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Abstract 

Diabetes is a severe and complex disease with high prevalence worldwide. In the last few 

years, scientists have worked hard to understand the physiopathology of the disease, develop 

new treatments and diagnosis tools, and improve the quality of life of diabetic patients. 

Recently, there has been increased focus on using microfluidic technologies in biomedical 

applications, especially in diabetes research. In this chapter, we present an overview of the 

main microfluidic technologies related to diabetes research and how they can help solve 

several of the issues associated with this disease. We start by introducing diabetes, its 

characteristics, and its treatments. We continue with microfluidic concepts and the materials 

and manufacturing methods used to develop the microdevices. The main section of the chapter 

is dedicated to applications of microfluidic technologies in diabetes research, including sensors 

and diagnosis tools, pancreatic cell encapsulation for transplantation and the organ-on-chip 



approach. Finally, we conclude the chapter with the perspectives for potential future 

developments in microfluidic technologies for diabetes and metabolic syndrome research. 

1. Introduction to diabetes mellitus (DM) 

The islets of Langerhans represent approximately 2% of the total pancreas and play a key role 

in maintaining glucose homeostasis within a narrow physiological range 1. Blood glucose levels 

are controlled by two antagonistic hormones secreted by pancreatic α- and β-cells (Figure 1). 

In fasting periods with low plasma glucose levels, α-cells secrete glucagon to stimulate hepatic 

glycogenolysis and gluconeogenesis, thereby increasing blood glucose levels. Insulin 

secretion from β-cells is stimulated when glucose levels are elevated. Insulin release activates 

the uptake and storage of glucose in the muscle, fatty tissue, and liver through glycogenesis, 

thus lowering blood glucose levels 2,3. Disrupted insulin secretion and/or insulin-target organ 

interaction leads to permanent hyperglycaemia (high levels of blood glucose) and diabetes 

(Figure 1) 2. 

Diabetes mellitus (DM) is the most significant dysfunction of the pancreas. According to the 

World Health Organization (WHO) definition, DM is a chronic disease occurring when the 

pancreas does not produce enough insulin, or none at all, or when the body cannot use the 

insulin secreted 4,5. In the most recent report (Diabetes Atlas 2019), published by the 

International Diabetes Foundation (IDF), it was estimated that approximately 463 million 

people (1 in 11 adults) have diabetes worldwide and, worryingly, that 578 and 700 million will 

be affected by 2030 and 2045, respectively 6,7. Diabetes is now one of the largest global health 

concerns. In 2019, the IDF estimated that 4.2 million deaths among adults (20–79 years) can 

be attributed to diabetes 6,8. The WHO ranked diabetes among the top ten causes of death in 

2019 5. Diabetes is also associated with multiple complications, such as blindness, kidney 

failure, cardiovascular disease, sexual dysfunction, neuropathy, lower limb amputations and 

peripheral vascular disease 9–11. The annual healthcare cost of diabetes was estimated at 

approximately 760 billion USD in 2019 and is predicted to reach 845 billion USD by 2045 6,11.  

DM can be classified into four categories: type 1 DM (T1DM), type 2 DM (T2DM), gestational 

diabetes mellitus (GDM), and a fourth category which includes specific types of diabetes due 



to other causes such as genetic mutations, diseases of the exocrine pancreas and drug 

exposure 12. T1DM and T2DM alone account for 90% to 95% of all diagnosed cases worldwide 

13. 

Figure 1 here 

 

1.1. Type 1 diabetes mellitus (T1DM) 

T1DM is an autoimmune disorder in which insulin-secreting pancreatic β-cells are destroyed, 

usually by autoimmune inflammatory mechanisms, resulting in a lack of insulin production 3,4. 

This autoimmunity is due to a combination of genetic susceptibility and a host of environmental 

triggers such as diet, viruses, stress, and exogenous toxins 11. The incidence of T1DM is 

increasing worldwide and is estimated to account for up to 10 % of diabetic patients, mostly 

children and young adults 13. In addition to high blood sugar, T1DM patients present the classic 

symptomatology including polyurea, polydipsia, fatigue, loss of weight and blurred vision 6. 

