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Abstract 

Diabetes is one of the most socially challenging health concerns. Even though islet transplantation has 
shown promise for insulin-dependent diabetes, there is still no effective method for curing diabetes due 
to the severe shortage of transplantable donors. In recent years, organoid technology has attracted lots 
of attention as organoid can mirror the human organ in vivo to the maximum extent in vitro, thus bridging 
the gap between cellular- and tissue/organ-level biological models. Concurrently, human pancreatic islet 
organoids are expected to be a considerable source of islet transplantation. To construct human islet-like 
organoids, the seeding cells, biomaterials and three-dimensional structure are three key elements. 
Herein, this review summarizes current progresses about the cell origins, biomaterials and advanced 
technology being applied to make human islet organoids, and discusses the advantages, shortcomings, and 
future challenges of them as well. We hope this review can offer a cross-disciplinary perspective to build 
human islet organoids and provide insights for tissue engineering and regenerative medicine. 
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Introduction 
Human pancreas is a composite organ that 

comprises acinar cells secreting digestive fluid, a duct 
system by which the fluid drains into the duodenum 
and the endocrine portion embedded in the exocrine 
parenchyma of the pancreas called islet (islet of 
Langerhans). Several types of endocrine cells are 
present in a human islet, 50% of which are 
insulin-secreting β cells, followed by glucagon- 
releasing α cells (35-40%), somatostatin-releasing δ 
cells (10-15%), pancreatic polypeptide-secreting PP 
cells and ghrelin-secreting ε cells [1]. By secreting 
hormones, islets are primarily responsible for 
controlling glucose homeostasis, while the ablation or 
functional loss of β cells will lead to diabetes mellitus, 

a metabolic disease characterized by hyperglycemia 
[2].  

There are around 425 million diabetic patients in 
the world, and the global incidence rate will increase 
to 552 million by 2030 as predicted [3]. The current 
standard treatment for diabetic patients is 
administration of human recombinant insulin via 
multiple daily injections or insulin pump devices, 
which are basal-bolus therapies including a 
long-acting insulin that provides basal insulin and a 
rapid-acting insulin administered before meals [4]. 
Although efforts have been underway to form a 
timing closed-loop system by combining insulin 
pumps with continuous glucose monitors, under a 
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computer algorithm controlling, it still fails to recreate 
physiologic euglycemia. Hypoglycemia occurs in 
31-41% of diabetic patients and this risk escalates with 
intensive insulin therapy and improved control of 
hyperglycemia [5]. Therefore, the transplantation of 
isolated pancreatic islets becomes an alternative for 
diabetes treatment. In 2000, seven patients achieved 
insulin independence for 1 year by receiving around 
800,000 pancreatic islets transplantation into the 
hepatic portal vein, and this procedure is universally 
known as the “Edmonton protocol” [6]. In 2020, the 
National Institutes of Health-sponsored Clinical Islet 
Transplantation Consortium reported a phase 3 
pivotal trial of human pancreatic islets transplantation 
in patients with type 1 diabetes (T1D). In this study, 
islet transplantation was effective with 62.5% of 
patients achieving the primary endpoint of freedom 
from severe hypoglycemic events and median HbA1c 
declined from 8.1% before to 6.0% at 1-year and 6.3% 
at 2- and 3-years after transplantation [7]. However, 
islet transplantation is limited by a small donor pool 
and only available to the most brittle patients with 
unmanageable glycemic lability from the glucose 
monitoring, pump and/or intensive insulin injection 
therapy [5]. Therefore, solving the problem of islet 
donor shortage is the most urgent challenge now.  

Organoid, at very beginning, was used to 
describe organogenesis by cell dissociation and 
reaggregation in classic developmental biology 
experiments [8]. Since the development of intestinal 
stem cell-derived organoid cultures by Clevers group 
in 2009, the definition of an organoid becomes a 
three-dimensional (3D) structure consisting of 
organ-specific cell types, which is derived from 
pluripotent stem cells (PSCs) or adult 
stem/progenitor cells [9, 10]. However, the definition 
of an organoid has been nebulous, because many 

researchers have used vascular endothelial cells or 
adult cells which are not derived from PSCs to 
produce organoids recently. In brief, organoid is 
presented as “in vitro mini-organ” or somewhat 
“artificial organ”, which can mimic the in vivo organ 
landscape, exhibit an array of cell types found in vivo 
and demonstrate some aspects of the functions of the 
organ. Organoid technology has emerged as a tool to 
bridge the gap between cellular- and 
tissue/organ-level biological models, giving a more 
realistic representation of the in vivo tissue spatial 
organization and interactions between the cellular 
and extracellular environments, while retaining 
certain physiological functions [11]. 

Over the past decade, the islet organoid has 
attracted increasing attention as a promising model 
for diabetes to reveal the mechanism of islet-related 
diseases and an excellent platform to test the potency 
and toxicity of drugs. For instance, islet organoid can 
fill the blank of our knowledge about human 
pancreatic development between relevant early (<8 
weeks gestation) and later gestational-aged human 
pancreatic tissue (>22 weeks gestation), and it is 
expected to be a new islet resource of transplantation 
in diabetes therapy [12-15]. Many reviews have 
discussed the potential and significance of islet 
organoids, but none of them has given us a 
comprehensive summary of “how to make human 
pancreatic islet organoids”. Therefore, in this review, 
we summarize the cell types, biomaterials and 
technologies used to establish human islet organoids. 
We list the kinds of materials and methods, discuss 
their functions, advantages, challenges and outlook in 
the future. We hope to provide a method guide for 
making human islet organoids in a cross-disciplinary 
perspective and offer insights to tissue engineering 
(Table 1). 

 

Table 1. Summary of representative achievements in making human islet organoids. 

Published 
Year 

Cell Resource Materials 3D Structure Constitution Reference 

2001 hESC forming 3D structure, followed with 
spontaneous differentiation 

- - [16] 

2007 IPC derived from hESC - Self-clustering in hydrophobic culture dishes [17] 

2008 PP derived from hiPSC - Self-clustering in ultra-low-attachment plastic plates [18] 

2012 Human 1.1B4 β-cell line  - Self-clustering in ultra-low-attachment plastic plates [19] 

2014 PP digested from human fetal pancreas, and liver 
stromal cells derived from human fetal liver 

- Self-clustering in non-adherent plates [20] 

2015 PP derived from hESC PEG and  
Collagen I 

Encapsulated in PEG-collagen I hydrogel [21] 

Human 1.1B4 β-cell line - Self-clustering in ultra-low-attachment plate by 
centrifugation  

[22] 

Dispersing human islet cells - Self-clustering in agarose microwell platform [23] 

PE from human pancreas with lentiviruses 
expressing MAPK and STAT3 

Matrigel Self-clustering in suspension culture or embedded in 
Matrigel 

[24] 

IPC derived from hiPSC Gelatin  Self-clustering in gelatin-coated plates, then vascularizing 
by transplantation 

[25] 
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Published 
Year 

Cell Resource Materials 3D Structure Constitution Reference 

PE derived from hESC - PE clusters on 2D adherent culture were enriched by 
hand-picking, then cultured in suspension culture 

[26] 

2016 Human 1.1B4 β-cell line - Self-clustering in ultra-low-attachment plastic plates [27] 

PE derived from hESC - Self-clustering in ultra-low-attachment plastic plates [28] 

Dispersing human islet cells Silk foam Self-clustering in silk foam [29] 

2017 hPSC forming 3D structure, followed with pancreatic 
differentiation 

- Self-clustering in agarose microwell platform [30] 

Dispersing human islet cells and human 
mesenchymal stromal cells 

Alginate and PEG Self-clustering by hanging-drop, then encapsulated in 
Alginate-PEG hydrogel for transplantation 

[31] 

hPSC forming 3D structure, followed with pancreatic 
differentiation 

Collagen I and Matrigel Embedded with collagen I-Matrigel hydrogel  [32] 

