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Abstract 

Diabetes mellitus (DM) is a disease caused by dysfunction or disruption of pancreatic islets. The advent and develop-
ment of microfluidic organoids-on-a-chip platforms have facilitated reproduce of complex and dynamic environment 
for tissue or organ development and complex disease processes. For the research and treatment of DM, the platforms 
have been widely used to investigate the physiology and pathophysiology of islets. In this review, we first highlight 
how pancreatic islet organoids-on-a-chip have improved the reproducibility of stem cell differentiation and organoid 
culture. We further discuss the efficiency of microfluidics in the functional evaluation of pancreatic islet organoids, 
such as single-islet-sensitivity detection, long-term real-time monitoring, and automatic glucose adjustment to pro-
vide relevant stimulation. Then, we present the applications of islet-on-a-chip technology in disease modeling, drug 
screening and cell replacement therapy. Finally, we summarize the development and challenges of islet-on-a-chip 
and discuss the prospects of future research.
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Introduction
Diabetes mellitus has become a public health crisis in 
all countries worldwide. In 2019, the International Dia-
betes Federation (IDF) reported that the number of 
adults (20–79 years old) living with DM was approxi-
mately 463  million, equivalent to 9.3% of the total 
population of the world in this age group. By 2030 
and 2045, the number of adult diabetic patients will 
increase to 578  million and 700  million, respectively. 
The islets of Langerhans release insulin directly into 
the blood circulation to maintain glucose homeostasis 
based on the changes in glucose levels, and DM occurs 
when this regulatory system is permanently disrupted 
[1].

Currently, most of the in  vitro cell studies rely on 
2D or suspension culture that fail to simulate the cell 
growth environment in  vivo. For the past few years, 
considerable progress has been made in exploiting self-
organizing properties of mammalian cells to produce 
organotypic multicellular structures called organoids 
[2–4]. Organoids are mini-tissues that are structur-
ally and functionally similar to target organs that 
constructed by 3D culture technology. Besides, the 
connection between cells is more complex than simple 
physical contact, there exists mutual biological com-
munication, influence, induction, feedback and coop-
eration to form micro-organs or tissues with specific 
functions. Therefore, organoids have great potency to 
simulate the specific structure or function of organs or 

tissues in  vitro, which is unmatched by traditional 2D 
culture methods [5–7]. Due to the wide application 
prospects of organoids in the field of life science and 
medical research, they were rated as the technology of 
the year in 2017. However, the conventional 3D culture 
technology with random configuration makes it hard 
to precisely control organoid development and local 
environment. Furthermore, the existing 3D organoid 
culture methods cannot provide a complex dynamic 
microenvironment similar to in  vivo for organ devel-
opment [8]. By integrating organoids with microfluidic 
systems, organoids-on-a-chip can not only simulate 
the physiological environment of organ development, 
but also be applied in the simulation of complex dis-
ease processes [9]. By combining functional tissues 
and organs with chips, these systems enable analysis 
of the biochemical, metabolic and genetic activities of 
alive cells under high-resolution and real-time imag-
ing. Moreover, this system is a powerful tool to advance 
research on development and physiology of organ, dis-
ease modeling and etiology, and drug screening.

Here, we introduce a comprehensive review of the 
development, application, challenge and prospect of 
islet-on-a-chip platforms (Fig.  1). We first introduce 
recent advances in islet-on-a-chip, including micro-
fluidic perfusion systems for stem cell differentia-
tion, islet culture and functional evaluation. Then, we 
present the applications of organoids-on-a-chip in 
disease modeling, drug screening and the quantity 
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control of cell therapy for DM. Finally, we summarize 
the challenges and future prospects of pancreatic islet 
organoids-on-a-chip.

Chip for islet organoids culture and differentiation
Although traditional 2D or 3D cell culture methods have 
been widely applied in biomedical research in the past 
century [10, 11], they have limitations in the recapitula-
tion of dynamic physiological 3D microenvironments 
for organoid generation. Furthermore, cells in such sys-
tems are not typically exposed to normal mechanical 
signals, containing tension, compression and fluid shear 
stress [12]. Especially, the development and formation 
of islets of Langerhans is strictly regulated by complex 
and dynamic factors, mainly including flow of blood, 
transcription factors, and interaction between cells, to 
generate functionally mature islets to maintain blood glu-
cose homeostasis [13]. Advances in microfluidic-based 
cell culture systems have the ability to establish cellu-
lar microenvironments that simulate many important 
in vivo characteristics through precise control of the flow 
of fluid, biochemical signals, and interaction between 
cells. Moreover, many studies have generated islet-like 
organoids by integrating microfluidic-based cell culture 
systems with self-organizing properties of stem cells or 
mammalian cells [14–19].

Encapsulation of human islet organoids in hydrogel 
scaffolds and cultured in a static culture system
To stably generate islet organoids in large quantities, 
Qin et  al. [20] fabricated an all-in-water droplet micro-
fluidic device for 3D culture of human-induced pluri-
potent stem cells (hiPSCs) to differentiate functional 
islet organoids with uniform size. Figure  2  A shows the 
whole process of this system utilized for hiPSC-derived 
islet organoid engineering. The platform consists of mul-
tiphase fluid inlets (pump core flow, middle flow and 
shell flow into the corresponding microchannels), drop-
let generation units (form drop templates), and capsule 
fabrication units (form hybrid capsules). This platform 
encapsulated pancreatic endocrine cells derived from 
hiPSCs into hybrid hydrogel capsules to obtain a con-
tinuous generation of 3D organoids composed of α and β 
cells through self-organization. Islet organoids generated 
using this platform highly express genes and proteins of 
pancreatic hormone, and show islet-specific function of 
glucose-stimulated insulin secretion (GSIS). By changing 
materials pumped into the droplet microfluidic platform, 
the same group fabricated aqueous-droplet-filled hydro-
gel fibers (ADHFs) in one step (Fig. 2B) [21]. The ADHFs 
produced by this platform have unique morphology and 
tunable configuration. After digesting pancreatic endo-
crine cells, the droplet microfluidic platform was used to 

