gibco BRL) and 1 % PS (Gibco BRL). To eliminate erythrocytes, the 
cells were treated with RBC lysis buffer (10 × ; BioLegend) diluted 1:10 
in PBS. The remaining cells were washed and resuspended in complete 
RPMI-1640 medium. Splenocytes were counted using a hemocytometer, 
and 1 × 106 cells were pre-treated with Dynabeads® Mouse T-Activator 
CD3/CD28 (Gibco) at a 1:1 bead-to-cell ratio for activation prior to co- 
culture experiments. Islet and Hislet were co-cultured with the activated 
splenocytes for 2 days in coculture medium.

2.20. Peripheral blood mononuclear cell (PBMC) culture, activation, and 
co-culture experiment

PBMCs from healthy adult donor (age 56; male) were purchased 
from CGT Global and used for experiments. PBMCs were thawed and 
subsequently incubated for 2 h at 37 ◦C in a 5 % CO2 incubator, followed 
by activation for 24 h in RPMI 1640 medium (Gibco) supplemented with 
10 % FBS (Gibco), GM-CSF (50 ng/mL), IL-4 (50 ng/mL), IL-2 (50 ng/ 
mL), IL-15 (50 ng/mL), and DynaBeads® Human T-Activator CD3/CD28 
(Gibco, 5 × 105 beads per 1 × 106 PBMCs. To assess cytotoxicity, 1 ×
104 cells of Islet or Hislet (target cells) were plated in 96-well plates, and 
activated PBMCs (effector cells) were added at different effector-to- 
target (E:T) cell ratios (1:1, 5:1, and 10:1). After 4 h of incubation in 
serum-free culture medium, the LDH cytotoxicity assay (Roche Di
agnostics, Basel, Switzerland) was performed according to the manu
facturer’s instructions. Cytotoxicity was calculated as the percentage of 
LDH release, determined by subtracting the spontaneous LDH release 
from untreated Islet or Hislet (low control) from the experimental value, 
and then dividing by the difference between the maximum releasable 
activity (high control) and the low control. For flow cytometry assay, 
activated PBMCs were co-cultured with Islet and Hislet for 3 days in a 
co-culture medium consisting of a 1:1 mixture of islet culture medium 
and RPMI 1640 supplemented with 10 % FBS. After co-culture, cells 
were harvested, fixed, and stained with FITC-conjugated antibodies 
targeting immune cell markers. Antibodies included anti-CD4 (1:100, 
BD Bioscience, Franklin Lakes, NJ, USA) and anti-CD8 (1:100, BD 
Bioscience) for CD4+ T cells and CD8+ T cells respectively, anti-CD19 
(1:250, BD Bioscience) for B cells, and anti-CD56 (1:500, BD Biosci
ence) for NK cells. Flow cytometry analysis was then performed using a 
NovoCyte Flow Cytometer (Agilent, Santa Clara, CA, USA), and data 
were analyzed by manual gating with NovoExpress software (version 
1.6.2, Agilent).

2.21. Diabetes induction and transplantation

Diabetic Balb/c-nude mice (male, 8 weeks old) were established by 
intraperitoneal injection of streptozotocin (STZ) solution in 0.1 M of 
citrate buffer (220 mg/kg, Sigma-Aldrich). Only mice with non-fasting 

blood glucose (NBG) levels higher than 300 mg/dL for two consecu
tive days were considered diabetic. For transplantation, mice were 
anesthetized via inhalation of isoflurane solution for islet trans
plantation. The left kidneys were exposed, and pouch was beneath the 
kidney capsule. Naïve islet (400 IEQ) and Hislet (equivalent to 400 IEQ) 
were injected slowly into the subcapsular pouch. The functionality of the 
transplanted islets and Hislets was assessed by regularly monitoring 
NBG level using commercial glucose meter (Handok, Seoul, Republic of 
Korea). On day 20 post-transplantation, intraperitoneal glucose toler
ance test (IPGTT) was performed after 6 h of fasting. Glucose solution 
(2.0 g/kg) was injected intraperitoneally, and blood glucose levels were 
recorded at 0, 5, 10, 15, 30, 60 and 120 min after injection.

2.22. Histological assessment

Graft-bearing kidneys were harvested 21 days post-transplantation, 
fixed in 4 % paraformaldehyde (PFA) for 48 h, and incubated in 30 % 
sucrose for 48 h. After fixation, samples embedded in the OCT com
pound were sectioned at 10 μm thickness at − 22 ◦C. For antigen 
retrieval, slides were treated with proteinase K buffer (0.6 unit/mL in 
Tris-EDTA pH 8.0 with 0.5 % Triton X-100 in PBS) at 37 ◦C for 10 min. 
Sections were incubated in blocking solution (0.3 % Triton X-100, 5 % 
BSA and 5 % Goat serum in PBS) for 1 h. After that, sections were 
incubated with mouse anti-insulin (Proteintech Group, 66198-1-Ig, 
1:100, Chicago, IL, USA) and rabbit anti-CD31 (Bioss, BS-0468R, 
1:100, Beijing, China) overnight at 4 ◦C with the following primary 
antibodies diluted in blocking solution. Following decanting, the slides 
were washed with PBS (0.3 % Triton X-100) and incubated for 1 h at 
room temperature with fluorescein isothiocyanate (FITC)-conjugated 
Goat anti-Rabbit IgG (Invitrogen, F-2765, 2 μg/mL, Carlsbad, CA, USA) 
and Rhodamine Red-conjugated Goat anti-Mouse IgG (Jackson Immu
noResearch Laboratories, 115-295-144, 1:100, West Grove, PA, USA) in 
blocking solution. The slides were then washed with PBS and mounted 
with Vectashield antifade mounting medium containing DAPI (Vector 
Laboratories, Burlingame, CA, USA). Finally, the slides were visualized 
using confocal laser scanning microscope (CLSM).

2.23. Statistical analysis

All data were presented as mean ± SD. The statistical analysis was 
performed using GraphPad Prism (GraphPad Software, San Diego, CA, 
USA). To determine statistical significance, an unpaired Student’s t-test 
was performed to compare two experimental groups, and ordinary one- 
way ANOVA was performed for the three experimental groups. Statis
tical significance was considered when the p-value was less than 0.05 or 
0.01.