Dispersing human islet cells - Self-clustering by hanging-drop [33] 

2018 hiPSC forming 3D structure, followed with pancreatic 
differentiation 

PCL/PVA  Self-clustering in non-adherent plates, then seeded on 
PCL/PVA nanofiber scaffolds 

[34] 

PP derived from hESC, HUVEC Amikagel Self-clustering on Amikagel [35] 

hiPSC forming 3D structure, followed with pancreatic 
differentiation 

PLLA/PVA Self-clustering in non-adherent plates, then seeded on 
PLLA/PVA nanofiber scaffolds 

[36] 

hESC transfected with synRNA-PDX1 and 
synRNA-NKX6.1 

- Self-clustering in ultra-low-attachment plastic plates [37] 

Small pieces of exocrine tissue from human adult 
islet-depleted pancreatic tissue 

Matrigel Embedded in Matrigel  [38] 

Human EndoC-βH1 β-cell and endothelial cell - Self-clustering in ultra-low-attachment plastic plates [39] 

Dispersing human islet cells - Self-clustering in AggreWell by centrifugation [40] 

2019 IPC derived from hESC, and HUVEC Matrigel Self-clustering on Matrigel-coated plate [41] 

hiPSC forming 3D structure, followed with islet 
differentiation 

Alginate Self-clustering in spinning flasks, then encapsulated with 
alginate fiber for transplantation 

[42] 

IPC derived from hPSCs, and HUVEC Alginate, Collagen or Porcine 
pancreatic dECM as bioink 

Embedded in bioink, then followed with 3D cell printing [43] 

Dispersing human islet cells and human amniotic 
epithelial cells  

- Self-clustering in agarose microwell platform [44] 

Human liver stem-like Cells forming 3D structure, 
followed with islet differentiation 

- Self-clustering in flasks with protamine chloride  [45] 

hESC forming 3D structure, followed with islet 
differentiation 

- Self-clustering in spinning flasks [15] 

PP, MSC, and endothelial cells derived from hESC Matrigel or Agarose and PLA Self-clustering in Matrigel- or agarose-coated plate, then 
put in PLA basket‐like scaffold by 3D printing 

[46] 

hiPSC forming 3D structure, followed with islet 
differentiation 

- Self-clustering in microwell by centrifugation, then 
cultured in multi-layer microfluidic microsystem 

[47] 

hiPSCs forming 3D structure, followed with islet 
differentiation 

- Self-clustering in spinning flasks [48] 

DE from hiPSCs followed with islet differentiation - Self-clustering on chip with optimal topographical 
structure. 

[49]. 

2020 PP derived from hiPSCs followed with islet 
differentiation 

Matrigel and rat pancreatic 
dECM 

Self-clustering in ultra-low-attachment plastic plates, 
then coated with Matrigel and rat pancreatic dECM 

[50] 

PE derived from hiPSC on Matrigel, and human 
collagen V coated plates 

Matrigel and human collagen V Self-clustering in ultra-low-attachment plastic plates [51] 

PE derived from hiPSC Alginate Embedded in alginate [52] 

PE derived from hiPSC Chitosan-coated Alginate Encapsulated in chitosan-coated alginate by droplet 
microfluidic system 

[53] 

IPC derived from hPSC PEG-MAL and SH-PEG-SH Self-clustering in spinning flasks, then followed with 
PEG-MAL and SH-PEG-SH encapsulated 

[54] 

Human EndoC-βH1 β-cells and HUVEC - Self-clustering in low adherence U-bottom plates [55] 

Dispersing human islet cells with efficient virally 
mediated genetic manipulation 

- Self-clustering by hanging drop and ultra-low attachment 
microwell, then cultured in a microfluidic system 

[56] 

PEP derived from hiPSC with PD-L1 overexpression, 
HUVEC and hADSC 

Matrigel Self-clustering on Matrigel coated plate [57] 

2021 PEP derived from hiPSC Sodium alginate, Calcium 
chloride and PEG 

Encapsulated within microfibers, made by sodium 
alginate, calcium chloride and PEG 

[58] 

PE derived from hiPSC, followed with islet 
differentiation and angiopoietins for endothelium 
formation 

- Self-clustering in ultra-low-attachment plastic plates [59] 

hESC forming 3D structure, followed with islet 
differentiation 

Laminin, nidogen and collagen 
IV 

Self-clustering in stirring bioreactor then coating with 
proteins 

[60] 
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Published 
Year 

Cell Resource Materials 3D Structure Constitution Reference 

Dispersing human islet cells - Self-clustering by hanging-drop, [61] 

2021 PE derived from hiPSC, followed with islet 
differentiation 

- Self-clustering in plate on orbital shaker [62] 

PE derived from hiPSC, followed with islet 
differentiation 

- Self-clustering in plate on orbital shaker and cultured in a 
dialysis suspension culture system 

[63] 

IPC derived from hESC, Porcine pancreatic dECM and 
PCL 

Embedded in dECM bioink, then 3D bioprinted into PCL 
scaffold 

[64] 

hESC: human embryonic stem cell; hiPSC: human induced pluripotent stem cell; hPSC: human pluripotent stem cell; PP: pancreatic progenitor; PE: pancreatic endocrine cell; 
IPC: insulin-producing cell; HUVEC: human umbilical vein endothelial cell; MSC: mesenchymal stem cell; dECM: decellularization extracellular matrix; PEP: pancreatic 
endocrine progenitor; hADSC: human adipose-derived stem cell; DE: definitive endodermal cell. 

 

Cells for making human islet organoids 
To construct islet-like functional organoids, 

pancreatic endocrinal cells as seeding cells are 
necessary to build up the organoid’s main body. 
There are many different strategies to generate 
pancreatic endocrinal cell types appropriate for islet 
organoid culture, including 1) islet lineage cells 
derived from human PSCs; 2) islet endocrine cells 
which are enriched in human adult islets by 
dedifferentiation and redifferentiation; 3) non-islet 
lineage cells which can trans-differentiate into islet 
fate, such as duct, acinar cells and hepatic cells. The 
islet organoids with diverse seeding cells generated 
by different protocols exhibit significant discrepancy 
in structure and function. Meanwhile, some accessory 
cells have been proved to promote organoid function 
during islet-like organogenesis, including endothelial 
cells and mesenchymal cells (Figure 1). 

PSC-derived islet lineage cells 
Human PSCs, including embryonic stem cells 

(ESCs) and induced pluripotent stem cells (iPSCs), are 
considered desirable sources of islet lineage cells due 
to their virtually unlimited replicative capacity and 
the potential to produce almost all somatic cell types 
[65]. Extensive works have been focused on 
generating β cells from PSCs and many achievements 
have been made in the last decades, which were 
summarized by several reviews [66-71]. Therefore, 
many groups have utilized PSC-derived islet 
endocrine cells for making 3D human islet organoids. 
As early as 2001, human ESC line H9 was cultured in 
suspension to form the configuration of embryoid 
bodies. After 19 days of differentiation, these 
embryoid bodies had an average of 1–3% 
insulin-positive cells and more complex structures, 
such as epithelial- or endothelial-like cell structures or 
cysts [16]. After that, pancreatic endocrine cells 
derived from human ESCs or iPSCs could be enriched 
by hand-picking or cultured lining hollow in 
hydrophobic plates to form cluster structures [17, 26, 
72]. Human ESC-oriented insulin-producing cells 
could also self-aggregate into insulin-positive cluster 
and be vascularized by transplantation or mixing with 
human umbilical vein endothelial cells (HUVECs) [25, 

41]. Besides differentiated endocrine cells from PSCs, 
the progenitor produced in process can also be a 
promising resource for islet organoid generation, 
which may considerably shorten the in vitro 
incubation time and reduce economic cost [73, 74]. 