Fig. 1 The application of organoids-on-a-chip platform in pancreatic islet research. Microfluidic platforms enable reproducibility of islet 
organoid culture and differentiation. Besides, these systems enable efficient functional evaluation of pancreatic islet organoids, such as 
single-islet-sensitivity detection, long-term real-time monitoring, and automatic glucose adjustment to provide relevant stimulation. Furthermore, 
islet organoids-on-a-chip platform can be applied in disease modeling, drug screening and the quantity control of cell therapy for diabetes mellitus
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Fig. 2 Microfluidic systems for islet organoid culture and formation. A An all-in-water droplet microfluidic platform for fabrication hybrid hydrogel 
capsules enabling islet organoid culture and formation.  Reproduced with permission from Ref. [20]. B An aqueous-droplet-filled hydrogel fibers 
fabricated system for islet organoid culture and formation. Reproduced with permission from Ref. [21]. C The microphysiological analysis platform 
that permits generate islet spheroids under a perfusion flow network. Reproduced with permission from Ref. [22]. D The in vivo-mimicking chip 
allows reduce shear damage to cells, and generates functional islet spheroids and maintains long-term islet function. Reproduced with permission 
from Ref. [23]. E The multilayer microfluidic perfusion system permits in situ monitoring of islet organoid culture and develop. Reproduced with 
permission from Ref. [24]
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encapsulate cells into hydrogels, and generated ADHFs 
with cells were collected using a rotary spool and rapidly 
shifted to a culture plate. Functionalized islet organoids 
were generated in situ and these organoids showed high 
viability and sensitive GSIS function.

Dynamic perfusion culture of islet organoids‑on‑a‑chip
Although the droplet microfluidic platform allows large-
scale 3D culture and generation of uniform and func-
tional islet organoids, the static culture environment 
limited to reproduce the dynamic physiological microen-
vironment of islet development in vivo, such as the con-
tinuous exchange of oxygen, nutrients, and metabolites 
through perfusion. Lee et al. [22] fabricated a microphys-
iological analysis platform (MAP) that can generate islet 
spheroids under a perfusion flow network (Fig. 2 C). The 
MAP allows continuous dynamic perfusion, uniform 3D 
spheroid formation, massive morphological phenotyp-
ing and gene expression profiling. This platform mainly 
consists of 3 units: medium storage area (length, width 
and height are 15, 15 and 7 mm, respectively), cell access 
channel (width and height are 200 μm and 30 μm, respec-
tively), and 3D cell culture area (This area consists of two 
parts, one is a single islet spheroid culture chamber with a 
diameter and height of 800 μm and 300 μm, and the other 
is an endothelial-like cell entry channel with a width and 
height of 100 μm and 30 μm). In particular, there exists a 
periodic narrow slit structure (with a width of 2 μm and 
an interval of 20 μm) on the upper of the perfusion chan-
nel, which allows medium exchange in islet spheroid cul-
ture region. The whole size of the fully assembled MAP 
device is 70 × 22 × 9 mm, including 110 parallel spheroid 
culture arrays. The microfluidic-based MAP enables the 
generation of islet spheroids without scaffold and accu-
rate control of blood glucose and lipidemia under a per-
fusion flow network. Based on this platform, the authors 
confirmed that cellular apoptosis in islet spheroids under 
hyperglycemia and hyperlipidemia mainly depends on 
the caspase-mediated pathway induced by reactive oxy-
gen species.

Microfluidic perfusion systems are able to mimic 
in  vivo physiological environment to improve the cul-
ture microenvironment of cells; however, the effects 
of fluid flow on the viability and function of islets are 
usually ignored. By optimizing flow conditions, Lee 
et  al. [23] established a microfluidic perfusion chip 
that mimics interstitial flow (Fig. 2D). The chip reduces 
shear damage to cells, thereby generating functional 
islet spheroids and maintaining long-term islet func-
tion. The microfluidic chip contains two parts: PDMS-
based concave microwells and an osmotic pump. The 
width and height of the concave microwells are 500 μm 
and 250 μm, and there are 50 microwells on a single 

chip. The osmotic pump that connects to the outlet of 
the concave microwells area is driven by the concentra-
tion difference between pure water and polyethylene 
glycol (PEG) (0.05 or 0.20 M) to provide an interstitial 
flow. The chip maintains the morphology and function 
of islet spheroids for up to a month due to the opti-
mized flow conditions that allow the localization of 
secreted soluble factors close to the islets and promote 
intra-islet diffusion-mediated paracrine interactions. 
Furthermore, the functional islet spheroids with good 
viability and uniform size are generated using this chip 
and exhibit high drug sensitivity. Therefore, this chip 
has great potential for application in islet preprocess-
ing before cell transplantation therapy and as a reliable 
in vitro model for drug screening of DM.

To achieve in  situ monitoring of islet organoid cul-
ture and develop on a microfluidic perfusion chip, Qin 
et  al. [24] developed a multilayer microfluidic system. 
The multilayer microfluidic perfusion system (Fig.  2E) 
contains 4 layers. The upper and lower layers are made 
with a chamber (the length, width and height are 10, 5 
and 1 mm, respectively) with one inlet and one outlet for 
culture medium or cells input and output. The system 
permits the aggregation of embryoid bodies, differentia-
tion of islets and formation of organoids of uniform size 
under continuous perfusion 3D culture. The islet orga-
noids generated in this system contain α and β cells, and 
show good growth and viability. Compared to static cul-
ture, these islet organoids show increased genes and pro-
teins expression of β cell, such as PDX1, NKX6.1, insulin 
and C-peptide. Furthermore, these organoids show 
enhanced GSIS and higher  Ca2+ influx, suggesting that 
the biomimetic perfusion system contributes to the dif-
ferentiation of hiPSCs and the functional maturation of 
pancreatic organoids.