3. Results and discussion

3.1. Rapid Hislet formation using FS device

The overall process of forming Hislet is illustrated in Fig. 1A. After 
isolating 150 IEQ of pancreatic islets, they were dissociated into single 
cells and co-cultured with ADSCs in FS device. Given that 1 IEQ contains 
approximately 1500 - 2000 cells, we used 2.5 × 105 ADSCs for co-culture 
to achieve 1:1 cell ratio [39]. To determine the shortest time required for 
spheroid formation, the cells were cultured in FS device for 1, 2, 4, 6, 
and 8 h. No spheroid formation was observed up to 6 h, however, after 8 
h of culture, spheroids were successfully formed (Fig. 1B). We then 
compared spheroid formation under various conditions within the same 
culture period. Among different 3D culture methods, with or without 
ADSCs, and when co-culturing with pancreatic islet, only the acoustic 
pressure method with ADSCs resulted in loosely aggregated spheroids 
within 8 h (Fig. 1C). Notably, pancreatic islets did not float in the FS 
device, and ADSCs rarely attached to the surface of intact pancreatic 
islets. While non-adhesive U-shaped methods are established for 3D 
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Fig. 1. Formation of heterotypic pseudo-islet (Hislet) based on a subaqueous free-standing 3D cell culture (FS) device. (A) Schematic figure showing the Hislet 
formation method. (B) Optical image of spheroid formation by using dissociated islet (d-islet) with adipose-derived mesenchymal stem cell (ADSC) in various time 
point (scale bar = 200 μm). (C) Comparison of spheroid formation in conventional culture method (U-shaped well) and FS device with or without DiI-labeled ADSC 
(scale bar = 200 μm). (D) Observation of spheroid compaction after additional culture of Hislet (scale bar = 50 μm). (E) Hematoxylin & eosin staining image and 
fluorescent image of Hislet stained with DAPI (blue) and DiI-labeled ADSC (red, scale bar = 100 μm). (F) Live (fluorescein diacetate (FDA), green) and dead (ethidium 
bromide (EB), red) assay results of islet and Hislet (Immediately after Hislet formation, scale bar = 200 μm). (G) Cell viability analysis by staining annexin-V and 7- 
AAD with flow cytometry (FACS, n = 4). (H) Apoptotic activity evaluated with terminal deoxynucleotidyl transferase dUTP nick end labeling staining (TUNEL, green) 
for each group and immunofluorescence staining of ki67 (green) with DAPI (blue). Data are presented as the mean ± SD, *p < 0.05, **p < 0.01 compared to 
each group.
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spheroid culture, 8 h was insufficient for spheroid formation in both 
dissociated pancreatic islet cells (d-islet) and co-cultures of d-islet with 
ADSCs (Supplementary Fig. 1) [40]. The FS device-based d-islet culture 
showed more aggregation than the U-shaped method but remained less 
stable, and the spheroids were smaller compared to those formed with 
ADSCs co-culture.

Previous studies have shown that additional cultivation can induce 
spheroid compaction, enhancing cell-cell interactions and spheroid 
stability [41]. After 8 h culture in FS device, we compared additional 
cultures at time points of 0 h (immediately after removal from the FS 
device), 4 h, 8 h, and 12 h. Optical imaging revealed that spheroids 
without additional culture were loosely aggregated and exhibited 
brighter due to higher light transmittance. However, with increasing 
culture time, the spheroids became denser and darker in appearance 
After an additional 12 h of culture in non-adhesive plate, the spheroids 
become more compact, as evidenced by decreased size and increased 
opacity (Fig. 1D and Supplementary Fig. 2A) [42]. Gene expression 
profiling demonstrated dynamic changes across key functional cate
gories, providing insights into the Hislet maturation process. The 
expression levels of angiogenesis-related genes, including VEGF, 
ANGPT2, and FGF2, progressively increased over time, all peaking at 12 
h. The ECM-related gene, fibronectin, also showed a significant increase 
at 12 h, suggesting that extended culture enhances spheroid stability by 
promoting ECM deposition necessary for structural integrity. The 
expression of INS1 and INS2, critical for insulin secretion, began 
increasing after 4 h and continued to rise through 12 h, indicating that 
functional maturation of insulin-producing cells initiates relatively early 
during the culture process. Likewise, expression of TGF-β, an 
anti-inflammatory cytokine, started increasing at 8 h and peaked at 12 h, 
implying that immunomodulatory potential of the spheroids is enhanced 
as they stabilize over time (Supplementary Fig. 2B). These findings 
indicate that a 12 h additional culture period optimally enhances 
angiogenesis, ECM synthesis, insulin secretion, and anti-inflammatory 
cytokine production. H&E staining confirmed that extended culture 
increased protein expression on the outer layers of spheroids (Fig. 1E, 
left). Additionally, DiI-stained ADSCs revealed that ADSCs occupied the 
core of the compacted spheroids, while islet cells formed the outer layer 
(Fig. 1E, right). In an acoustic field, larger cells experience a stronger 
acoustic radiation force than smaller cells [43]. Since ADSCs are larger 
than dissociated islet cells, they are guided more rapidly to the pressure 
nodes created by the acoustic standing waves. This results in ADSCs 
aggregating at the core of the forming spheroid. Meanwhile, the smaller 
islet cells move more slowly and subsequently accumulate around the 
ADSCs, forming a shell-like structure. This phenomenon contributes to 
the rapid formation of Hislet with a core-shell architecture, where 
ADSCs occupy the center and islet cells form the outer layer, as observed 
in Fig. 1E.

Based on these findings, we established a protocol for Hislet forma
tion: culturing cell in the FS device for 8 h followed by 12 h of subse
quent culture. The resulting Hislet exhibited an average diameter of 
105.137 ± 47.98 μm (n = 825, Supplementary Fig. 3), which is rela
tively smaller than that of conventional isolated pancreatic islets [14]. 
Live and dead assay revealed that Hislet exhibited similar viability to the 
Islet group (Fig. 1F). Flow cytometry with Annexin-5 and 7-AAD stain
ing was performed to quantify the live cells in each group. The con
ventional Hislet formation method using a 5-day U-shaped culture 
(Hislet-U-shaped) showed significantly lower cell viability compared to 
the Islet group (Fig. 1G). TUNEL assay further demonstrated low levels 
of apoptosis in both Hislet and Islet groups, indicating comparable cell 
viability. Moreover, the cell proliferation marker Ki67 was observed in 
both groups (Fig. 1H). These results demonstrate that co-culturing with 
ADSCs in the FS devise for 8 h, followed by an additional 12 h of culture, 
is sufficient for p-islet formation. Remarkably, only 20 h were required 
to form Hislet, a significant reduction compared to previous studies 
requiring at least 5 days for pseudo-islet formation [15–18].