Islet endocrine cells from human islets or 
non-islet lineages  

Dispersing human islet cells are also a promising 
cell resource for islet organoids [23, 33, 44]. In these 
studies, human islets were dissociated into single cells 
and reaggregated into small islet organoids with 
standardized dimensions, which were also called 
pseudo-islets [23]. The morphology of reaggregated 
human islets was similar to that of native islets and 
these pseudo-islets could improve diabetes reversal in 
diabetic mice [33, 44]. Given the limited expansion 
capacity of matured islet endocrine cells, an attractive 
alternative could be the use of putative progenitor 
cells from pancreas that can give rise to the endocrine 
lineage [20, 38]. In these studies, human islet 
organoids were generated successfully by either 
expanding adult pancreatic tissue or pancreatic 
progenitors digested from fetal pancreas [20, 38]. 
Besides, endocrine progenitors derived from β cell 
dedifferentiation can differentiate to NGN3-negative, 
hormone-positive β (insulin)-, α (glucagon)- and δ 
(somatostatin)- “like” cells [75]. Another study 
illustrated the construction of cell-to-cell and 
cell-matrix junction with a biomimetic scaffold to 
induce dedifferentiation of β-cells to undergo re-dif-
ferentiation [76]. Alternatively, trans-differentiation of 
endodermal origin differentiated cells has been 
applied in the generation of islet organoids as well, 
such as liver, gastrointestinal epithelium and exocrine 
pancreatic cells [24, 45, 77]. However, the diverse 
culture efficiency of dedifferentiation and 
redifferentiation varies from case to case, and islet 
expansion is subject to much debate, which has 
restricted the development of islet organoids derived 
from human adult tissue. Therefore, efforts have been 
made for searching adult islet endocrine progenitors 
with capacities of expansion and differentiation into 
endocrine cells. Very recently, Wang and colleagues 
reported that a novel PROCR-positive endocrine 
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progenitor found in adult mouse pancreas could 
generate new endocrine cells during adult 
homeostasis [78]. These PROCR-positive progenitors 
can form functional islet organoids which are 
dominated by β cells and surrounded by a mantle of 
α, δ, and PP cells in vitro. However, it is still unknown 
whether human islets contain a counterpart 
progenitor population or not. Compared with 
PSC-derived endocrine cells, utilization of the cells 
from adult human tissues can avoid the risk of 
teratoma forming after transplantation, and 
pancreatic cells from diabetic patients can be a more 
natural source for human islet organoids generation.  

Accessory cells for islet organoids 
Besides the islet endocrine cells, non-endocrine 

cells such as endothelial cells and mesenchymal cells 
also play a supportive role in islet survival and 
function. Pancreatic islets have a rich vascular supply, 
which offers sufficient oxygen, nutrient supply, 
fine-tuning blood glucose sensing and regulating of 
human islets. Endothelial cells which constitute 
vascular network can not only actively regulate 
vascular permeability, promote vascularization of 
islet organoids but also tend to behave as “guardians” 
to control the expression and movement of some 
important immune mediators [79]. Moreover, 

 

 
Figure 1. Schematic illustration of cell origin for making human islet organoids. (A-C) Many different strategies have been used to generate pancreatic endocrinal cell 
types, including islet lineage cells differentiated from human PSCs, islet cells and pancreatic progenitors derived from human pancreas, human β cell line and islet-like cells by 
trans-differentiation from non-islet lineage cells. (D) Accessory cells are proved to promote generation and vascularization of human islet organoids after long term culture or 
transplantation. 
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endothelial cells can produce multiple factors, such as 
connective tissue growth factor, bone morphogenetic 
protein 2 (BMP-2) and BMP-4, which could increase 
the expression of insulin in adherent cultures of 
human ESC-derived pancreatic progenitor cells, and 
mediate islet-specific maturation [80-82]. For example, 
HUVECs or endothelial cells have been mixed with 
human pancreatic progenitors or EndoC-βH1 β-cells 
for promoting islet organoids’ self-clustering, 
maturation and vascularization [35, 39, 57]. Besides 
the exogenous addition of endothelial cells, 
endothelial growth factors can induce the 
angiogenesis of human islet organoids [59]. Recently, 
angiopoietin-2 has been proven to induce a wide 
spread of VE-cadherin+ endothelial cells and NG2+ 
pericytes within islet organoids. Moreover, 
angiopoietin-2 can partially supplement the in vivo 
paracrine stimulation from endothelial cells to β cells, 
which has empowered the human islet organoids 
with a native like glucose stimulated insulin secretion 
level by facilitating F-actin remodeling and regulating 
dynamics of calcium ion influx [59]. 

Similar to endothelial cells, mesenchymal cells 
were also found to take part in the construction of 
islet-like organoids, including self-organization, 
constitution of vascular network and paracrine 
function: (a) mesenchymal cells trigger the initiation 
of self-condensation, and this traction force produced 
by actomyosin cytoskeletal axis results in the directed 
and drastic movements of cell collectives [83, 84]. In 
2018, Takahashi and colleagues constructed 
self-organized islet-like organoids by co-culturing 
endocrinal MIN6 cells with HUVECs and 
mesenchymal stem cells (MSCs), which could 
normalize body weight and blood glucose levels of 
diabetic mice after transplantation [85]. In the 
following research, human ESC-oriented pancreatic 
progenitors, MSCs and endothelial cells were seeded 
on Matrigel in an optimized cell ratio to self-organize 
the islet organoids [46]; (b) In addition to triggering 
self-condensation, the mesenchymal cells supported 
endothelial cell interactions in an intramuscular 
human islet transplantation model: human islet 
endothelial cells migrated from the graft center into 
the surrounding tissue forming chimeric blood vessels 
with recipient endothelial cells [86]; (c) Rat 
mesenchymal cells derived from bone marrow were 
reported to support encapsulated mouse islets within 
a hydrogel environment by the release of the trophic 
factors such as HGF and TGF-beta, and elevated 
insulin secretion appeared upon glucose challenge 
[87]. For more information, another review 
summarized the many other kinds of accessory cells 
being used to co-culture with islet cells [88].  

Materials application of islet organoids  
Materials as one of the three predominant 

elements of tissue or organ 3D construction have 
attracted great attentions, and significant 
achievements have been made during the last decade. 
Materials serve as scaffolds with internal structures, 
ensuring the maintenance of the 3D structure of 
organoid. Their appropriate topological structure 
enables the formation of organoids in a controllable 
way. Moreover, materials used for 3D structure 
construction can usually provide a specific 
microenvironment for certain organogenesis in vitro 
[89]. According to the materials’ composition, they fall 
into natural and synthetic matrixes (Figure 2). 

Natural matrixes used for human islet 
organoid construction  

Natural matrixes are either extracellular matrix 
(ECM)-derived components or ECM analogues, 
whose chemical components or fibrous structures can 
mimic the native ECM of those tissues or organs in 
vivo [89]. The cells can sense the physical, chemical 
and biological signals from ECMs, and accordingly 
alter a series of cell behavior such as migration, 
proliferation and matrix production [90]. Cell-matrix 
interactions have been proven to improve β cell 
proliferation, insulin secretion and islet development 
[32]. Based on the chemical nature, these natural 
matrixes are divided into three major groups: 
polysaccharide-based materials, protein/peptide- 
based materials (e.g., collagen, gelatin, elastin and 
fibrin), and decellularized ECM-based materials [90].  