Chip for evaluation of islet organoid function
Insulin release function of cadaveric or stem cell-derived 
islet is routinely evaluated before transplantation to test 
the therapeutic potency [25–28]. Currently, the general 
method for evaluating pancreatic islet is the detection 
of insulin secretion, which includes the tedious manual 
division of islets into aliquots, tedious liquid-handling, 
and enzyme-linked immunosorbent assays (ELISAs), 
which are time consuming. Microfluidic technology is a 
promising method to evaluate pancreatic islet function 
based on its unbeatable advantages of automation and 
integration, portability, high throughput, low reagent/
sample consumption, and pollution prevention [29, 30]. 
Currently, various microfluidic systems have been estab-
lished to evaluate islet organoid function, including the 
evaluation of insulin secretion [31],  Ca2+ flux [32, 33], 
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fatty acid oxidation [34], oxygen consumption [35, 36], 
cell membrane capacitance and cytoplasmic conductiv-
ity [37]. These methods have many advantages over tradi-
tional methods, such as single-islet-sensitivity detection, 
long-term real-time monitoring and automatic glucose 
adjustment to provide relevant stimulation [38–41].

On‑chip insulin secretion collection and off‑chip 
immunoassay
Combining computational fluid dynamics model, Agar-
wal et al. [42] developed a PDMS-free 3-well fluidic plat-
form (FP-3 W) with optimized convective fluid transport 
for functional assessment of pancreatic islet (Fig.  3A). 
FP-3 W is manufactured using rapid prototyping tech-
nology and made of bioinert acrylic plastic material. 
The width (diameter) and height of the well are 4 and 
1.5 mm. The size and structure of the well are designed 
to mimic 96-well plate to restrict response delays caused 
by excessive dead volumes. Additionally, this design also 
facilitates pancreatic islet loading and retrieval. After 
hand-picked rodent or human pancreatic islets (between 
10 and 60 each well) are loaded into the wells, the plat-
form allows the dynamic testing of pancreatic islet for 
GSIS and simultaneous live-cell imaging. Experimental 
results demonstrate that the platform with geometri-
cal features, designed based on first principles-based 
computational modeling, adequately perfuse the loaded 
pancreatic islets and permit for timely collection of the 
samples. In addition, dynamic insulin secretion of pan-
creatic islet (flow rate, 50 µL  min− 1; sampling rate, 2 min 
per well) could be detected with sensitivity of as few as 20 
islets per well. By integrating the FP-3 W with 3D alginate 
hydrogel, Stabler et al. [43] developed a new system that 
allows dynamic culture and continuous in situ multipar-
ametric evaluation of rodent or human pancreatic islet. 
Under continuous, high-throughout, and non-invasive 
evaluation, this system can maintain pancreatic islet via-
bility and function for more than ten days, in sharp con-
trast to the dramatic decline observed overnight under 
static conditions. Using this system, the same set of pan-
creatic islets were exposed to continuous, dynamic fluid 

system over extended culture periods, and for the first 
time the dynamic GSIS, in  situ tracking of activity and 
calcium signaling were investigated simultaneously.

To reduce sample variability and improve temporal 
resolution when testing insulin secretion, Frey et al. [44] 
developed an analytical platform based on microfluidic 
hanging drop perfusion. The platform with rapid stimulus 
solution exchange further reduced sample dilution rates, 
reduced analyte dispersion and increased sampling inter-
vals. The layout and dimension of the perfusion system 
are shown in top and cross-sectional view (Fig. 3B). The 
primary islets are dispersed by enzymatic dissociation, 
and the cell dispersion is re-aggregation in controlled 
scaffold-free hanging-drop to generate standardized pan-
creatic islet microtissues (approximately 150 μm). After 
loading islet microtissues, a syringe pump is set at the 
inlet to pump medium at 15 µL  min− 1, and a peristaltic 
pump is set at the outlet to withdraw medium samples 
into a 384-well plate at 15 µL  min− 1. Finally, the dynamic 
GSIS evaluation of islet microtissue is performed off-line 
using ELISAs. The platform was designed to set different 
parameters flexibly to characterize insulin release from 
individual pancreatic islet microtissues.

One‑step on‑chip insulin secretion and assessment
Although common off-chip immunoassays can moni-
tor the concentration of insulin secreted from pancreatic 
islet, on-chip assessment can more accurately evalu-
ate the function of pancreatic islet in real time. To track 
GSIS in real-time on-chip, Loskill et  al. [45] established 
a microfluidic system integrated with a Raman micro-
spectroscope device for functional assessment of human 
pseudoislet. The chip contains a 4 × 8 trapping site array, 
and each trapping site can capture a single islet (Fig. 3 C). 
Human pseudoislets that derived from immortalized 
cell line EndoC-βH3 are introduced to the chip auto-
matically at the inlet by hydrostatic flow and captured 
in the trapping sites without altering viability. After the 
trapping sites are filled during loading, extra islets flow 
out from the outlet along with the medium. The results 
demonstrated that Raman microspectroscopy can in situ 