T1DM is an incurable disease. Currently, the most effective treatment is the daily 

administration of exogenous insulin 11. Conventionally, insulin is administered in subcutaneous 

injections (with syringes) several times per day 3,13. The blood glucose level is constantly 

monitored using a glucometer to help adjust the doses of insulin. Insulin can be also 

administered via an insulin pump which provides constant control of the insulinaemia, 

mimicking the glucose concentration patterns provided by a healthy pancreas 13,14. Among 

other strategies for T1DM treatments, whole pancreas and islet of Langerhans transplants are 

an effective solution for restoring normoglycaemia 3,14. However, due to the shortage of donors, 

the reduced number of viable extracted islets, and the need for continuous 

immunosuppression, the use of these strategies remains insignificant compared to the total 

diabetic population 3,11,13,14. 

 

1.2. Type 2 diabetes mellitus (T2DM) 

 T2DM, the most common form of diabetes, comprises approximately 90% of total diabetic 

patients (415 million people worldwide), particularly adults aged 20-79 years 6. It is named the 



disease of the century, because its prevalence has increased exponentially in recent decades.  

T2DM is a complex pathology caused by insulin resistance and impaired insulin secretion 15. 

Insulin resistance is characterised by the incapacity of insulin-sensitive organs (mainly the 

liver, muscles and adipose tissue) to uptake and properly metabolize glucose caused by 

impaired insulin action11,15. In the history of T2DM, plasma insulin level usually augments in 

response to insulin resistance as the result of a rise in insulin production and β-cell mass. 

Increase of insulin production is crucial for compensating the hormone demand caused by 

insulin resistance. T2DM ensues when the pancreatic β-cell fails to produce insulin at sufficient 

quantity for lowering blood glucose levels (loss of β-cell mass, severe β-cell dysfunction) 13,15,16. 

Several factors play a role in increasing the risk of developing T2DM: genetic factors, age, 

obesity, unhealthy lifestyles and lack of physical activity 11,15. The treatment of T2DM involves 

lifestyle modifications and antidiabetic drug therapy including orally-delivered medicines such 

as metformin, sulfonylureas, glinides, gliptines, glitazones and SGLT2 inhibitors, and 

glucagon-like peptide-1 (GLP-1) receptor agonists. Insulin injection is used when drug therapy 

fails to control glycemia 15. 

 

1.3. Gestational diabetes mellitus (GDM) 

GDM is defined by impaired glucose tolerance that is discovered for the first time during 

pregnancy. It is generally diagnosed in the second or third trimester of pregnancy 17,18. 

According to the most recent IDF Diabetes Atlas (2019), 14.4% of pregnant women develop 

GDM (approximately 17 million births affected worldwide annually) 6. In most cases of GDM, 

the glucose intolerance is related to insulin resistance and β-cell dysfunction 18,19. The 

gestational diabetes risk factors include obesity, advanced age, excessive gestational weight 

gain, ethnicity, history of previous GDM, and a family history of TD2M 19. The treatment of 

GDM consists of lifestyle adjustments and the pathology usually resolves once the pregnancy 

ends 4. However, GDM is associated with several adverse outcomes, such as pregnancy 

complications, and an increased risk of developing T2DM and cardiovascular disease for both 

mother and child 18. 



1.4. Other specific types of diabetes 

In addition to common T1DM/T2DM and GDM, there are several other rare forms of diabetes 

with other causes. These forms of diabetes are caused by genetic defects in β-cell function or 

insulin action (monogenic diabetes), diseases of the exocrine pancreas (cystic fibrosis-related 

diabetes), endocrinopathies, drugs and chemicals, infection (congenital rubella, 

cytomegalovirus) and uncommon autoimmune forms (different from those implicated in T1DM, 

such as latent autoimmune diabetes in adults, LADA) 6,17,20. Of the rare forms of diabetes, 

monogenic diabetes (neonatal diabetes and maturity onset diabetes of the young, MODY) is 

the most common, representing approximately 2% of total diabetes cases 6,20.  