Polysaccharide-based materials are ideal for 
fabricating complex 3D scaffolds in vitro due to fast 
gelation properties [89, 90]. Among them, alginate 
was applied on islet microencapsulation at first for the 
bioartificial endocrine pancreas in 1980 [91]. Apart 
from high biocompatibility for cell survival, alginate 
could protect islet cells from inflammatory response 
after transplantation due to its negative charge [92]. 
Alginate has also been used for human islet organoids 
generation by encapsulating pancreatic endocrine 
progenitor cells derived from PSCs, because of the fast 
cross-linking of sodium alginate with calcium/ 
barium chloride, and promotion to maturation of islet 
organoids by integrin [52, 58]. However, alginate, 
which possesses low cell adhesion and cell interaction 
ability, fails to provide the cell anchorage required for 
cell survival [93]. To overcome this defect, some 
bioactive substances are added into alginate matrixes, 
such as hyaluronic acid (HA) [94]. HA is a major 
component of natural ECM synthesized by various 
types of islet endocrine cells, and usually locates in 
peri-islet. Alginate matrixes with the addition of HA 
were proved to promote the differentiation of MSC to 
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insulin-producing cells and enhance insulin releasing 
[95]. In 2020, a binary capsule relied on interfacial 
complexation of oppositely charged Na-alginate and 
chitosan was used to generate human islet organoids, 
in an all-in-water microfluidic system [53]. This 
capsule exhibited high uniformity and provided 3D 
culture for human islet organoids in a continuous 
process by encapsulating pancreatic endocrine cells 
from iPSCs. With the excellent biological activity, 
safety and biodegradability, chitin is also a promising 
candidate for 3D culture. For example, macroporous 
chitin microspheres were proved to support the 
growth and spontaneous differentiation of human 
ESCs [96]. Taken together, polysaccharide-based 
materials show great potentials for supporting 3D 
scaffolds and mimicking ECM for human islet 
organoid generation in vitro. 

Protein/peptide-based materials are produced 
with matrix proteins existing in natural ECM, 
including collagen, gelatin, laminin, fibronectin and 
elastin. Among these proteins, collagen is the most 
diverse and abundant structural protein, and has been 
widely used for 3D stem cell cultures. In addition to 
building the artificial 3D structure for islet organoids, 

protein-based materials would also enhance islet 
organoids’ function and maturity [32, 97]. For 
example, high expression of Collagen I and IV was 
demonstrated to facilitate the development of human 
pancreas, and the combination of Collagen I and IV 
would lead to a higher insulin gene expression 
compared to fibronectin or laminin in the cultured 
human islets [98, 99]. Proteomic analysis showed that 
collagens were proportionally higher in 
decellularized rat pancreatic extracellular matrix 
hydrogel compared to that in Matrigel (commonly 
used as supportive substrate for organoid culture) 
[51]. The recapitulation and glucose-responsive 
hormone production of human islet organoids were 
promoted by the presence of Collagen V substrates 
[51]. Recently, laminin, nidogen and collagen IV 
proteins were coated on the surfaces of human islet 
organoids to generate a basement membranes-like 
structure, which can enhance insulin secretion of β 
cells [60]. Nevertheless, protein-based materials might 
introduce cell-dedifferentiation and protein alone is 
insufficient to replicate the natural ECM environment, 
which would hinder the further application in islet 
organoid construction [98]. 

 

 
Figure 2. Schematic illustration of materials application of human islet organoids. (A) Usages of materials for producing human islet organoids, such as biomaterial 
coated, embedment and encapsulation. (B) Biomaterials can provide 3D scaffolds and mimic the native interaction with ECM for islet organoids generation, including mechanical 
force, topography, stiffness, signaling from ECM components and soluble factors. (C) Manufacturing process of dECM material. 
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Decellularized ECM (dECM)-based materials are 
obtained from decellularized tissues or organs which 
render the bioactivity and biocompatibility of its 
natural origin [90]. Over the past few years, 
dECM-based materials have been extensively 
investigated. Compared with polysaccharide- or 
protein/peptide-based materials, dECM-based 
materials can mimic the niche of in vivo tissues or 
organs better [43, 100]. In addition, in vivo ECMs have 
tissue-specific composition, including specific growth 
factors and macromolecular components, and 
mechanical properties. Therefore, dECM-based 
material can not only be a mere scaffold, but also be 
used to determine specific cell fate in vitro culture 
[101]. The decellularized pancreatic ECM-based 
material becomes a suitable substrate for improving 
the microenvironment of islet cells and promotes the 
differentiation of human PSCs into pancreatic islet 
cells [102-104]. The dECM materials made from rat or 
porcine pancreas have been used for islet organoids 
generation, and they are proved to promote human 
PSC-oriented islet cells differentiation and 3D 
islet-like organogenesis significantly [43, 50]. 
Compared to traditional commercial Matrigel, cells 
differentiated from PSCs on pancreatic dECM 
material exhibited similar cellular composition with 
native pancreatic islets and presented increased islet 
signature markers expression and more insulin 
secretion in response to glucose stimulation. 
Collectively, dECM-based materials offer a nearly 
natural microenvironment for cells, yet there are 
several limitations that prevent them from the clinical 
application: (a) the process to obtain dECM gels, 
including decellularization, extraction, and 
purification, is time-consuming and costly; (b) 
batch-to-batch variability of raw material resources, 
especially the biomass material; (c) it is almost 
impossible to control biophysical properties and 
biochemical components; (d) these gels are derived 
from organisms that may suffer from cellular 
compatibility and pathogen transmission. For these 
reasons, the current dilemma of natural materials has 
been prompted the investigation of synthetic matrices 
to support organoid culture in vitro (Table 2) [105]. 

Synthetic matrix material used for human islet 
organoids construction 

Synthetic matrix materials applied in medication 
are generally biocompatible and non-toxic, with 
excellent characteristics such as controllability, 
reproducibility, degradation and good mechanical 
properties. The common synthetic polymers in 
previous reports include polyethylene glycol (PEG) 
and its derivates, polylactic acid (PLA), poly 
(lactic-co-glycolic acid) (PLGA), poly (vinyl alcohol) 

(PVA), poly(ε-caprolactone) (PCL) [89]. According to 
specific applications, synthetic matrix can be 
customized to different characteristics, for instance, 
providing ECM characteristics for enhancing cell-cell 
interaction in vitro and mimicking stiffness of native 
islet, which makes synthetic matrixes as a promising 
substrate material [93, 106]. In the previous research, 
several studies indicated the high potential 
application of synthetic matrix in tissue engineering, 
such as 3D printed PLA trapper device for human 
islet organoids transplantation, PVA or PCL/PVA 3D 
scaffold for β cells differentiation and islet 
organization [34, 36, 46]. PCL is a kind of 
biocompatible and biodegradable polyester with high 
mechanical stability, and its poor cell affinity can be 
improved by mixing PCL with PVA which is 
affordable, highly thermal stable and hydrophilic. In 
these studies, the PVA or PCL/PVA nanofiber 
scaffolds enhanced the differentiation and 
functionality of β cells, producing human islet-like 
organoids similar to spherical shaped islets of 
Langerhans [34, 36]. In addition, synthetic matrixes 
like PLGA and PLA were successfully utilized in islets 
transplantation and islet organoids production 
[107-109]. PEG-based matrix is also a versatile tool for 
modeling cellular microenvironments and providing 
platform for human islet organoids [21]. Compared to 
suspension culture, the 3D culture platform made 
from PEG/Collagen I mix matrix has advantages for 
human islet organoids: (a) enabling long-term culture 
of islet organoids, (b) maintaining aggregate size and 
morphology, (c) not adversely affecting islet 
differentiation and (d) providing a means for 
aggregate recovery [21]. To improve the low 
cell-matrix interaction of synthetic matrix, scientists 
mixed natural components with synthetic polymers, 
such as gelatin/PLGA and PEG/Collagen I matrix, 
which are also defined as semi-synthetic matrix 
materials [21, 108]. 

 

Table 2. Comparison of natural and synthetic materials supplied 
for human islet organoids generation. 

 Natural matrix biomaterial Synthetic matrix material 
Classification Polysaccharide-based: alginate, 

chitosan, agarose, etc. 
PEG, PLA, PLGA, PVA, 
PCL, etc. 