Fig. 3 Microfluidic systems for functional measurement of pancreatic islet. A The 3-well fluidic platform (FP-3 W) with optimized convective fluid 
transport allows the dynamic glucose-stimulated insulin secretion evaluation.  Reproduced with permission from Ref. [42]. B The microfluidic 
hanging-drop-based perfusion platform for evaluating dynamic glucose-stimulated insulin secretion of single islet. Reproduced with permission 
from Ref. [44]. C The microfluidic system integrated with a Raman microspectroscope for marker-independent evaluation of pancreatic islet. 
Reproduced with permission from Ref. [45]. D The fully automated droplet generation and analysis device for sampling and quantification of islet 
secretion. Reproduced with permission from Ref. [46]. E The microfluidic-based islet-on-a-chip that enables automate islet loading, stimulation and 
insulin quantification. Reproduced with permission from Ref. [47]. F The microfluidic array enables live-cells muti-parameters imaging. Reproduced 
with permission from Ref. [48]. G The chip with cup-shaped nozzles for limiting shear-induced damage and imaging the  Ca2+ responses of 
pancreatic islet. Reproduced with permission from Ref. [49]. H The microfluidic platform for online monitoring of amino acid secretion from islet 
in response to glucose stimulation. Reproduced with permission from Ref. [50]. I The surface plasmon resonance imaging chip (SPRi Chip) for 
simultaneous quantification of 3 islet secretions. Reproduced with permission from Ref. [51]

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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track the islet responsiveness to glucose and visualize 
the different molecular structures of nuclei, lipids and 
mitochondria. Furthermore, in-depth spectral analysis 
showed that glucose stimulation is correlated with mito-
chondrial activity in islet cells, and lipid composition of 
insulin-secreting vesicles is changed simultaneously.

Using fluorescent labeling and real-time microscopic 
imaging, Easley et  al. [46] developed a fully automatic 
droplet formation and analysis system for the on-chip 
assessment of pancreatic islet (Fig. 3D). This automated 
device generates droplets by the alternating inputs of 
aqueous and oil phases and can precisely control drop-
let size, oil spacing, and the ratio of sample and reference 
droplets. Based on homogeneous immunoassay, the chip 
can quantify insulin secretion from single pancreatic 
islets directly from droplets using the optical readout. 
Using this system, the quantitative measurement of GSIS 
can be completed with a temporal resolution of 15 s and 
rapid insulin oscillations reflect the changes of intracel-
lular calcium signals. In addition, the sensitivity of the 
system is very high and the detection limit is as low as 10 
amol per droplet.

Scalable manufacturing of chip for insulin assessment
Although microfluidic chip has many advantages in eval-
uating the function of the islet of Langerhans, traditional 
methods are still widely used due to the complexity of 
serial real-time dynamic detection on-chip and the diffi-
culty of large-scale manufacturing of microfluidic chips. 
By integrating scalable manufacturing materials and 
based-fluorescence anisotropy on-chip immunoassay, 
Parker et  al. [47] fabricated an islet-on-a-chip platform 
with automatic islet loading, stimulation, and insulin 
quantification (Fig.  3E). The chip was fabricated from 
polycarbonate material using a computer numerical con-
trol mill. The chip has 4 main parts: the islet and glucose 
inlet (for introducing islets and solutions), the culture 
area (containing 16 traps set for islet trapping), FITC-
insulin and antibody inlets and mixing channels (for 
FITC-insulin and antibody pumping and mixing), and a 
glass capillary (for insulin quantification). Islets that sus-
pended in the insulin-free medium are pumped through 
the islet inlet and captured in the islet traps. At this point, 
the islet outlet is opened to permit excessive islets to flow 
out. The islet outlet is closed after the traps are filled 
with islets. Concentration-dependent dynamic glucose 
stimulation of trapped islets is obtained by simultane-
ously pumping different flow ratios and different concen-
trations of glucose at the inlet. In the process of glucose 
stimulation, FITC-labeled insulin and insulin antibody 
are introduced and mixed with insulin secreted from the 
trapped islets. Finally, concentration of insulin secreted 
from the trapped islets is instantly and continuously 

monitored by fluorescence anisotropy. The thermoplastic 
microfluidic chip enables full automation from islet load-
ing to insulin quantification. Most importantly, the chip 
could be large-scale manufacturing, which will accelerate 
quantification of massive islets on diabetes treatment.

Other functional evaluations of islets
Regarding the functional evaluation of pancreatic islet, 
while many researchers focus on insulin secretion, others 
are interested in studying the other features of islet, such 
as physiological or pathophysiological behavior [36, 48], 
glucose-stimulated  Ca2+ response [49], the role of amino 
acids in regulating hormone release [50], and the parac-
rine interaction in cells of islet [51].

To study the physiological changes of single islets in 
health and disease, Wang et  al. [48] fabricated a micro-
fluidic array for live-cells multi-parameters imaging 
(Fig.  3F). The array contains 300 trapping sites. The 
U-cup shaped pocket trap site has a diameter and depth 
of 250 and 275 μm, respectively, and the size of the pocket 
gradually decreases from 250 μm to 45 μm from top to 
bottom. There exists a cross-flow channel overhead the 
pocket for continuous perfusion of solution. The design 
of the array achieves 95% capture efficiency of pancre-
atic islets, and provides precise control of flow dynamics, 
speeds up solution delivery, shortens stimulus response 
time, and improves the sensitivity and accuracy of the 
assay. Importantly, the device enables the monitoring of 
a lot of single islets by live-cell multiparametric imaging, 
which is very useful for evaluating islet viability and func-
tion, and screening antidiabetic drugs.