The presence of ADSCs was crucial for rapid Hislet formation, 

whereas without ADSCs, 8 h was insufficient for p-islet formation. 
ADSCs have a high ECM synthesis capacity, and ECM production sup
ports the physical properties needed for spheroid formation [34,35]. 
Additionally, the effect of acoustic field on cell positioning enhances this 
process. The larger size of ADSCs allows them to aggregate more quickly 
at the pressure nodes, forming the spheroid core, while islet cells form 
the surrounding shell. Furthermore, previous we have study shown that 
acoustic stimulation in FS activates the PIEZO1/2 in ADSCs which has a 
crucial role in mechanobiological responses [44]. The activation of the 
PI3K pathway related to PIEZO1/2 activation was also enhanced and 
improved the ECM synthesis, which in turn contributes to a faster for
mation of spheroids [45,46]. Compared to Islet group, Hislet group 
showed significant increment of PIEZO1 and PIEZO2 gene 
(Supplementary Fig. 4). This characteristic enabled the formation of 
Hislet within a short time using the FS device. Additional culture time 
enhanced spheroid density and increased protein expression on the 
outer layers, which is beneficial for therapeutic applications due to 
increased stability [47].

To compare the effects of different cell ratios on Hislet formation, 
additional experiments were conducted using Islet-to-ADSC ratios of 
3:1, 1:1, and 1:3, while maintaining the spheroid formation time at 8 h. 
After 8 h of culture, all groups exhibited spheroid formation to varying 
degrees; however, higher Islet ratios resulted in significantly smaller 
spheroids (Supplementary Fig. 5A, top and middle). To evaluate func
tionality, we analyzed insulin expression within the spheroids was 
analyzed. In the 3:1 group, no insulin-positive signals were detected, 
indicating that the small spheroids formed may consist primarily of 
ADSCs rather than functional islets (Supplementary Fig. 5A, bottom). In 
contrast, both the 1:1 and 1:3 groups exhibited insulin-positive signals, 
confirming that insulin-producing cells were involved in the spheroids 
(Supplementary Fig. 5A, bottom). Further functional assessment using 
GSIS assays showed that while insulin secretion increased slightly in the 
1:3 group with higher glucose concentrations, its functionality was 
clearly inferior to that of the 1:1 group, which exhibited robust glucose- 
responsive insulin secretion (Supplementary Fig. 5B). These findings 
suggest that a higher Islet ratio (e.g., 3:1) requires prolonged culture 
times to form functional spheroids, undermining the advantage of rapid 
aggregation offered by the FS device. On the other hand, a higher ADSC 
ratio (e.g., 1:3) forms spheroids quickly but results in reduced glucose- 
dependent insulin secretion, making it less effective for Type 1 dia
betes treatment. Ultimately, the 1:1 ratio offers the optimal balance 
between rapid Hislet formation and robust functional performance, 
supporting its use as a promising therapeutic platform.

Isolated islets often have diameters exceeding 200 μm, leading to low 
cell viability after engraftment and difficulty in nutrient delivery to the 
core of islet [14,48]. The Hislet averaged 105 μm in diameter, notably 
smaller than isolated pancreatic islets, which may enhance survival and 
glucose-responsive insulin secretion [6,19,49]. While p-islet formation 
allows for controlled, smaller size, traditional methods face disadvan
tage such as cell loss due to long-term culture. Our method of 
co-culturing with ADSCs in the FS device enabled Hislet formation 
within a day, significantly improving cell viability compared to con
ventional methods, with similar cell viability of Islet. Additionally, Ki67 
expression in Hislet correlated positively with key markers for insulin 
secretion, and co-culturing with ADSCs has been shown to increases 
Ki67 expression in islet cells [50]. These findings confirm that FS 
device-based Hislet formation in efficient and maintains high cell 
viability.

3.2. Enhanced ECM expression, cell-cell connection, angiogenesis, and 
immunomodulation effect in Hislet

Next, we investigated the ECM expression and cell-cell adhesion 
molecules to assess the structural and functional integrity of Hislet. 
Collagen 1 (Col1) and laminin are major ECM components, while Con
nexin 43 (Con43) and E-cadherin (E-cad) are representative cell-cell 
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connection markers [51–53]. Immunofluorescence staining demon
strated that both groups expressed Col1, Laminin, Con43, and E-cad; 
however, the Hislet group exhibited higher fluorescence intensity, 
indicating elevated expression compared to Islet group (Fig. 2A). 
Western blot analysis showed that laminin and Con43 expression were 
significantly higher in Hislet group, with laminin expression being 

approximately 3-fold higher and Con43 approximately 2-fold higher 
than in the Islet group (Fig. 2B). Additionally, integrin-αV, a protein 
mediating cell-ECM interactions, was significantly upregulated in Hislet 
group (Fig. 2B) [54].

These results suggest that Hislet had enhanced structural integrity 
due to increased ECM production and cell-cell adhesion. The 

Fig. 2. Evaluation of gene and protein expression related to extracellular matrix (ECM), cell-cell, cell-ECM connection, various secretion factors, and angiogenesis. 
(A) Fluorescence images of Islet and Hislet stained with collagen 1 (Col 1), laminin, connexin 43 (Con43), and E-cadherin (E-cad) (green). DAPI (blue) was stained for 
nucleus in entire cells and DiI (red) used for labeling the ADSC (scale bar = 100 μm). (B) Comparison of protein expression in each group as evaluated by Western blot 
analysis (n = 3, *P < 0.05 compared to Islet). Relative (C) angiogenesis and (D) anti-inflammatory cytokine gene expression result compared to Islet group evaluated 
by real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR, n = 3, *P < 0.05 compared to Islet). (E) Images of cytokine array result of 
collected conditioned media (CM) collected from each group and (F) quantification of the cytokine array. (G) Image of tube formation assay after treating CM from 
each group to human umbilical vein endothelial cells (HUVEC, 6 h treatment, n = 4 scale bar = 400 μm). (H) Quantification of tube, node, mesh after HUVEC tube 
formation in each group (n = 4). (I) Quantification of closed area of HUVEC after migration (n = 4). Data are presented as the mean ± SD.
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upregulation of ECM components like laminin and Col1 provides a 
supportive microenvironment that can improve cell viability and func
tion. Elevated levels of cell adhesion molecules such as Con43 and E-cad 
facilitate better cell-cell communication, which is crucial for synchro
nized insulin secretion and overall islet function [55,56]. The increase in 
ECM expression and cell-cell connections supports stable 
glucose-responsive insulin secretion and enhances cell viability, as well 
as the structural integrity of the Hislet.