Protein/peptide-based: collagen, 
gelatin, etc. 
dECM-based 

Advantages Cell adhesion and cell interaction 
ability; Tissue-specific composition 
(specific growth factors, mechanical 
properties) 

Reproducibility and 
stability; Precise and 
tunable mechanical 
conditions; Highly 
economic value 

Limitation May introduce cell-dedifferentiation; Low cell adhesion and cell 
interaction ability Time-consuming and costly; 

Batch-to-batch variability; 
Poor mechanical properties and 
insufficient stability 
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Figure 3. Schematic illustration of approaches for producing human islet-like organoids. (A) Methods of constructing islet organoid 3D structure by cellular 
self-aggregation, including seeding cells on ultra-low-attachment plates, in spinning flasks, on biomaterial coated plates, by hanging drop and in microwell platform. (B) Mixing 
human islet lineage cells with hydrogel and generating 3D structure by 3D bioprinting or biomaterial embedment. (C) Methods of maintaining human islet organoids, including 
basketed in 3D-printed scaffold; seeded into decellularized pancreatic scaffold to form native like structure; cultured on a chip which makes it possible to model inter-organ 
communication in diabetes pathogenesis. 

 

Approach for producing human islet-like 
organoid 

Compared with conventional monolayer culture, 
3D provides islet organoid a more realistic 
environment and structural organization similar to 
native human islet [110]. The standard methods of 
constructing islet organoid 3D structure consist of 
traditional self-aggregation, modified self-aggre-
gation and hydrogel-based embedment. The newly 
emerged methods such as 3D bioprinting, 
decellularized organ scaffold and organ-on-a-chip 
will be discussed as well (Figure 3).  

Traditional cellular self-aggregation for islet 
organoid’s 3D structure  

Cellular self-aggregation (self-organization), 
widely demonstrated in developmental biology, is a 
process that dissociated cells could self-assemble into 
tissue-like structures [111]. Additional factors, 
including low adherent culture material, accessory 
cells and soft substrate, can promote cellular 
self-aggregation. For example, low-attached plates 
can stimulate the human PSC-derived dissociated 
pancreatic progenitors, endocrine cells or human β 
cells to cluster into 3D islet-like organoids 
spontaneously [18, 27, 28]. Spinning flasks providing 
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suspension culture conditions can induce the 3D 
structure for islet organoids [15, 48]. Human ESCs 
were suspended to form embryoid bodies in spinning 
flasks to gain 3D structure, followed by a stepwise 
islet endocrine differentiation [15]. In addition, the 
mesenchymal cells could assist the initiation of 
self-aggregation and improve the aggregate function 
[85]. The MSCs triggered self-organized islet-like 
organoid was placed in a 3D‐printed tissue trapper 
and implanted into mice for 90 days, with detective 
vessels, a higher number of insulin-positive cells and 
human C-peptide secretions [46]. The soft substrate 
could also help the cellular self-aggregation. In 2018, a 
novel engineered hydrogel system named Amikagel, 
was established for regenerative islet organoids [35]. 
Amikagel-coated plate facilitated spontaneous 
aggregation of human pancreatic progenitor cells 
derived from ESCs into robust homogeneous 
spheroids, which resulted in significant enhancement 
of islet phenotype compared to the widely used 
Matrigel. Additionally, other materials are proven to 
promote the self-aggregation in islet organoid 
formation, such as silk matrices made of recombinant 
spider silk protein, albeit there was no clear 
explanation about the silk matrices’ function in 
self-organization process of human islet cells [29]. 
Thus, the traditional in vitro cellular self-aggregation 
could generate impressive microscopic and functional 
complexity of organoids. However, lacking in pre- 
defined extrinsic patterning instructions, traditional 
cellular self-aggregation always leads to a 
heterogeneous organoid population with a large 
variety in aggregate dimensions, and the number of 
cells per aggregate was considered to play a role in 
cell cluster differentiation and functionality [112]. 

Modified cellular self-aggregation for islet 
organoid’s 3D structure  

Determining the size of cluster is important for 
human islet organoids generation. Large size of islet 
would induce an increased necrosis and decreased 
cell viability compared to small size islets, no matter 
in vitro culture or implantation [113]. The cellular 
insulin content of small size human islet organoids 
(250 cells) is up to 2.8-fold higher than their large 
counterparts (1500 cells) [33]. To obtain the 
homo-sized organoids, alternative methods are 
accordingly developed for somewhat controlled cell 
self-aggregation, such as hanging drop, microcontact 
printing and microwell platforms. The hanging drop 
procedure forming cell clusters by gravity, is 
generally used for embryoid body formation, and 
completely out of contact with any artificial 
supporting matrices or surfaces. Montanari and 
colleagues reported the generation of islet organoids 

by mixing single human islet cells with mesenchymal 
cells in the hanging microdroplets, which had 
functional insulin secretion in vivo [31]. By hanging 
drop, the size of islet organoids can be adjusted by 
varying concentration of cell suspension, droplet 
volume and incubation time. However, this method is 
labor-intensive and not applicable to large-scale 
engineering [23]. Mendelsohn and colleagues 
reported a microcontact printing strategy by printing 
spots of the cell-adhesive protein-laminin covalently 
linked on glass coverslips [114]. This technique offers 
exceptional control of cell clusters’ shape and size, 
and the high-speed printing makes a high-throughput 
manner to produce β cell aggregates. However, these 
cell clusters have only two to three cell layers and 
even could not be removed from the substrates. Thus, 
they do not apply to pancreatic islet models, 
biological tests or implantation either. At present, 
microwell may be a promising method for 
self-organization-based islet organoids generation 
[115]. Microwell is comprised of multiple 
micro-meter-size compartments, generated by 
photolithography or micropatterning, with an 
extensive range of materials, such as 
polydimethylsiloxane (PDMS), PEG and agarose 
hydrogels [116]. On agarose microwell platform, cells 
were trapped and aggregated into glucose-responsive 
“pseudo-islets” or insulin-producing organoids with 
stable and uniform size, which improved the survival 
of islet cell after transplantation [23, 40, 44]. Moreover, 
the thinner bottom of concave microwell enhanced 
oxygen permeability for rat islet spheroids, because 
under the sufficient oxygen delivery conditions, islet 
spheroids presented long-term sustainability, 
enhanced viability, and increased hormone secretion 
[117]. Thin film microwell array scaffolds coated with 
combinatorial ECM proteins were proved to promote 
human islet function and survival rate [118]. 
However, limitations of microwell still exist, such as a 
narrow size range of cell aggregates, special 
procedures required for microwell preparation and 
low controllability of cell distribution [119]. Moreover, 
although self-aggregated organoids with suspension 
displayed superb nutrient diffusion, the lack of 
certain physicochemical supports like natural organ 
niche would reduce the stability of islet organoid and 
cell viability. 

Hydrogel based embedment and 
encapsulation for human islet organoids 

In addition to self-aggregation, embedding cells 
in hydrogel matrix is also a promising method to 
establish the 3D structure of islet organoids. In this 
method, isolated cell pellets are usually suspended in 
a polymer solution until cells are evenly distributed, 
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followed with hydrogel formation by the polymer’s 
crosslink. Hydrogel matrix provides an initial 
guidance to the aggregating cells and serves as a 
subsequent physical support and constraint for islet 
organoids formation. For example, islet organoids 
could be established by embedding human ESCs with 
mixture of collagen I and Matrigel solution to form a 
3D scaffold that has an initial radius of 8 mm and a 
thickness of 2.5 mm [32]. In another report, small 
pieces of human fetal pancreatic tissue were plated in 
Matrigel and expanded into organoid with islet 
endocrine fate [38]. Recently, embedding pancreatic 
progenitors in alginate was reported to boost the 
islet-cell signature during the islet organoid formation 
process [52]. Pancreatic progenitors derived from 
human iPSCs were embedded within the alginate 
beads by single cells suspension, which exhibited a 
highly significant increase in the proportion of 
insulin, glucagon and somatostatin expression 
compared with 2D culture. By global proteomics, 
Legoy and colleagues found that embedment with 
alginate promoted a large battery of proteins towards 
islet-like abundance levels, which made islet-like 
organoids more mature. Pathway analysis suggested 
that organoid with hydrogel embedment regulate the 
proteome landscape via integrins [52]. 