 

2. Microfluidic technology 

Microfluidics refers to the manipulation and study of small-scale volumes (between microlitres 

and femtolitres), using devices composed of micro-structures with dimensions in the tens to 

hundreds of micrometre range 21. Microfluidic technology makes it possible to miniaturise 

conventional laboratories in a micro-scale version with the same functionality 22. Thanks to 

miniaturisation, the increase in the surface-to-volume ratio, and the continuous mode of 

operation, microfluidic devices have many advantages: reduced time and cost of the 

experiments, rapid analysis, precise control, optimisation of interactions, and enhanced 

functionality and reliability 21,23–25. Furthermore, microdevices can be easily tuned by 

incorporating sensors, detectors, valves, pumps and electronics 24,25. 

Microfluidic technology has grown exponentially and made considerable progress in the last 

20 years. Nowadays, it covers a wide range of fields in the chemical, pharmaceutical, 

healthcare and food industries. Depending on the application and/or functionality, microfluidic 

devices can be called microreactors (chemistry), lab-on-chip (analysis, diagnosis) or organ-

on-chip (cell, tissue and organoid culture) 26.  

 

 

 



2.1. Materials for microfluidic devices 

In microfluidics, the choice of material is fundamental and depends on the application. Several 

parameters regarding material properties must be considered: ease of fabrication, physical 

and chemical properties, chemical inertness, transparency, biocompatibility, and gas 

permeability 27–29. Since the emergence of microfluidic technology, the materials used to 

construct microdevices have been varied and can be classified into three groups: inorganic, 

organic, and hybrid/composite materials 24,30. Inorganic materials, especially silicon and glass, 

were among the earliest materials used in microfluidics as they are widely used in micro-

electro-mechanical systems (MEMS) 31. Silicon and glass have several suitable 

characteristics, such as stability at high temperatures, excellent resistance to solvents and 

pressure, and good surface stability 25,30. Both materials have been used to manufacture 

microdevices in several fields, particularly for applications requiring the use of high 

temperatures and pressure, and aggressive solvents 24,26,32,33. Nevertheless, silicon and glass 

present some limitations including high costs, manufacturing and bonding difficulties, and no 

permeability to gas (unsuitable for biological/medical applications) 26,33. 

Polymers (organic materials) have played an important role in microfabrication and prototyping 

in the last 15 years 32. Polymers have many advantages for manufacturing microfluidic devices 

as they are inexpensive, easy to access, and suitable for mass production processes. They 

also offer a large choice of physical, chemical and surface properties through adaptable 

formulations and easy chemical modifications 24,26,32. The commonly used polymers in 

microfluidic device fabrication are polydimethylsiloxane (PDMS), poly(methyl methacrylate) 

(PMMA), cyclic olefin copolymer (COC), polycarbonate (PC), polystyrene (PS), thermoset 

polyester (TPE), poly(vinyl chloride) (PVC), polyurethane (PU) and polytetrafluoroethylene 

(PTFE) 24,26,30,32–34. Paper, a natural, cellulose-based and biodegradable material, is also a 

promising low-cost substrate for microfluidics, especially in point-of-care (POC) diagnosis 

device manufacturing 35. Among organic materials, PDMS is the most frequently used in 

microfluidic devices for biological and biomedical applications due to its key properties: high 

gas permeability (suitable for long-term cell cultures), biocompatibility, and good transparency 



30. However, several disadvantages are associated with using PDMS: non-specific adsorption 

of molecules, absorption of less hydrophobic molecules and incompatibility with many solvents 

32. The elastomer perfluoropolyether (PFPE, fluorinated polymer) appears to be an excellent 

alternative to PDMS in biological applications, because of its gas permeability and chemical 

inertness 36–38. 