We then examined the angiogenic and immunomodulatory proper
ties of Hislet. Angiogenesis-related genes such as VEGF, IGF-1, Angpt-2, 
and FGF2 were significantly upregulated in the Hislet group, with fold 
increases ranging from 2- to 4-fold compared to the Islet group (Fig. 2C). 
Anti-inflammatory cytokines including IL-10 and TGF-β were also 
significantly upregulated in Hislet group (Fig. 2D). These gene expres
sion results suggest that Hislet had a higher potential to promote 
angiogenesis and exhibit immunomodulatory effect. To assess the actual 
secretion of angiogenesis- and immunomodulation-related cytokines, 
chemokines, and growth factors, we performed a cytokine protein array 
using CM collected from each group. The Hislet group displayed more 
positive signals compared to the Islet group (Fig. 2E). Protein array 
revealed that out of 79 proteins analyzed, 42 were secreted at levels at 
least 2-fold higher in the Hislet group, and among these, 26 proteins 
were secreted at levels 4-fold higher (Fig. 2F). Key factors significantly 
increased in the Hislet group included VEGF, IGF-1, Angpt-2, FGF2, IL- 
10, and TGF-β. A full list of the paracrine factors and their fold changes 
(Hislet/Islet) is provided in Supplementary Table 1. The upregulation of 
angiogenic factors promote endothelial cell migration and vascular 
stabilization, crucial for nutrient and oxygen supply to transplanted is
lets [57–61]. Furthermore, CM from the Hislet group induced signifi
cantly more tube formation of HUVECs compared to CM from the Islet 
group (Fig. 2G). Quantification of the number of tubes, nodes, and 
meshes, tube formation parameters, are 1.42-fold, 1.48-fold and 
1.96-fold higher, respectively, in the Hislet group, indicating a stronger 
angiogenic effect of Hislet (Fig. 2H). Gene expression profiling further 
demonstrated significant upregulation of angiogenesis-related genes 
such as VEGF and ANGPT2 in the Hislet group, whereas CXCR4 
expression showed a slight, but statistically non-significant, increase 
(Supplementary Fig. 6). These results suggest that Hislet enhance 
endothelial sprouting and migration, crucial for new blood vessel for
mation. Additionally, treatment with CM derived from Hislet induced a 
strong migratory response in HUVEC (Fig. 2I, Supplementary Fig. 7).

Pancreatic islets secrete a diverse array of proteins, including insulin, 
glucagon, somatostatin, ghrelin, and pancreatic polypeptide [62]. 
However, they exhibit a relative deficiency in their capacity to secrete 
angiogenic factors necessary for post-transplantation vascularization 
and immunomodulatory cytokines that could mitigate immune re
sponses [63,64]. In contrast, ADSCs are known to possess robust 
angiogenic and immunomodulatory capabilities, attributed to their 
diverse secretion of growth factors and cytokines [65]. By incorporating 
ADSCs into the formation Hislet, we have conferred intrinsic angiogenic 
and immunomodulatory properties to the Hislet themselves. Angio
genesis following transplantation is critical for the survival of trans
planted cells [66]. The enhanced tube formation and migratory capacity 
of HUVECs observed in vitro suggest that Hislet possess greater 
neo-vascularization potential post-transplantation, thereby improving 
graft survival. This approach leverages the paracrine effects derived 
from ADSCs to enhance the therapeutic potential of islet transplantation.

Overall, these results demonstrate that Hislet exhibit enhanced 
secretion of angiogenic and immunomodulatory cytokines, contributing 
to improved islet survival and function. The multifunctional properties 
of Hislet, including their ability to promote vascularization and modu
late immune responses, suggest that they have significant potential for 
improving the outcomes of islet transplantation.

3.3. Comparative RNA-sequencing analysis of Hislet and Islet

To elucidate the molecular mechanisms underlying the enhanced 
functionality of Hislet over conventional Islet, we conducted compre
hensive RNA sequencing followed by transcriptomic analyses. A Venn 
diagram revealed that while a substantial portion of genes (92 %, 17,706 
genes) are shared between Hislet and Islet, there are distinct gene sets 
unique to each: 643 genes are unique to Hislet, and 858 genes are unique 
to Islet (Fig. 3A). This significant overlap reflects their common cellular 
origin; however, the unique gene expression profiles suggest functional 
divergences arising from the co-culture with ADSCs and the use of the FS 
device in Hislet formation. PCA demonstrated a clear separation be
tween Hislet and islet samples, with the first principal component (PC1) 
accounting for 67.3 % of the variance (Fig. 3B). This indicates distinct 
global gene expression patterns between the two groups, likely associ
ated with the unique structural characteristics and functional enhance
ments of Hislet. Hierarchical clustering of differentially expressed genes 
(DEGs) further emphasized these differences (Fig. 3C). Notably, genes 
associated with ECM components and cell–cell adhesion molecules were 
upregulated in Hislet. For example, the expression levels of Col1, lami
nin, Con43, and E-cad were significantly higher in Hislet compared to 
Islet. These findings are consistent with our earlier immunofluorescence 
and Western blot analyses (Fig. 2A and B), suggesting that Hislet had 
enhanced structural integrity and cell-cell communication, which may 
contribute to their improved viability and insulin secretion.

Genes related to angiogenesis were also significantly upregulated in 
Hislet. Key pro-angiogenic factors such as VEGFA, ANGPT1, and FGF2 
showed increased expression (Fig. 3D). This upregulation indicates a 
heightened capacity for promoting vascularization, which is crucial for 
nutrient delivery and graft survival post-transplantation. Genes involved 
in immune regulation exhibited differential expression as well. Anti- 
inflammatory cytokines including IL-10, TGF-β, and IL-4 were upregu
lated, whereas pro-inflammatory markers like IL-1 and TNF-α were 
downregulated in Hislet (Fig. 3E). These changes suggest an enhanced 
immunosuppressive environment in Hislet, which could contribute to 
improved graft survival by mitigating immune rejection. Importantly, 
genes critical for insulin production and secretion, such as INS1 and 
PDX1, were more highly expressed in Hislet compared to Islet (Fig. 3F). 
This elevated expression indicates that Hislet may have improved 
glucose-responsive insulin secretion capabilities. The smaller size and 
increased cell-cell interactions of Hislet, resulting from the FS device- 
assisted formation and ADSC co-culture, likely contribute to this func
tional enhancement.