Islet organoids established by embedding cells in 
hydrogel not only can form 3D structure of islet cells, 
provide cell-ECM interactions which mimic the 
natural niche of islet, but also contributes to its 
long-term survival. To maintain the islet sustainability 
in vivo after transplantation, “islet encapsulation” may 
be a good strategy. The encapsulation method is like a 
capsule composed of islets surrounded by matrix 
materials [120]. Microencapsulation of islets into 
alginate microbeads was first applied in the 1980s 
[91]. The hydrogel-based encapsulation could 
reconstruct the native islet 3D environment and 
provide islet cells with a physical semi-permeable 
barrier that prevents infiltration of immune cells [121, 
122]. Fukuda and colleagues reported that islet-like 
spheroids derived from human iPSCs, which were 
encapsulated with alginate and followed with 
formation of fiber by conical tube, ameliorated 
hyperglycemia and maintained constant human 
C-eptide levels in the mice plasma [42]. Moreover, 
these alginate fibers were retrieved easily with forceps 
without any adhesion. Besides, encapsulating islet 
organoids with hydrogel could also be long-term 
cultured in vitro. For instance, human islets were 
encapsulated with ECM hydrogel derived from 
porcine decellularized pancreas or the formulated 
spider silk protein, improving functional stability of 
human islet in vitro culture and mimicking native islet 
composition and morphology better [123, 124]. 

Therefore, encapsulating islet organoids with matrix 
materials is also a promising method to promote the 
stability of islet organoids in vitro culture. Recently, 
Stock and colleagues encapsulated islet organoids 
derived from human stem cells with a conformal 
coating made of poly (ethylene glycol)-maleimide 
(PEG-MAL) crosslinked with dithiolated PEG 
(SH-PEG-SH), supplemented with PepGel peptide 
and PEG-oligoethylene sulfide (PEG-OES) nanofibrils 
[54]. In this study, the islet-like organoids maintained 
a comparable insulin secretion profile and stimulation 
index in vitro with those of unencapsulated islets for 
up to 7 days, and even prevented the central necrosis 
which was visible in islets encapsulated in alginate 
and PEG-alginate larger microcapsules. Moreover, the 
islet organoids were transplanted into diabetic mice, 
which allowed long-term diabetes reversal and 
maintained euglycemia for more than 80 days without 
immunosuppression [54]. Despite these achieve-
ments, there are still several limitations in this 
encapsulation application, for example, the implanted 
capsules cannot be fixed in a precise location and not 
be easily and completely removed from the patient 
due to the small size of the encapsulated islet; 
additionally, when the encapsulation is in a larger 
configuration, there is a diffusional problem that leads 
to poor diffusion of oxygen dramatically impairing 
the islets’ viability; moreover, the lifespan and 
expansion of islets after encapsulation are still not 
good enough for the following medical applications.  

3D bioprinting for human islet organoids 
 Building human organoids via 3D bioprinting 

technology has received particular attention in these 
years. By imitating the natural heterogeneous 
architectures of organ, organoid formation is expected 
to be capable of positioning different cell types in 
desired locations, or inducing progenitor cells into the 
desired type at specific locations, like printing [125]. 
3D bioprinting technology could print and pattern all 
the components into 3D structure with high precision 
and repeatability, including spatially distributed cells, 
biomaterials (bioink), and bioactive factors [126]. 
Thus, 3D bioprinting provides an ideal strategy to 
construct organoid. Nowadays, 3D bioprinting has 
been widely explored for fabrication of liver, cartilage, 
neuronal tissue, osteochondral grafts and heart valve 
conduits [127]. In the aspect of islets, PLA and fibrin 
hydrogel were used to house human PSC-derived 
β-cell clusters by 3D printing. Upon transplantation 
into mice, SC-β cell-embedded 3D-printed devices 
functioned for 12 weeks, were retrievable, and 
maintained structural integrity [109]. Duin and 
colleagues produced macro-porous hydrogel 
constructs with embedded rat islets by 3D extrusion 
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bioprinting [128]. This macro-porous construct could 
increase the surface to volume ratios and reduce the 
distance between islets and the surrounding body 
fluid/blood vessels to less than a few hundred 
micrometers. Islets embedded in bioink (alginate and 
methylcellulose) with defined geometry were 
detected with viability values around 80% and 
glucose responsiveness for up to seven days in culture 
[128]. 

In addition, 3D bioprinting technology offers a 
unique role in the fabrication of islet tissue-like 
constructs with vascular structures, through its 
potential in recreating complex morphologies and 
multicellular environments [129]. Recently, a coaxial 
configuration with mouse islets (core) and endothelial 
progenitor cells (protective shell), was produced 
based on 3D alginate-gelatin bioprinting [130]. In this 
work, 3D bioprinting was demonstrated to precisely 
control over the distribution of multiple cell types, 
which had the potential to improve revascularization 
and suppress immune response. By making 
microchannels, 3D bioprinting mimicked natural 
vascular trees to perfuse islets with sufficient oxygen 
and nutrient supply. Additionally, bioinks may also 
incorporate endothelial cells plus slow-releasing 
compounds, such as VEGF, to promote angiogenesis 
surrounding the structure [121]. dECM of pancreas is 
proved to be a promising bioink for islet organoids by 
3D bioprinting, and dECM has shown shear thinning 
behavior, which is beneficial for the viability of the 
embedded cells as the shear stress was relieved when 
passing through the printing nozzle [43, 64, 126]. 
Despite the revolutionary bioprinting technology 
approach and boundless potential for improvement in 
artificial pancreas fabrication, the early stages of its 
technical development barricade it from production 
preparation process. What required to be solved are 
(a) suitable bioink: The choice of bioink materials is 
limited by stringent printing conditions, almost all 
hydrogels are brittle and not stable enough to 
guarantee long-term survival of the islets. There are 
few available standards or commercial bioinks with 
good biocompatibility, appropriate biological and 
physicochemical properties; (b) printing speed: with 
the current bioprinting technology, human-scale 
tissues and organs would require too prolonged time 
for the printing process, thereby affecting the cell 
viability of the printed cells [131]. 

Decellularized organ scaffolds for islet 
organoids 

At present, islet or other organoids established in 
vitro suffer from size limitation, ranged in the 
millimeter scale, which restricts their direct usage in 
transplantation. To resolve this issue, decellularized 

scaffolds from human cadavers could be made and 
seeded with dissociated organ-specific precursors or 
directly with organoids containing parenchymal, 
vascular and other accessory cell types. Together with 
physiologically appropriate culturing methods and 
bioreactor cultures, these scaffolds could physically 
support the growth of larger organ structures in vitro. 
In 2013, decellularized mouse pancreatic scaffolds 
were generated by perfusion which could be 
recellularized with acinar and β cell lines, 
subsequently, cell-free pig pancreatic scaffolds were 
also seeded with porcine islets and human amniotic 
fluid-derived stem cells [132, 133]. Thus, 
decellularized scaffolds showed a promising 
bioengineered platform to generate native-like 
artificial pancreas or islet. In the following studies, 
different perfusion routes (artery, portal vein, 
pancreatic duct) were compared and intact islets 
infused via the pancreatic duct was proved to be the 
viable and functional method [134]. In another study, 
islets were engrafted in a decellularized rat liver, 
incubated with endothelial cells and mesenchymal 
stromal cells, which was proved to be an 
endothelialized neo-pancreas with function of insulin 
secretion [135]. Despite the merits of decellularized 
scaffold, biomedical researchers now face the 
challenge of how to recellularize these organ scaffolds 
adequately and efficiently, especially in multiple cell 
type perfusion conditions. 