In recent years, microfluidic devices from hybrid materials have been developed to improve 

device functionality and overcome the limitations of certain materials 24,26,30. This approach 

consists in combining several materials to develop more advanced microdevices such as 

PDMS-glass, PDMS-PC and PDMS-NOA81 (Norland Optical Adhesive 81) devices 39–42.  

 

2.2. Fabrication techniques for microfluidics devices 

Depending on the material used, a variety of microfabrication methods are available to create 

the patterns in microfluidic devices such as etching, micromilling, blasting, laser ablation, 

optical and soft lithography, stereolithography, hot embossing, and injection molding 26,43,44. To 

manufacture microstructures in silicon and glass substrates, etching is the most commonly 

used technique 26,45. In this process, the undesirable material is removed using corrosive liquid 

chemicals (e.g., hydrofluoric acid, wet etching) or gases (e.g., octafluorocyclobutane C4F8 or 

carbon tetrafluoride CF4, dry etching) 46. Several other techniques can be used to pattern 

silicon and glass: substrate erosion by powder blasting, micromilling and laser drilling 45,46. 

There are several methods for sealing glass and silicon microfluidic devices, including thermal 

compression, anodic and adhesive bonding 45.  

For polymer-based microdevices, the microfabrication process depends on the polymer type: 

elastomer or thermoplastic. PDMS elastomer, the most common microfluidic substrate, is 

mainly micro-structured by means of simple soft lithography, a low-cost, easy-to-use process 

that produces high-resolution replicas (Figure 2) 26,44. In soft lithography, the desired patterns 

are first fabricated on molds (master) which serve as the pattern transfer agent for the PDMS. 

Then, the PDMS pre-polymer is poured on to the master and heat-cured to replicate the shape. 

The patterned PDMS layers can easily be irreversibly sealed to each other or to glass with 



plasma treatment 26,47. Polymer photoresists (e.g., epoxy SU-8) are usually used to produce 

the mold using the photolithography process (Figure 2) 31,48. Photolithography can also be used 

for the direct manufacture of microfluidic devices from photosensitive materials such as SU8 

and thiolene polymers 24,29.  

Various processes have been used to manufacture microfluidic devices with thermoplastic 

polymers (PMMA, PC, PS, COC, PFA), including hot embossing, injection molding, 

micromilling, and laser ablation. The most commonly used methods are injection molding and 

hot embossing, which are adapted for mass production 43,44. Hot embossing involves pressing 

the mold into a thermoplastic sheet (using a hydraulic press) at a temperature higher than the 

softening temperature for the plastic (Figure 2). The resulting thermoplastic microdevice is the 

exact mirror of the mold. In the injection molding process, thermoplastic pellets are introduced 

into the mold’s heated cavity under pressure. The microfluidic device with the desired patterns 

is obtained after cooling the mold (Figure 2) 26,48. 

Figure 2 here 

 

3. Microfluidic lab-on-chip for analysis and diagnosis in diabetes 

Lab-on-Chip (LoC) are micro-engineered devices with integrated biosensors minted to replace 

conventional laboratory tests with their integrated, automated, and parallelised biochemical 

assays. The aim of those miniaturised platforms is to provide high sensitivity, simplicity of use, 

and instant results with a cost-effective scheme 49–51. Since the publication of the first biosensor 

concept in 1962, consisting of an oxygen electrode for glucose measurement, glucose sensors 

have become the point-of-care devices (PoC) the most studied and used worldwide 52. 

Biosensors can be defined as analytical devices with a biocatalyst capable of detecting a 

biological signal coupled to a transducer that converts the signal produced during the 

interaction of the biocatalyst and the analyte into a detectable parameter (Figure 3) 53.  

The bio-analyte can come from a wide range of molecules, such as RNA, DNA, enzymes, 

metabolites, and oligonucleotides. These analytes will interact with specifically-designed 

biorecognition elements consisting of enzymes, antibodies, aptamers, nucleic acids, or cells. 