When β-cells are stimulated by high concentrations of 
glucose, they respond by membrane depolarization [52]. 
When cells are stressed or damaged, the glucose meta-
bolic and  Ca2+ responses of pancreatic islet are lost. To 
prevent shear-induced damage to cells in the perfusion 
system, Rocheleau et  al. [49] developed a platform to 
capture islets in continuous cup-shaped nozzles for the 
assessment of islet function (Fig. 3G). The platform con-
sists of a 125 μm high channel with multiple cup-shaped 
nozzles (300 μm wide and rounded to 50 μm) sequentially 
connected through bypass channels. This design allows 
islets to flow into cup-shaped nozzle and be captured by 
the openings (50 μm wide). When the opening of cup-
shaped nozzle is blocked by an islet, continuous medium 
flow through the bypass channel. Meanwhile, the flow 
rate around the perimeter of islets is limited while the 
flow of medium through the tissue is enhanced. Impor-
tantly, when the islets are treated with this platform, the 
morphology of endothelial cells is enhanced and the glu-
cose-stimulated  Ca2+ is unaffected.

It is hypothesized that amino acids released from islet 
or intrapancreatic neurons cells could regulate secretion 
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of hormones. In contrary to the well-known mechanism 
of GSIS, the role of amino acids in regulating islet hor-
mone release is still unclear. To investigate the role of 
amino acids in autocrine and paracrine of islet physiol-
ogy, Roper et  al. [50] fabricated a microfluidic platform 
to perform online monitoring of amino acid secretion 
profiles in response to glucose stimulation (Fig. 3 H). This 
device consists of an islet chamber (to perfuse stimu-
lants) with a diameter of 600 μm and an amino acid quan-
tification system integrated on a single microchip. The 
device is equipped with a voltage of -15 kV for the rapid, 
high-efficiency separation of amino acids. By optimizing 
the constituents of derivatization and separation solu-
tions, islets are prevented from settling into the channel, 
allowing serial monitoring of insulin secretion for more 
than two hours. Using the device, 10 amino acids are sep-
arated from a mixture of 18 with a detection limitation 
ranging from 1 to 20 nM. The secretion rates of 9 kinds of 
amino acids secreted from islets are obtained by the grav-
ity-driven perfusion device pumping 3 mM and 20 mM 
glucose to stimulate islets. Therefore, this device can be 
used to track amino acid secretion from islets and evalu-
ate the function of islet.

While researchers have developed a number of micro-
fluidic chips to monitor hormone secretion from pan-
creatic islet, none of them could monitor more than 
two hormones simultaneously. Hence, surface plasmon 
resonance imaging (SPRi) is an efficient tool for research 
the interaction of surface biomolecules, enabling high-
content and multiplexed biomolecule quantification. By 
properly implementing hormones on a sensing surface, 
Tabrizian et  al. [51] established a SPRi-based biosensor 
device for the simultaneous assessment of 3 islet secre-
tions (Fig. 3I). The surface of this biosensor is composed 
of a hybrid self-assembled monolayer of  CH3O-PEG-SH 
and 16-mercaptohexadecanoic acid, which exhibits 
excellent antifouling properties. The design enables the 
application of the biosensor for the detection of complex 
matrix. This biosensor has excellent antifouling perfor-
mance and specificity, showing an ignorable response 
to bovine serum albumin (1 mg  mL− 1) and a very low 
response to lysozyme. In addition, the detection limits of 
the biosensor for insulin, glucagon and somatostatin are 
1 nM, 4 nM, and 246 nM under a multiplex mode and the 
total analysis time is within 21 min. This biosensor device 
provides the promise to monitor the paracrine effect of 
somatostatin on GSIS and to discover novel drugs for the 
treatment of DM.

Chip for diabetes‑related disease modeling
Much knowledge about DM and its treatment comes 
from animal models that are ‘humanized’ by implant-
ing human primary lymphocytes or hematopoietic stem 

cells. However, there are many limitations in filling the 
translational gap between human research and clinical 
trials [53] due to the distinct differences between humans 
and animals in terms of islet structure [54], metabo-
lism [55, 56], and general immune responses [57]. The 
emergence of organ-on-a-chip as an animal surrogate 
model plays a vital role in disease modeling due to its 
high reproducibility and ability to mimic the real human 
organ structure and function [58–60]. The pancreatic 
islets-on-a-chip platform, as a disease model, has facili-
tated recapitulating the state of pancreas-related diseases 
and studying the effects of drug treatment, such as cystic 
fibrosis (CF) and type 2 DM.

CF is a genetic disorder due to the dysfunction of cystic 
fibrosis transmembrane conductance regulator (CFTR). 
CF-related diabetes, the complication of CF, is a com-
mon fatal disease. People with CF have a 5% increased 
risk of diabetes per year, reaching 50% at the age of 40 
[61]. As many as 2% of children, 19% of adolescents, and 
50% of adults with CF are affected by CF-related diabetes 
[62]. One hypothesis is the insulin-producing islet locate 
adjacent to the pancreatic duct, and CF may impair 
intercellular signaling between islet cells and pancreatic 
duct epithelial cells. To further explore this possibility, 
Naren et  al. [63] developed a co-culturing pancreas-on-
a-chip platform. The customized platform consists of an 
upper layer with a cell culture chamber (for pancreatic 
ductal epithelial cells culture), a lower layer with a cell 
culture chamber (for pancreatic islet cells culture), and 
a porous membrane to separate the two chambers into a 
dual-chamber chip (Fig. 4 A). The results show that the 
absolute amount of insulin is reduced by 50% when the 
function CFTR is inhibited. Although this chip cannot 
fully mimic the physiological and pathological of in vivo 
pancreatic system, this finding reveals that the critical 
role of CFTR in maintaining endocrine function, which 
will offer important insight into the etiology of CF-
related diabetes. In addition, this system can be used to 
study CF-related diabetes and glucose imbalance, meas-
ure the variability of blood glucose, determine the corre-
lation between glucose levels and CFTR mutation type, 
and screen small-molecule drugs that improve glucose 
abnormalities in individuals with CF.