Gene Ontology (GO) enrichment analysis highlighted several bio
logical processes that are enriched in Hislet, including tube morpho
genesis, ECM organization, immune regulation, and cell proliferation 
(Fig. 3G). These pathways corroborate our experimental observations of 
enhanced structural stability, angiogenesis, immunomodulation, and 
cell viability in Hislet. Supplementary volcano plots provided additional 
insights into specific gene sets associated with processes such as cell 
morphogenesis, tissue development, and skeletal system organization, 
further emphasizing the broad functional capabilities of Hislet 
compared to conventional Islet (Supplementary Fig. 8).

In summary, the transcriptomic analyses reveal that Hislet possess a 
distinct and optimized gene expression profile characterized by upre
gulation of genes involved in ECM composition, angiogenesis, immune 
modulation, and insulin secretion. These molecular features align with 
the functional enhancements demonstrated in earlier sections and sug
gest that Hislet is better equipped for therapeutic applications. These 
findings also set the stage for further investigation into the glucose- 
responsive insulin secretion capabilities of Hislet, which will be dis
cussed in the following section. Understanding how these molecular and 
functional improvements translate into enhanced insulin secretion is 
crucial for evaluating the potential of Hislet in treating diabetes through 
islet transplantation.
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3.4. Verifying the glucose-responsive insulin secretion and long-term 
survival

In the next step, we investigated the insulin secretion properties of 
Hislet in response to varying glucose concentrations. Insulin secretion- 
related gene expressions revealed increased PDX1 and GLUT1 

expressions in the Hislet group compared to the Islet group, while HK1 
levels remained similar and UCP2 expression was decreased (Fig. 4A). 
The elevated PDX1 suggests enhanced β-cell function and survival, as 
this gene plays a crucial role in insulin production and β-cell mainte
nance [67]. Increased GLUT1 expression indicates improved glucose 
uptake, especially under hypoxic conditions [68], while decreased 

Fig. 3. RNA-sequencing result of comparing Islet and Hislet group. (A) Venn diagram showing the overlap and unique genes between Islet and Hislet groups, with 
17,706 shared genes, 858 islet-specific genes, and 643 Hislet-specific genes. (B) PCA plot demonstrating the separation between Hislet and Islet samples. PC1 explains 
67.3 % of the variance, indicating distinct expression profiles between the groups. (C) Heatmap of differentially expressed genes, with clustering showing distinct 
upregulation patterns in Hislet relative to Islet. (D–F) Volcano plot of genes associated with (D) angiogenesis, (E) immune-regulation, and (F) insulin secretion. (G) 
GO enrichment network map showing the biological processes enriched in Hislet.
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UCP2, a negative regulator of insulin secretion, may enhance 
glucose-stimulated insulin secretion [69,70]. Hislet secreted IGF-1 
2-fold higher than Islet (Fig. 2E–Supplementary Table 1), and IGF-1 
could induce the increment of the PDX1 gene expression in Hislet 
[67]. These gene expression patterns suggest that Hislet may have ad
vantages in glucose uptake and insulin secretion compared to Islet.

We assessed glucose-stimulated insulin secretion (GSIS) using low- 
glucose (2.8 mM) and high-glucose (20.2 mM) solutions. Immunofluo
rescence staining showed that both Islet and Hislet groups contained 

insulin prior to glucose stimulation and secreted insulin after glucose 
stimulation for 30 min (Fig. 4B). The GSIS assay, normalized to total 
protein content and the proportion of CD29-negative cells [71], 
demonstrated that both groups increased insulin secretion with higher 
glucose concentrations (Fig. 4C). The insulin stimulation index was 
slightly higher in the Hislet group compared to the Islet group, although 
the difference was not statistically significant (Fig. 4D), indicating 
comparable glucose responsiveness between the groups. To simulate 
post-transplantation conditions where nutrient supply is limited, we 

Fig. 4. Validation of glucose-responsive insulin secretion property and enhanced long-term survival. (A) Result of insulin secretion and glucose transporter related 
gene expression in each group as evaluated by qRT-PCR (n = 3, *P < 0.05, **P < 0.01 compared to Islet group) (B) Fluorescence image of each group with 
immunofluorescence insulin staining (green, scale bar = 50 μm). (C) Glucose-stimulated insulin secretion (GSIS) assay of each group according to the low (2.8 mM) 
and high (20.2 mM) glucose concentration for 1 h as evaluated by enzyme-linked immunosorbent assay (ELISA) normalized with protein contents and ratio of CD29 
negative cells as evaluated by FACS (n = 4, *P < 0.05, ***P < 0.001 compared to each group). (D) Insulin stimulation index of each group calculated by insulin 
secretion amount at high glucose divided by insulin secretion amount at low glucose (n = 4), (E) Optical and fluorescence image of live and dead assay images after in 
the serum-free media culture for 10 days (scale bar = 200 μm for leftmost panel, 100 μm for others). (F) GSIS assay of each group after culturing in serum-free media 
for 10 days (n = 5, *P < 0.05, **P < 0.001 compared to each group). (G) Insulin stimulation index of each group (n = 5, ***P < 0.001 compared to Islet group.) Data 
are presented as the mean ± SD.
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cultured both groups in serum-free media for 10 days. After this period, 
Hislet maintained their spheroid structure, while the Islet group showed 
dissociation and cell debris (Fig. 4E). Live/dead staining revealed viable 
cells in both groups, but Islet cells were primarily single cells. To mimic 
the hypoxic conditions encountered after transplantation, Islet and 
Hislet were cultured under 5 % O2, a level lower than the physiological 
oxygen concentration of healthy kidney [72]. Under these conditions, 
Hislet not only maintained their spheroid structure more effectively than 
Islet but also exhibited fewer dead cells (Supplementary Fig. 9). 
Post-culture GSIS assays indicated that both groups still responded to 
glucose, but the insulin stimulation index was significantly higher in the 
Hislet group (Fig. 4F and G). This suggests that Hislet has superior 
long-term survival and insulin secretion function under harsh conditions 
even without segregation of ADSCs and islet cells. Immediately after 

transplantation, islets lack direct vascular connection, creating harsh 
conditions where transplanted cells struggle to receive sufficient nutri
ents [73]. Islet must survive without sufficient nutrient supply until new 
blood vessels form, typically 7–14 days after transplantation [74]. To 
simulate this condition, we conducted experiments under serum-free 
conditions, where essential nutrients for cell survival were absent. The 
long-term culture suggested that Hislet has a higher potential for sur
vival after transplantation and a higher insulin stimulation index, likely 
due to better-preserved functionality from increased cell viability. While 
increased PDX1 expression has been associated with enhanced beta-cell 
survival and function, the precise mechanisms underlying the mainte
nance of structure, survival, and function in Hislet during long-term 
culture remain to be fully elucidated [75]. It is hypothesized that the 
capacity of stem cells to synthesize hypoxia-inducible factors (HIFs) 