It is noteworthy that aptamers belong to the new generation of bioreceptors composed of 

artificial single-stranded DNA or RNA ligands that can bind to amino acids, proteins, or large 

molecules. These synthetic macromolecules have high affinity and specificity thanks to the 

stable secondary structure that can be functionalised to attain a stronger binding force 54–56. 

On the other hand, the transducer part of the biosensor can be categorised as optical, 

piezoelectric, calorimetric, electrochemical, acoustic, etc, and the bioreceptors immobilized on 

various substrates such as electrodes, nanowire arrays, transistors, or nanoparticles (Figure 

3). Then, the signal is converted to digital, amplified and processed before being displayed 55. 

Thanks to integration of analytical tools, LoC platforms have become the most important field 

of application for microfluidics, providing a sophisticated approach for sample preparation, 

separation, and detection 50.  

LoCs are trending PoC diagnosis devices due to their versatility, reliability, simplicity, cost-

effectiveness, and portability. In recent years, microfluidics have played a crucial role in the 

development of PoC devices for chronic diseases, with numerous approaches covering both 

diagnosis and management applications 57. Currently, the gold standard in diabetes detection 

and aetiopathogenic group classification is quantification of glucose and insulin levels in blood 

samples 58. Unfortunately, these two parameters are not considered specific biomarkers for 

early detection of DM 59–61. This is particularly true of measuring blood insulin levels, as the test 

is often carried out when the patient already presents symptoms typical of the disease 62,63. 

However, studies have shown that markers such as C-peptide (a byproduct of insulin 

production), glycosylated haemoglobin (HbA1c), glycated human serum albumin (HSA), C -

reactive protein (CRP), and adiponectin are key indicators for early DM detection 57,64,65. 

Figure 3 here 

 

3.1 Microfluidic-based methods for DM diagnosis 

3.1.1 Paper-based analytical device (μPAD) for glucose measurement 

To tackle one of the major drawbacks of current glucose measurement methods, paper-based 

analytical devices (μPAD) have shown great potential for rapid and low-cost detection. Their 



compatibility with commercial printing technology and good limit of detection (LOD) ranges 

make them a fast diagnostic tool for glucose detection and monitoring 58,66. The main 

advantage of μPADs compared to glucose meter test strips is their ability to confine a small 

amount of sample thanks to the hydrophobic barrier in a hydrophilic cellulose-based device. 

This drastically improves the efficiency and control of reagents, making it possible to parallelise 

and measure multiple analytes at the same time 57. 

Many original approaches have been reported in the last decade to increase accuracy or 

reduce the assay time and amount of sample (Table 1) 67–70. For example, Evans et al. 

developed a filter paper-based µPAD functionalised with silica nanoparticles with the purpose 

of enhancing the colour homogeneity of colorimetric glucose detection. Their device uses a 

small size sample (10 µL) and the assay time is around 30 min 71. Meanwhile, Shechi et al., 

reported a shorter assay time (20 min) and an even smaller size sample (3 µL) but they did 

not mention the LOD of their 3D µPAD device 72. Palazzo et al., used gold nanoparticles to 

functionalise the µPAD with the aim of avoiding the colour bleaching that usually happens with 

these enzyme-based devices 73. Another approach, proposed by Kugumiya et al., combines 

spectrometric measurement of hydrogen peroxide resulting from the enzymatic reaction in the 

microfluidic chip 74. A recent breakthrough microfluidic chip was reported by Zhang et al., where 

the detection method in the colorimetric assay was performed with a smartphone application 

instead of the conventional scanner. They also used an innovative inkjet printing method for 

the fabrication, to enhance the performance of the µPAD, obtaining an LOD of 0.01 mg/ml and 

reducing the assay time to only 5 min 75.  