Recently clinical studies revealed that the number 
of type 2 DM patients associated with multiple organ 
complication is increasing [64–66]. Pancreas and liver 
are two important organs for maintaining blood glu-
cose homeostasis and their microphysiological co-cul-
ture system provides an in  vitro platform to simulate 
type 2 DM. To study the long-term interaction of physi-
ology between pancreas and liver, Abdersson et al. [67] 
developed a two-organ chip system of islet and liver 
microtissues. The microphysiological two-organ chip 
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contains two spatially separated chambers for cul-
turing organ equivalents, and the two chambers are 
interconnected by a microfluidic channel (Fig.  4B). 
For glucose tolerance test, insulin released from islet 
spheroids under different glucose level showed that 
functional coupling contributes to the uptake of glu-
cose by liver microtissues. Co-culture system of islet 
and liver microtissues maintained normal postprandial 
glucose concentrations (normal postprandial glucose 
concentration in humans: 5.9 ± 0.6 mM) in circulation, 
whereas the glucose concentrations in both mono-cul-
tures (pancreatic islet-on-a-chip and liver-on-a-chip) 
remained at a higher glucose concentration (11 mM 
glucose in the medium:). These results showed that 
insulin secreted from islets stimulates liver microtissues 

to take up glucose, which cannot effectively consume 
glucose without insulin. Insulin secretion was reduced 
with decreasing glucose concentration, indicating that 
there is a functional feedback loop between the liver 
and islet spheroids. Therefore, by integrating a device 
that induce impaired glucose regulation can make this 
model an in vitro human type 2 DM platform. Although 
the two organs chip model allows the routine interroga-
tion of cellular crosstalk, it fails to accurately control 
human organ-specific features and reproduce similar 
signaling feedback loops in  vivo because of the mixed 
cell lines used.

To reproduce the human liver-pancreatic islet dual-
organ feedback platform in normal and diseased 
states, Qin et  al. [68] developed a new microfluidic 

Fig. 4 Pancreatic islets-on-a-chip for disease modeling. A Pancreas-on-a-chip co-culture system for researching cystic fibrosis-related diabetes.  
Reproduced with permission from Ref. [63]. B Islets and liver microtissues on-a-chip for studying type 2 diabetes mellitus. Reproduced with 
permission from Ref. [67]. C The microfluidic multiorganoid system for the interaction of liver and islet organoids in normal and disease states. 
Reproduced with permission from Ref. [68]
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multiorganoid system (Fig. 4 C). The circulatory perfu-
sion system consists of two compartmentalized areas 
connected by multiple microchannels and enables the 
3D co-culture of liver and islet microtissues for more 
than 30 days. Transcriptome analysis revealed that 
metabolism-related signaling pathways were activated 
in co-cultured organoids. What’s more, in glucose tol-
erance test, the multiorganoid system increased the 
sensitivity of GSIS of islet microtissues and enhanced 
glucose consumption by liver microtissues. Notably, 
both liver and islet microtissues exhibited defective 
function of mitochondrial and reduced glucose metab-
olism capacity under high-glucose culture, which were 
mitigated by metformin. Therefore, the multiorganoid-
on-a-chip platform can reproduce the interaction 
between liver and islet microtissues under normal and 
disease conditions, providing an efficient system for 
in vitro studies of diabetes.

Chip for drug screening
Currently, the in  vitro evaluation of diabetes drugs is 
performed using mostly traditional two-dimensional cell 
culture methods. With increasingly in-depth research, 

two-dimensional cell culture technology has been contin-
uously improved, but this single-layer, flat-plate in  vitro 
static cell culture platform is difficult to reproduce the 
complex three-dimensional physiological environment in 
the body. Microfluidic chips have the ability to precisely 
control cell culture microenvironment and simulate the 
morphology and function of in  vivo organ due to their 
flexible structural design and large-scale integration [69]. 
The rapid development of organ-on-a-chip makes it a 
powerful tool for tissue and organ simulation, which can 
be applied in drug screening [59, 60, 70].

As we recapitulate in the last section, the co-culture 
system of islets and other organs is an efficient disease 
modeling platform. In summary, most commonly used 
co-culture system to study the impact of organ crosstalk 
in type 2 DM including duct- and pancreatic islets-on-a-
chip [63], liver- and pancreatic islets-on-a-chip [67, 68]. 
Fat is one of the most important tissues in the develop-
ment of diabetes. To explore the interaction between fat 
and pancreatic islets in pathological conditions and to 
perform drug evaluation, Liu et al. [71] established a fat 
and pancreatic islet 3D double-organ chip. The chip con-
sists of two chambers: one for adipose tissue culture (the 

Fig. 5 Pancreatic islets-on-a-chip for drug screening. A The fat and islet 3D double-organ chip for multiplexed assessment of type 2 diabetes drugs. 
R eproduced with permission from Ref. [71]. B Endocrine system on-a-chip to screen antidiabetic drugs. Reproduced with permission from Ref. [72]
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diameter and height are 6 mm and 2 mm, respectively) 
and another for islet tissue culture (the diameter and 
height are 8 mm and 2 mm, respectively) (Fig. 5 A). There 
exists a polycarbonate membrane with a pore size of 
10 μm between the channel and the tissue culture cham-
ber to prevent the direct impact of fluid on the tissue. By 
analyzing the secretion of inflammatory factors such as 
adiponectin, interleukin 6 and interleukin 1β in adipo-
cytes and pancreatic islet cells, insulin secretion ability, 
damage of islet cells, and inflammatory response can be 
analyzed in the system. The results show that lipopolysac-
charide can cause inflammation and functional changes 
in pancreatic islet cells, and the presence of fat tissues can 
aggravate this response to a certain extent. Liraglutide 
reduces the inflammatory response of fat and pancreatic 
islet cells, which can reduce the stimulation of islet cells 
by lipopolysaccharide and adipose tissue to improve the 
function of islets. This fat and islet 3D double-organ chip 
can be applied to the multiorgan disease response caused 
by the interactions among tissues, exhibiting high poten-
tial as a key tool for drugs assessments for systemic meta-
bolic diseases such as type 2 DM.