Fig. 5. Evaluation of immunomodulation effect of Hislet. (A) Result of M1-M2 transition assay after treating CM from each group analyzed with FACS and (B) 
quantification of CD206 positive cells (n = 4). (C) Schematic figure of in vitro immunomodulation assay with splenocyte and peripheral blood mononuclear cell 
(PBMC) (D) Cytotoxic CD8+ T cell, Treg cell, and Th2 cell related gene expression of splenocyte after co-cultured with T-cell activator and Islet or Hislet (n = 3, ***P 
< 0.001 compared to Islet group). (E) Evaluation of immune cell-mediated cytotoxicity of Islet and Hislet after co-cultured with activated PBMC assessed with lactate 
dehydrogenase assay (Effector: activated PBMC, Target: Islet or Hislet). (F) FACS result stained with CD4 (CD4+ T cell), CD8 (CD8+ T cell), CD56 (NK cell), and CD19 
(B cell). (G) Comparison of each immune cell population between Islet and Hislet group. Data are presented as the mean ± SD.
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under adverse conditions, coupled with the upregulation of PDX1 
expression, contributes to the inhibition of apoptosis in these cellular 
aggregates [76]. This interplay between HIFs and PDX1 may represent a 
key adaptive response that promotes islet resilience in extended culture 
conditions, though further research is needed to delineate the specific 
pathways involved in this process. Altogether, Hislet retain their pri
mary function of glucose-responsive insulin secretion for controlling 
glucose levels even after long-term culture under conditions that mimic 
transplantation.

3.5. Enhanced Immunomodulation effect in Hislet

In the next step, we evaluated the immunomodulatory properties of 
Islet and Hislet, which play a crucial role in graft survival following 
transplantation due to immune response at the transplantation site. 
Transplanted islets are often attacked by the host’s immune cells, 
leading to inflammatory responses that can decrease islet survival [77]. 
Preventing immune reaction is therefore a key strategy for enhancing 
graft survival. To assess immunological interactions, we utilized various 
types of immune cells, including macrophages, splenocytes, and PBMCs. 
First, we tested M1-M2 transition effect by treatment with Islet and 
Hislet CM to M1 macrophage. Hislet CM treated M1 macrophage 
showed increment of M2 macrophages transition, with a 1.7-fold in
crease compared to the Islet group (Fig. 5A and B). Macrophages, an 
innate immune cells, play a pivotal role in determining the initiation of 
adaptive immunity in response to transplanted cells [78]. Macrophages 
have a two phenotypes: pro-inflammatory M1 macrophages and 
anti-inflammatory M2 macrophages [79]. While M1 macrophages are 
essential during the initial inflammatory response post transplantation 
[80], prolonged M1 activity can damage transplanted cells and sur
rounding tissues, leading to graft rejection [81]. Therefore, promoting 
the transition from M1 to M2 macrophages after the initial inflammation 
is crucial for the survival of the transplanted islets [82]. Inducing 
M1-to-M2 transition has been reported to improve the viability of 
grafted islets [83]. This demonstrates a substantial M1-to-M2 transition, 
suggesting enhanced immunomodulatory potential of Hislet. To more 
accurately evaluate the immunomodulatory effects of Hislet, we 
assessed their immunosuppressive capacity by directly co-culturing 
activated splenocytes and PBMCs with both Islet and Hislet (Fig. 5C). 
These immune cell populations contain T cells, B cells, NK cells, and 
macrophages, all of which are involved in graft rejection. Gene 
expression profiling of splenocytes following co-culture revealed 
notable differences. While there was no significant difference in the 
expression of Granzyme B, a cytotoxic protein used by CD8+ T cells to 
kill target cells, the expression of Perforin, another key cytotoxic 
molecule, was reduced by approximately 50 % in the Hislet group 
compared to the Islet group (Fig. 5D-Cyototoxic CD8+ T cell) [84]. The 
results suggests that Hislet may attenuate CD8+ T cell-mediated cyto
toxicity by specifically downregulating Perforin production. Addition
ally, FOXP3 expression, a marker of regulatory T cells (Tregs), was 
increased in the Hislet group indicating enhanced Treg activation 
(Fig. 5D-Tregs). Tregs are known to suppress immune responses effec
tively and reduce graft rejection through mechanisms such as cytokine 
secretion (e.g., IL-10, TGF-β) and inhibition of effector T cell activity 
[85]. These findings indicated that Hislet is not suppress cytotoxic im
mune responses but also promote immune tolerance through Treg 
activation. In the context of transplantation, shifting the immune bal
ance from Th1 to Th2 dominance is crucial for reducing rejection [86]. 
In our co-culture system, Hislet treatment resulted in increased expres
sion of GATA3, a key transcription factor for Th2 differentiation, as well 
as upregulation of IL-4, a cytokine secreted by Th2 cells that suppresses 
immune responses (Fig. 5D–Th2 cell) [87,88]. Conversely, a 
pro-inflammatory cytokine IFN-γ secreted by Th1 cells, showed a slight 
but non-significant decrease in the Hislet group, while the expression of 
T-bet, a master regulator of Th1 differentiation, remained unchanged 
(Supplementary Fig. 10) [87]. These results suggested that Hislet may 

shift the Th1/Th2 balance toward a Th2-dominant profile, thereby 
enhancing immune tolerance without significantly altering Th1-specific 
factors.

To further assess immune modulation, we performed additional co- 
culture experiments to assess the interactions between activated 
PBMCs and Islet or Hislet. Islets or Hislet were co-cultured with 
increasing numbers of PBMCs to analyze cytotoxicity and alterations in 
immune cell populations, specifically CD4+ T cells, CD8+ T cells, NK 
cells, and B cells. The results demonstrated that Hislet significantly 
better survival than Islet under increasing effector-to-target ratios 
indicating superior resistance to immune-mediated cytotoxicity 
(Fig. 5E). This indicates that Hislet possess enhanced capabilities for 
modulating cytotoxic immune cells, including NK cells and cytotoxic T 
cells, which directly mediate cell death. Flow cytometry analysis 
revealed that the proportions of CD4+ T cells, CD8+ T cells, and NK 
cells—key mediators of graft rejection—were significantly reduced in 
the Hislet group, compared to the Islet group (Fig. 5F and G) [89]. In 
contrast, the population of B cells increased in the Hislet group (Fig. 5F 
and G). The B cell population increased in the Hislet group. While B cells 
have dual roles in graft rejection depending on their subtypes, the 
observed decrease in cytotoxicity in the Hislet group suggests that the 
increased B cell population likely promotes immune tolerance [90]. 
Overall, these findings highlight that Hislet modulates immune re
sponses through multifaceted mechanisms, including the secretion of 
ADSC-derived factors, the facilitation of the transition from 
pro-inflammatory M1 macrophages to anti-inflammatory M2 macro
phages, and suppression of differentiation and activity of immune cells 
responsible for graft rejection (CD4+ T cells, CD8+ T cells, and NK cells) 
and enhance regulatory and Th2-associated immune profiles. These ef
fects collectively result in lower cytotoxicity and improved immune 
compatibility in the context of islet transplantation.