Human islet organ-on-a-chip 
Organ-on-a-chip is a newly immerged 

conception. Incorporated with microfluidic, 
organoids gain significant advantages in offering 
biomimetic cellular or tissue microenvironments 
[136]. Compared to static cultures, microfluidic 
introduces a perfusive flow facilitating transport of 
nutrients, oxygen and waste to mimic blood flow 
[137]. An organ-on-a-chip microfluidic device had 
been developed to facilitate the formation of 
embryonic bodies from iPSCs and 3D islet organoids, 
which could improve the islet organoids’ function and 
maturation [47]. Recently, Walker and colleagues 
produced islet organoids with dispersing human islet 
cells by hanging drop, and cultured islet organoids in 
microfluidic system to promote their survival [56]. In 
the following research, Oxy-Chip came up to support 
primary human islet organoids with better oxygen 
availability and islet function, in which the 
poly(methyl methacrylate) base of the chip well was 
replaced with an oxygen-permeable perfluoro alkoxy 
(PFA) membrane [138]. Microfluidic platforms could 
also be used to create 3D models with different cell 
types maintained within separated compartments and 
connected by arrays of microchannels [139]. A human 
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microfluidic organ-chip platform was developed to 
study the connection among thymic epithelia, 
hematopoietic stem cells, islet β cells in T1D and 
pancreatic islet-liver cross-talking in type 2 diabetes 
(T2D) [140]. Therefore, inter-organ communication in 
diabetes would be modelled by human microfluidic 
organ-chip platform [141, 142]. Moreover, islet 
organoids with microfluidic systems could also be a 
simple, advanced method for high-throughput drug 
screening, which was proven in 2019 [143, 144]. The 
effect of slow flow dynamic conditions and small size 
of homogeneous reaggregated islet organoids made 
this microfluidic platform well-maintained for up to 1 
month [144]. As a result, islet organoids under 
dynamic conditions may exhibit higher sensitivity to 
drugs, such as tolbutamide and GLP-1, compared to 
static and conventional models (native islets with 
heterogeneity sizes). In conclusion, islet organoids 
combined with microfluidic systems will be a perfect 
platform for disease modeling, high-throughput drug 
analyses and regenerative medicine [145]. 

Mechanical stimulation in the 
construction of human islet organoids 

The effect of mechanical stimulation on cells has 
attracted much attention nowadays. It is reported that 
mechanical signals could influence the differentiation 
and function of β cells [146-148]. In case of human islet 
organoids construction, mechanical stimulation also 
plays an important role. Geometry brought by cell 
aggregating is considered to be the most directly 
mechanical stimulation during islet organoids 
generation. Hogrebe and colleagues revealed that the 
state of cell cytoskeleton in flask 3D spinning culture 
is different from 2D adherent culture, which robustly 
affected β cells’ directional differentiation [147]. The 
presence of biomaterials would induce several 
mechanical stimulations to human islet organoids, 
such as stiffness, topography and mechanical 
pressure. Stiffness of biomaterials (Young’s modulus) 
can regulate cell self-clustering for human islet 
organoids construction and β cell differentiation [104] 
[35]. Topography can be perceived by β cells and 
converted into biological signals which promote 
long-term human islet culture in vitro [149]. Shalaly 
and colleagues reported the special topographical 
structure of silk foam matrices could promote human 
islet cells self-organization [29]. Kim and colleagues 
found an optimal topographical structure for human 
islet organoids by using nano-scale polystyrene 
surface which increased the PDX1 expression during 
pancreatic differentiation of ESCs and promoted 3D 
cluster formation, when comparing with other 
nanopatterns or flat surfaces [49]. Mechanical 
pressure given by biomaterials encapsulation is 

another mechanical stimulation. Legoy and 
colleagues claimed it could promote endocrine 
hormones secretion of human islet organoids via 
integrin signal [52]. Shear stress is one of the most 
important mechanical stimulations in 3D bioprinting 
and microfluidic platform. In islet 3D bioprinting, it is 
essential to optimize the shear stress (pressure, nozzle 
diameter, printing speed), which can reduce cell 
viability by up to 40–85%. Klak and colleagues found 
that comparing with the large size islets, smaller size 
human islets (50–100 μm) have survival advantage 
under the same mechanical pressures, and the 
optimal pressure by the extrusion method should be 
lower than 30 kPa while using 3% (w/v) alginate as a 
carrier [150]. In a microfluidic platform, the shear 
stress is determined by flow rate and affects the 
morphology and function of islet organoids [56]. 
Dynamic condition with slower perfusion was 
detected to improve the abundant microvilli, tight cell 
junctions and enhanced glucose responsiveness of rat 
islet organoids, whereas in higher perfusion or static 
condition was the opposite [144].  

In summary, cell aggregating, biomaterials and 
technologies used in the construction of human islet 
organoids all can influence the survival, 
differentiation and function of organoids by 
mechanical stimulations. At present, the underlying 
mechanism mainly focuses on the cell death caused 
by mechanical damage, regulating mechanical signals 
such as YAP, integrin and cytoskeleton dynamics. The 
optimal mechanical environment most suitable for 
human islet organoids has not been defined. In 
human pancreas, islets are surrounded with exocrine 
portion and abundant vascular tissue, which can 
provide stiffness, topography and mechanical 
pressure to islet. Therefore, the future research of 
human islet organoids’ construction should not only 
focus on organoid itself, but also understand the 
native islets mechanical environment. 

Challenges and perspectives 
In the past several years, single cell RNA-seq, 

CRISPR/Cas9, new biocompatible material, 
microenvironment induction and many other newly 
emerged techniques have been applied to screen the 
appropriate organoid development strategy, and 
exciting attempts and accomplishments have been 
made. Even so, some serious concerns of human islet 
organoids still exist. 

The gap between the islet organoid and native 
islet in terms of cell composition. 

(1) Deficient cell types. At present, most human 
islet organoids are only composed of β cells or 
endocrine progenitors. Few reports have attempted to 
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design a proportion of α, β, δ and other accessory cells 
in making islet organoid (Table 1), which led to the 
different structures between islet organoid and native 
islet and may also lead to the immature status of β 
cells. There have been many robust differentiation 
approaches to generate β cells [151, 152], and these β 
cells somewhat still resemble the immature stage 
observed in the fetal pancreas [153]. Most β cells 
differentiation approaches are based on the 
combination of growth factors and small chemical 
molecules targeting specific signal pathway, such as 
WNT [154-156], but the internal secretion regulatory 
and physical interactions surrounding the β cells were 
ignored [15, 157, 158]. A few efforts have been made 
to generate α cells via directed differentiation or 
trans-differentiation, integrating into islet organoids 
[159, 160]. Besides the endocrine cells, the known 
accessory cell types include but are not limited to 
endothelial cells, nerve fibers (neurocyte and 
neurogliocyte) and immune cells [161]. The co-culture 
effects and methods of accessory cells with islet cells 
have been summarized [88]. Nonetheless, most 
contents in this review were based on mouse islet 
cells, which was not sufficient to provide guidance for 
human islet organoids. Thus, a lot of hypotheses still 
need to be verified in making human islet organoids.  

(2) Different cell proportions. Human islets 
consisted of a proportion of ~60% β cells and ~30% α 
cells [162, 163]. In vivo, this proportion does vary with 
individuals in terms of age and islet size. The β- to 
α-cell ratio increased 6- to 7-fold from developmental 
preterm to childhood [164], and the β- to α-cell ratio in 
small size islets (defined as 40–60 μm in diameter) is 
nearly double of that in large size islets (> 300 μm in 
diameter) [165]. To explore whether the proportion of 
cells will affect the function of islets, Kojima and 
colleagues aggregated the immortalized mouse 
pancreatic α and β cell lines into clusters, and found 
that the insulin secretion at a 1:8 α/β-cell ratio was 
higher than that of a 1:16 or 1:4 ratio [166]. Therefore, 
checking out the cell proportion in human islet 
organoids generation is necessary. Hogrebe and 
colleagues reported that in human islet-like clusters, 
the majority of endocrine cells were detected to be β 
cells and the numbers of α and δ cells were much 
lower than those in human islet [62]. Hence, adjusting 
the cell proportion may be an approach in improving 
functionality of human islet organoids. However, 
there are still many challenges to determine the most 
suitable cell proportions for the various cell types 
involved in islet development. 