β-Cells in the pancreatic islet secrete insulin, while 
L-cells that stimulate insulin secretion are located in the 
small intestine. By measuring the effects on the produc-
tion of glucagon-like peptide-1 (GLP-1) and insulin from 
GLUTag cell line and β-cell line under glucose-stimulated 
conditions, Park et al. [72] developed a co-culture small 
intestine- and pancreatic islet-on-a-chip for antidiabetic 
drugs screening. The chip contains an inlet (for medium 
inflow), a bubble trap district (for trapping bubbles), two 
chambers (for cell culture) and an outlet (for medium 
collection) (Fig.  5B). After three days of culture, both 
GLUTag and INS-1 cells formed aggregates and showed 
good viability (> 95%) and 3D cell morphology. The 
results showed that INS-1 cells co-cultured with GLUTag 
cells produced more insulin when stimulated with glu-
cose. Furthermore, this small intestine- and pancreatic 
islet-on-a-chip showed faster saturation of insulin level 
at high glucose concentrations. Therefore, this system 
is a useful tool for the measurement of glucose-depend-
ent dynamic changes in endocrine hormones and for 
the screening GLP-1 analogs and natural insulin for the 
treatment of DM.

Chip for quality control of islets for cell therapy
Pancreas or islet transplantation to replace β-cells is cur-
rently the only long-term effective treatment for insu-
lin-dependent DM patients. Despite good results after 
transplantation, pancreas transplantation is a major 
operation and may introduce serious complications. 
What’s more, the scarcity of donor organs for pancreas 
transplantation is a serious challenge. In contrast, islet 
transplantation to replace β-cells is a minimally invasive 
alternative with potentially wider indications owing to its 
low morbidity [73]. The rapid development of microflu-
idic chip technology and stem cell research has generated 
organoids-on-a-chip technology, which offers a sufficient 
source of islet organoids for islet transplantation. The 
quality control of islet organoids is vital to the success of 
the treatment, as the size of islet organoids as well as the 
maturity and morphology affect the therapeutic efficacy 
[74, 75]. Therefore, strict quality control of islets is an 
essential step before implantation into patients.

To create viable and functional islets for transplanta-
tion, Lee et al. [76] established a concave microwell chip 
for co-culturing single primary islet cells and adipose-
derived stem cells (ADSCs) (Fig. 6 A). First, a mixture of 
single islet cells and adipose cells is seeded into a PDMS-
based concave microwell array (the diameter and spacing 
are 400 and 500 μm, respectively) to obtain 3D co-cul-
tured pancreatic islet spheroids. Co-cultured pancreatic 
islet spheroids form in a concave microwell array and 
are then encapsulated in microfibers on a PDMS-based 
microfluidic chip for xenogeneic transplantation. Dur-
ing islet formation in co-culture system, ADSCs segre-
gate from islet cells, and purified islet microtissues are 
eventually generated. Compared to mono-cultured islet 
microtissues, the co-cultured islet microtissues demon-
strate distinctly matured ultrastructural morphology, 
increased viability, and enhanced insulin secretion. Fur-
thermore, xenotransplantation of these co-cultured islet 
spheroids into diseased mice showed longer maintenance 
of blood glucose levels with less islet mass than the trans-
plantation of monocultured islet spheroids. Therefore, 
this method of culturing pancreatic islet spheroids can 
potentially provide reliable islets for clinical applications.

To efficiently assess islet functionality before trans-
plantation, Iwata et  al. [77] fabricated a compact fluidic 

(See figure on next page.)
Fig. 6 Microfluidic systems for quality control before islet transplantation. A The concave microwell chip for ensuring viable and function of 
islets for transplantation.  Reproduced with permission from Ref. [76]. B The compact microfluidic system called g-STAR for evaluation of islet 
functionality for transplantation. Reproduced with permission from Ref. [77]. C The wide-field lens-free on-chip imaging system for high-content 
screening of islet microencapsulation for transplantation. Reproduced with permission from Ref. [82]. D The magnetic cell sorting system to purify 
microencapsulated islets for transplantation. Reproduced with permission from Ref. [83]
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Fig. 6 (See legend on previous page.)
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device called g-STAR. The system contains two segments: 
the micromesh chip used as a fluidic device for pancre-
atic islets and the detection chip used to analyze the pat-
terns of insulin secretion (Fig. 6B). Islets are loaded onto 
the mesh sheet, and medium pumped into the chip is 
able to reach the mesh sheet quickly, suggesting that this 
chip can be used for rapid GSIS analysis. The detection 
chip allows the sequential collection of sample solutions 
without mixing with fractionated solutions in a single 
chip. The system successfully analyzes the insulin secre-
tion levels and patterns of the mouse islets, indicating its 
ability to easily and cost-effectively evaluate the quality of 
islets.