Taken together, our results highlight the potent immunomodulatory 
properties of Hislet and their potential to reduce graft rejection. These 
features make Hislet a promising therapeutic strategy for improving 
graft survival and reducing immune-mediated damage in Type 1 dia
betes treatment.

3.6. Evaluation of in vivo functionality of Hislet transplantation

To further evaluate the long-term glucose-regulating capacity and 
therapeutic potential of Hislet for T1DM, in vivo transplantation studies 
were conducted. After Specifically, Hislets (Equivalent to 400 IEQ) were 
transplanted under the kidney capsule of BALB/c nude mice (Fig. 6A). 
Non-fasting blood glucose (NBG) levels were monitored for 21 days post- 
transplantation. Islets were used as a control group, while the experi
mental group received Hislets. Both the islet and Hislet groups suc
cessfully maintained normoglycemic levels throughout the observation 
period (Fig. 6B), indicating that Hislet retained functional glucose- 
regulatory ability in vivo, comparable to that of Islet. To confirm that 
glycemic control was mediated by the transplanted grafts rather than 
endogenous insulin recovery, the grafts were surgically removed on day 
21. Following graft removal, both groups exhibited a rapid return to 
hyperglycemia, demonstrating that blood glucose regulation was 
directly attributable to the transplanted grafts (Fig. 6B, Day 21). To 
further assess the glucose responsiveness of the grafts under physio
logical conditions, an intraperitoneal glucose tolerance test (IPGTT) was 
performed on day 20 post-transplantation. Hislet-transplanted mice 
exhibited a less maximum blood glucose level during IPGTT and lower 
area under the curve (AUC) compared to mice transplanted with naïve 
islet (Fig. 6C–D) supporting the notion that Hislet exhibit enhanced 
glucose responsiveness and insulin secretion capacity. Immunofluores
cence staining of graft-bearing kidneys harvested on day 21 revealed 
comparable insulin-positive cell masses in both groups (Fig. 6E). How
ever, CD31 expression, a marker for vascular endothelial cells [91] was 
more prominently observed in the Hislet group, suggesting enhanced 
angiogenesis at the graft site.
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A comprehensive analysis of the in vivo data revealed that while both 
groups effectively maintained normoglycemia, the Hislet group 
demonstrated superior functional performance as evidenced by the 
lower AUC during IPGTT. This suggests that Hislet respond more 
sensitively to changes in glucose concentration, releasing insulin in a 
glucose-dependent manner. A lower AUC further indicates a stronger 
functional integration between insulin-secreting cells and host vascu
lature [92]. Additionally, the increased CD31 expression observed in the 
Hislet group supports the conclusion that Hislet promote vascular for
mation in vivo, potentially contributing to improved graft survival and 
long-term function [93]. These findings indicate that the angiogenic 
properties of Hislet observed in vitro are recapitulated in vivo, reinforcing 
their potential utility. Collectively, Hislet generated via FS device-based 
co-culture with ADSCs exhibit robust in vivo functionality, enhanced 
vascularization, and superior glucose responsiveness, making them a 
promising therapeutic platform for T1DM treatment.

4. Conclusion

In summary, this study demonstrates a rapid and efficient method for 
forming Hislet using the FS device, significantly reducing the formation 
time from several days to few hours. By co-culturing dissociated 
pancreatic islet cells with ADSCs at an initial 1:1 ratio, we successfully 
generated stable spheroids with enhanced functionality. Co-culturing 
with ADSCs, known for their ECM synthesis properties, not only 

facilitated stable spheroid formation but also endowed the Hislet with 
effective angiogenic and immunomodulatory properties. Importantly, 
Hislet maintained their primary function of glucose-responsive insulin 
secretion, even under conditions simulating the transplantation envi
ronment. Conventional approaches for forming p-islet aggregates typi
cally rely on biomaterial scaffolds (e.g., collagen, agarose) or chemical 
modifications (e.g., magnetic beads), which introduce procedural 
complexity and potential safety risks, while still requiring prolonged 
culture times for p-islet formation (Supplementary Table 2) [15–18,
94–99]. In contrast, our FS device enables rapid physical aggregation of 
ADSCs and islet cells within hours via acoustic pressure, eliminating the 
need for exogenous materials or chemical agents. This method allows for 
the early establishment of critical cellular functions, including angio
genesis, insulin secretion, and immunomodulation. The rapid aggrega
tion process has important clinical implications, as cell–cell connectivity 
is essential for optimal β-cell function and insulin secretion [100]. By 
applying this system, as supported by our data, we successfully shorten 
the time required for spheroid formation, generating Hislet that exhibit 
glucose-responsive insulin secretion within a significantly reduced 
timeframe. In conventional p-islet transplantation, persistent challenges 
such as insufficient angiogenesis at the graft site and immune 
cell–mediated attacks often result in graft failure, necessitating the use 
of systemic immunosuppressants [101]. However, immunosuppressive 
therapy is associated with increased risks of infection and other com
plications [102]. In contrast, Hislet inherently possess 

Fig. 6. Therapeutic effect validation of Hislet for in vivo type 1 diabetes (T1DM) model functionality and immunofluorescence imaging of Hislet (A) Schematic figure 
showing islet transplantation under kidney capsule for in vivo T1DM model (B) Non–fasting blood glucose levels of T1DM mice transplanted with 400 IEQ Islet (n = 4) 
and 400 IEQ equivalent Hislet (n = 4). (C) Intraperitoneal glucose tolerance test (IPGTT) of Islet (n = 4), Hislet (n = 4) on day 20 post-transplantation. (D) Maximum 
blood glucose level and area under the curve of IPGTT (n = 4) (E) Immunofluorescence staining of kidney retrieved from Islet and Hislet group stained with insulin 
(Green) and CD31 (Red) on day 21 after transplantation. (scale bar = 50 μm). Data are presented as the mean ± SD, **p < 0.01 compared to each group.
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immunomodulatory properties, which may reduce dependence on im
munosuppressants and mitigate their associated risks. By addressing key 
limitations of conventional approaches, Hislet offer a promising and 
safer platform for more efficient clinical translation in islet trans
plantation therapy.