(3) Disordered cell arrangement. Most human 
islet organoid reported lacks the natural topological 
cell arrangement, extracellular matrix association and 
internal secretion microenvironment, despite it has 

much better performance than 2D culture. The cell 
arrangements of human islet organoids are different 
from human cadaveric islets. Human β cells were 
detected in the core of fetal islets and the small size 
human islets, surrounded by a mantle of α and δ cells 
[164, 165, 167]. In large size human islets, β cells and α 
cells are intermingled in the islet core [167]. In 
contrast, unlike native islets, human islet organoids 
showed a core shell configuration in which the mantle 
was comprised predominantly of β cells and the core 
was comprised predominantly of α cells [23, 31]. 
Natural cell arrangement could also be detected in 
human islet organoids, but that was uncontrollable 
[15, 33]. To mimic the natural topological 
arrangement, some hypotheses were proposed, such 
as abiding by sequential and timing incorporation of 
tissue- and organ-specific cell progenitors when 
organoid took shape, which could simulate the organ 
development to a greater extent [168]. Moreover, 
3D-bioprinting is supposed to be the best solution 
with premise of higher accuracy, since it can precisely 
print each cell to the designated location. The different 
kinds of cells intermingled with bioink which 
supplemented with corresponding specific growth 
factors during the islet organoids bioprinting, also be 
expected to recreate the natural topological cell 
arrangement of human islet. 

The high heterogeneity of human islet 
organoids. Nowadays, many efforts have been made 
to solve the heterogeneity of islet organoids. The 
robust differentiation protocol to obtain relatively 
stable and consistent islet cells in different cell lines 
has been invented, and the heterogeneity of organoid 
size has been reduced by microwell platform and 
bioprinting [62]. However, the phenotypic variation 
of islet organoids (e.g., viability and shape) and their 
responses to external stimulations are of concern. 
Many molecules or matrices applied in organoid 
generation with unknown mechanisms would give 
rise to the heterogeneity, and the complex 
spatiotemporal dynamics of islet organoids 
generation are difficult to describe or predict [169]. 
Thus, the regulation mechanism of human islet 
development must be understood. And as 
aforementioned, effective biomaterials with precise 
composition are supposed to be a robust inducer of 
islet organoids. Based on this, mathematical and 
computational models are applied to investigate 
organoid’s heterogeneity by studying cellular 
interconnections and dynamics. For example, 
mathematical and computational models can analyze 
the distribution of cell populations and growth 
patterns in organoids by mimicking the signaling 
pathways dynamics and the nutrients consumption 
[170]. From a mathematical modeling perspective, an 
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organoid is a complex biological system whose 
dynamics and physiology can be predicted. Up to 
now, mathematical modeling of optic-cup organoids, 
cerebral organoids and intestinal organoids have been 
created [171-173]. Yet there is still no mathematical 
modeling of pancreatic or islet organoids, which 
needs to be elucidated in future studies, for the large 
scale of islet-like homogeneous organoids production. 

Long-term survival of human islet organoid. 
Low sustainability is one of the biggest obstacles of 
human islet organoids development. During in vitro 
culture, lack of physical supports, oxygen and 
nutrients are main reasons for the instability of 
human islet organoids. Biomaterial is the most 
suitable solution for physical supports, and it can 
reduce cell apoptosis and functional impairment 
caused by hypoxia [174]. Decreasing the size of islet 
organoids is another effective method to solve the 
instability caused by hypoxia and malnutrition. 
Moreover, a perfusive flow facilitating transport of 
nutrients, oxygen and waste introduced by 
microfluidic platform is also a feasible solution for 
islet organoids’ in vitro survival. 

After transplantation, immune rejection and low 
oxygen are main limitations for human islet 
organoids’ long-term survival. In order to reduce the 
immune response, the solutions for immune tolerance 
are generally divided into two categories: graft 
modification and host regulation. Encapsulation with 
biomaterials is a promising strategy for avoiding 
immune rejection, which already has received lots of 
attentions [121, 122]. Gene modifications in the 
transplanted islet organoids could also be the way to 
induce immune tolerance. With the sustained, 
endogenous expression of PD-L1 by CRISPR/Cas9, 
immune-evasive human islet-like organoids were 
generated by Yoshihara and colleagues recently [57]. 
Employment of patients’ self-derived iPSC or 
stringently selected HLA-homozygous iPSC lines as 
organoid cell resource has gradually led the new 
trend. In addition, transplant preconditioning is also 
the effective solution for immune protection. Host can 
be treated with immunosuppressive drugs, immune 
cell depletions as well as Treg-based adoptive cell 
therapies to induce persistent graft tolerance, as 
summarized by a couple of other reviews [69, 175]. 

In vivo hypoxia could cause apoptosis of islet 
cells, impairment of glucose response and insulin 
secretion. To increase the oxygen supply, there are a 
variety of solutions available: (1) generating 
pre-vascularization islet organoids by endothelial 
cells or potent angiogenic factors, and connecting 
them with host blood vessels after transplantation 
[176]. This strategy has been described in detail by 
Nazeer and colleagues [177]; (2) embedding islets into 

macro-porous hydrogel constructs made by 3D 
extrusion bioprinting to reduce the distance between 
islets and the surrounding body fluid/blood vessels 
[178]; (3) adding oxygen-releasing device into islets 
transplantation platform to provide a stable source of 
oxygen, such as oxygen pump. For example, a 
macro-porous heparin-releasing silk fibroin scaffold 
has been proved to promote islet re-vascularization 
and proliferation by heparin-dependent activation of 
endogenous VEGF/VEGFR2 pathway [179]. At 
present, a transplantation product called βAir for T1D 
treatment has been designed in which islets are 
encapsulated with alginate hydrogel, which serves as 
a scaffold for islet immobilization and protecting islets 
from the immune system. In this device, oxygen is 
supplied by the oxygen tank compartment which is 
fed with oxygen periodically [180]. 

Despite there are still some imperfections in islet 
organoid technology, islet organoid systems have 
already been proven to promote the studies of human 
islet, especially in the field of human islet 
development, diabetic disease model and islet 
transplantation [12, 181]. Nearly two decades have 
passed since the first success of the Edmonton 
protocol, the cadaveric islets have not been the only 
resource for transplantation. Stem cell-based clinical 
trials for diabetes have been proposed and performed 
in recent years [182]. The first trial for T1D treated by 
human ESC-derived pancreatic progenitor 
transplantation was submitted by ViaCyte in 2014 
(NCT02239354). In January 2021, a clinical trial of 
hESC-derived β cell therapy for T1D has been 
approved for IND, launched by Semma 
Therapeutics/Vertex (NCT04786262). Recently, the 
interim results of a phase I/II clinical trial 
(NCT03163511) have been reported by ViaCyte, in 
which human pancreatic endoderm cells were 
implanted in macroencapsulation device for T1D 
treatment. This study recruited 26 T1D patients and 
detected the safety, tolerability and efficacy of this 
combination product (VC-02TM) up to 1 year after 
transplantation. The engraftment was detectable 
between 3 to 12 months after transplantation in the 
majority of patients with no teratoma formation or 
severe graft-related adverse events. The increased 
C-peptide and insulin secretion was observed and 
meal-induced C-peptide concentrations were found to 
increase at 26 and 52 weeks after implantation [183, 
184]. This is a promising encouragement for human 
islet organoid development. Thus, the booming 
human islet regeneration will undoubtedly bring 
regeneration medicine closer to diabetic patients and 
be expected to replenish the clinical transplantation 
needs of cadaveric islets. 
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