Islet transplantation has been used for the treat-
ment of DM; however, the utility is limited even with 
long-term immunosuppression due to immune rejec-
tion of recipient [78]. To overcome this issue, islets 
were encapsulated with biocompatible semiperme-
able membrane to form capsules with diameter ranging 
from several hundred microns to over 1 mm [79–81]. 
The biocompatible membrane protects implanted 
islets from attack by immune cells without affecting 
the pass through of nutrients and insulin. However, the 
size, the morphology and the position of islets within 
the microencapsulation affect the therapeutic efficacy. 
Therefore, an effective platform for the quality control 
of microcapsules before implantation is essential. To 
replace the low throughput, high variation and labor-
intensive process of the manual microscopic inspection 
of encapsulated islets, Ozcan et  al. [82] developed an 
ultrahigh-content lens-free on-chip imaging system to 
rapidly screen alginate-encapsulated islets. The system 
integrates an optical setup with an ultrawide field of 
view and a custom-designed sample chamber (Fig. 6 C). 
The lens-free optical setup has a view field of 18.15  cm2, 
allowing it to image and analyze approximately 8000 
islet microencapsulation in a single frame. Moreover, 
custom-written software for image reconstruction and 
processing provides users with detailed information on 
islet microencapsulation for transplantation, such as 
number, size and integrity of microencapsulation, and 
whether each microencapsulation contains islets. How-
ever, the system fails to identify the quality of encapsu-
lated islets, which could reduce the islet graft volume 
and immune reaction after implantation.

To exclude the empty capsule from therapeutic graft 
in DM, Pedraz et  al. [83] established a magnetic sort-
ing system for islets microencapsulation purification 
(Fig. 6D). The cross-section of the main channel of the 
magnetic purification system is 1 mm × 1 mm, and the 
cross-section of the two channels bisected from the 
main channel is 750 μm × 750 μm. The system inte-
grates a commercial neodymium magnet above the 

main channel near the bifurcation, so the magnetized 
microencapsulated islets move to top channel and 
empty capsules are evenly distributed between the two 
channels, resulting in the effective selective collection 
of magnetized samples in top outlet. Using this device, 
the graft volume of alginate microencapsulated islets 
and alginate-poly-L-lysine-alginate microcapsules was 
reduced by 77.5% and 78.6%, respectively. After sub-
cutaneous implantation of purified alginate-poly-L-
lysine-alginate microencapsulated pancreatic islets into 
Wistar rats with diabetes, blood glucose level returned 
to normal (< 200 mg/dL), and this effect lasted for 
nearly 17 weeks.

Conclusion and outlook
Pancreatic islet organoids-on-a-chip as a new organoid 
culture and disease model platform is receiving exten-
sive attention from researchers, perhaps this system 
can revolutionize the basic research and treatment of 
diabetes-related diseases. In this review, we recapitulate 
organoids-on-a-chip in the study of islet differentiation, 
maintenance and functional evaluation. We also present 
the applications of islet organoids-on-a-chip platform in 
disease modeling, drug screening and cell replacement 
therapy.

One advantage of islet organoids-on-a-chip is the abil-
ity to precisely control fluidic flow in channels, thereby 
enhancing the function of islets and maintaining its long-
term viability [84]. For example, the morphology and 
function of islets can be maintained for as long as one 
month by optimizing the flow conditions of a microflu-
idic perfusion culture device [23]. Furthermore, hydrody-
namic interactions between different gases, metabolites 
and cells inevitably affect islet viability and function, 
while well-designed architecture of organoids-on-a-chip 
using computational modeling allows precisely control 
of flow to eliminate these effects. By integrating analyti-
cal approaches (e.g., Raman microspectroscopy) with 
organoids-on-a-chip, the function of islet can be assessed 
fully automatically in real time. Another advantage of 
islet organoids-on-a-chip is its potential for wide use 
in biomedical research. Islet organoids-on-a-chip has 
more advantages than current animal models in drug 
screening owing to the poor correlation between ani-
mal experimental results and the data of clinical human 
trials, which is caused by key disease pathways of inter-
species differences [85]. Finally, the application of islet 
organoids-on-a-chip platform to stem cell differentia-
tion can potentially not only offer a sufficient source of 
high-quality islet organoids for islet transplantation, but 
also permit to study the molecular mechanisms of islet 
development to better prevent and treat pancreas-related 
diseases.
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Although the field of islet organoids-on-a-chip is mov-
ing ahead at an impressive speed, it is still in early stage 
and there are many challenges to overcome before wide 
application. One key challenge is material to be used in 
rapid prototyping of chip, such as PDMS. It has been 
shown that PDMS assimilates hydrophobic molecules 
when be applied in cell culture substrates and drug 
screening devices, which may lead to a decrease in effec-
tive drug concentration and pharmacological activity 
[86, 87]. Polyurethane elastomer, an attractive alternative 
material, has similar properties to PDMS in optical trans-
parency, flexibility and castability, but it is also resist-
ant to absorption of small hydrophobic molecules [88]. 
What’s more, Polycarbonate as a scalable manufacturing 
material has been applied into the fabrication of micro-
fluidic chip [47]. While continuous perfusion based on 
microfluidic systems generally supports long-term sur-
vival and real-time assessment of cells, air bubbles gen-
erated in the channels can hamper the control of chips 
and cause damage to cells, and these bubbles are usually 
difficult to eliminate. Fortunately, many researchers have 
developed a variety of methods to eliminate bubbles gen-
erated in microfluidics, such as by regulating the inter-
nal wettability [89], channel structure [90–92] and liquid 
flow rate [93]. Additional challenges include prevent-
ing microbial contamination, providing stable and con-
tinuous supply of nutrients to islet organoids, retrieving 
islet organoids from chips, and controlling interactions 
between cells and cells, and cells and ECM (extracellular 
matrix). With the development of material science and 
manufacturing technology, these problems may be solved 
by designing rational structures and utilizing advanced 
processing methods.

Opportunities often come with challenges. The devel-
opment of the organoids-on-a-chip platform integrated 
with stem cell technology and materials science may 
allow us to overcome the abovementioned challenges. 
Achievements in the field of islet organoids-on-a-chip 
may provide a new theoretical basis for clinical treatment 
strategies for diabetes. We believe that the organoids-on-
a-chip systems will eventually support the application of 
islet organoids in the new era of personalized and precise 
medicine in the near future.
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