As a summary, the FS device-based ADSC co-culture approach ad
dresses the drawbacks of prolonged culture time in traditional pseudo- 
islet formation and results in Hislet with higher survival potential 
upon transplantation. Collectively, FS device-based Hislet could offer a 
novel solution for treating T1DM by enhancing transplantation survival 
rates, holding promise for improving islet transplantation outcomes. 
However, before clinical application of ADSCs, further studies are 
required to evaluate potential risks previously associated with stem cell 
transplantation, such as unintended differentiation, tumorigenesis, 
dissociation from Hislet, and migration from the transplantation site 
[103]. These assessments should include long-term in vivo studies (over 
90 days) using not only murine models but also medium-sized animal 
models such as pigs and dogs in order to evaluate the required Hislet 
does relative to increasing body weight.

CRediT authorship contribution statement

Jiyu Hyun: Writing – original draft, Visualization, Methodology, 
Formal analysis, Data curation, Conceptualization. Junhyeung Park: 
Validation, Investigation, Data curation. Jihun Song: Investigation, 
Data curation, Conceptualization. Chaerim Yoo: Methodology. Seonmi 
Jang: Methodology. Sang Yoon Lee: Validation, Investigation. Jiseon 
An: Formal analysis. Hyun Su Park: Data curation. Seunghyuk Jung: 
Formal analysis, Data curation. Dasom Kong: Methodology. Ji Hyeon 
Cho: Methodology. Tae Il Lee: Methodology, Investigation. Ki Dong 
Park: Writing – review & editing, Validation. Gwang-Bum Im: Data 
curation. Jee-Heon Jeong: Supervision, Data curation. Hyun-Ji Park: 
Writing – original draft, Software. Dong Yun Lee: Supervision, Funding 
acquisition, Conceptualization. Suk Ho Bhang: Writing – review & 
editing, Supervision, Resources, Project administration, Funding 
acquisition, Conceptualization.

Ethics approval and consent to participate

All animal experiments were conducted in strict accordance with 
national guidelines and received approval from the Institutional Animal 
Care and Use Committee (IACUC) of Sungkyunkwan University, South 
Korea (SKKUIACUC2023-01-31-1, and 2025-01-01-1).

Declaration of competing interests

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests:

Ki Dong Park reports financial support was provided by Republic of 
Korea, Ministry of Trade, Industry & Energy. Jee-Heon Jeong reports 
financial support was provided by Republic of Korea, Ministry of Science 
and ICT. Hyun-Ji park reports financial support was provided by Re
public of Korea, Ministry of Science and ICT and Ministry of Trade, In
dustry & Energy. Dong Yun Lee reports financial support was provided 
by Republic of Korea, Ministry of Science and ICT, the Ministry of Health 
& Welfare. Suk Ho Bhang reports financial support was provided by 
Republic of Korea, Ministry of Science and ICT, the Ministry of Health & 
Welfare and Ministry of Trade, Industry & Energy. Dong Yun Lee reports 
a relationship with Elixir Pharmatech Inc. That includes: employment. If 
there are other authors, they declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the National Research Foundation (NRF) 

grants funded by the Ministry of Science and ICT (Grant No. RS-2023- 
00272815 to J-H.J., RS-2024-00411474 to H-J.P) and the Korean Fund 
for Regenerative Medicine (KFRM) grant funded by the Korea govern
ment (the Ministry of Science and ICT, the Ministry of Health & Welfare) 
(No. 21A0102L1-13 to S.H.B. and KFRM24A0105L1 to D.Y.L., Republic 
of Koea). This work also supported by the Alchemist Project of the Korea 
Evaluation Institute of Industrial Technology (KEIT 20018560, NTIS 
2410005252 to S.H.B., H-J.P, and K.D.P), the Ministry of Trade, Industry 
& Energy, Republic of Korea.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioactmat.2025.05.005.

References

[1] L.A. DiMeglio, C. Evans-Molina, R.A. Oram, Type 1 diabetes, Lancet 391 (10138) 
(2018) 2449–2462.

[2] R.W. Beck, R.M. Bergenstal, L.M. Laffel, J.C. Pickup, Advances in technology for 
management of type 1 diabetes, Lancet 394 (10205) (2019) 1265–1273.

[3] J.G. Joy, H.K. Son, S.-J. Lee, J.-C. Kim, Glucose-responsive soluble microneedle 
prepared with “Gelatin-hydroxyethylcellulose ethoxylate complex coacervate” 
for the transdermal drug delivery, J. Ind. Eng. Chem. 134 (2024) 432–447.

[4] H. de Kort, E.J. de Koning, T.J. Rabelink, J.A. Bruijn, I.M. Bajema, Islet 
transplantation in type 1 diabetes, Bmj 342 (2011).

[5] C. Ricordi, T.B. Strom, Clinical islet transplantation: advances and immunological 
challenges, Nat. Rev. Immunol. 4 (4) (2004) 259–268.

[6] R. Lehmann, R.A. Zuellig, P. Kugelmeier, P.B. Baenninger, W. Moritz, A. Perren, 
P.-A. Clavien, M. Weber, G.A. Spinas, Superiority of small islets in human islet 
transplantation, Diabetes 56 (3) (2007) 594–603.

[7] M. Brissova, A.C. Powers, Revascularization of transplanted islets: can it be 
improved? Diabetes 57 (9) (2008) 2269.

[8] H. Li, Y. Shang, Q. Feng, Y. Liu, J. Chen, H. Dong, A novel bioartificial pancreas 
fabricated via islets microencapsulation in anti-adhesive core-shell microgels and 
macroencapsulation in a hydrogel scaffold prevascularized in vivo, Bioact. Mater. 
27 (2023) 362–376.

[9] S. Wu, L. Wang, Y. Fang, H. Huang, X. You, J. Wu, Advances in encapsulation and 
delivery strategies for islet transplantation, Adv. Healthcare Mater. 10 (20) 
(2021) 2100965.

[10] D. Rojas-Canales, S.N. Walters, D. Penko, D. Cultrone, J. Bailey, T. Chtanova, 
J. Nitschke, J. Johnston, S. Kireta, T. Loudovaris, Intracutaneous transplantation 
of islets within a biodegradable temporizing matrix as an alternative site for islet 
transplantation, Diabetes 72 (6) (2023) 758–768.
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