μPADs are definitely recognised as a breakthrough analytical platform for multiple biosensing 

applications as pointed out by Nadar et al., in a recent review, where they provide an extensive 

insight into design, fabrication, and enzyme immobilisation strategies for developing enzyme-

µPADs 76. However, despite their excellent qualities, such as the high speed and low-cost 

production processes, μPADs still have some practical issues to overcome. These are mainly 

the fragility of the material and the difficulty separating the hydrophilic regions from the 

hydrophobic ones 77,78. 



3.1.2 Lab-on-chip based devices for glucose & immune marker detection 

With the aim of revealing a reliable indicator for diabetes, an accurate and precise indicator is 

glycated haemoglobin (HbA1c). HbA1c levels are the ratio of glycated haemoglobin and total 

haemoglobin in the bloodstream, which reflects the average blood glucose level for the 

preceding 2-3 months 5,64,79. Usually, HbA1c measurement is carried out with immunoassays, 

high-performance liquid chromatography (HPLC), or mass spectrometry (MS). However, these 

methods are time-consuming and not cost-effective. The limitations related to the high cost 

and handling complexity of MS have been overcome thanks to the development of small, low 

cost, and simple operating LoC with integrated mass spectrometers which have the potential 

to make MS more accessible to clinical laboratories (Table 1) 57. For instance, Mao et al., 

reported a silicon nanoLC-MS microfluidic device to determine healthy patients from T2DM 

patients using only 5 µL of blood sample. The platform makes it possible to quantify glucose, 

HbA1c, glycated HSA, and glycated apolipoprotein A1 (apoA-1) within the same microfluidic 

device 64. In another study, Redman et al., developed a capillary electrophoresis-mass 

spectrometry (CE-MS) device to indirectly measure HbA1c through glycated β-Hb and HAS, 

also in a blood sample. Capillary electrophoresis simplifies the sample mixture and improves 

the resolution of the signal intensity 80. Independently, Li et al., developed a unique aptamer-

based microfluidic system for automatic HbA1c and Hb simultaneous measurement via 

magnetic beads. The high performance of their technology relies on reducing reagent 

consumption by 75% and time of analysis from 3h30 to 30 min when compared with traditional 

HPLC 81. Similarly, Chang et al., used an aptamer-based microfluidic system to detect HbA1c 

and Hb with high sensitivity and specificity even for a smaller sample (50 µL) in relatively 

shorter time (25 min) 82. 

In addition to HbA1c measurement for DM diagnosis, it was imperative to develop PoC 

systems for the ethiopatogenic group classification. Therefore, Zhang et al., proposed a 

plasmonic gold chip for the detection of autoantibodies against several pancreatic islet 

antigens (insulin, glutamic acid decarboxylase (GAD65) and tyrosine phosphatase islet antigen 

2 (IA2)). The plasmonic gold platform enabled simultaneous detection and quantification of 



autoantibodies to islet antigens and their isotypes with an exceptionally high specificity and 

sensitivity that cannot be reached by classic ELISA assay using only 2 µL sample 83. 

 

3.1.3 Red blood cells (RBC) deformability test 

Researchers have discovered that, in addition to the molecular biomarkers, DM detection can 

be also carried out analysing the stability and deformability of erythrocytes or red blood cells 

(RBC) (Table 1). For example, Zhan et al., proposed a microfluidic platform to study RBC 

fragility based on the characterisation of osmotic lysis kinetics from the point of view of fluid 

mechanics 84. The lysis kinetics were traced by measuring the release of intracellular contents 

using a CDD camera coupled with a microscope. The change in erythrocyte fragility after 

exposure to glucose was detected using this LoC at high sensitivity by recording the light 

intensity of the RBC at several locations in the microchannel 84. Cha et al., proposed a tool for 

measuring cell stretching based on the focusing of three-dimensional viscoelastic particles, 

with high accuracy. Moreover, the authors used the platform to monitor the decrease in 

deformability due to nutrient starvation in human mesenchymal stem cells 85. In another 

different approach, Tsai et al., developed a new method based only on stiffness of the 

“equilibrium velocity” of erythrocytes in a microchannel. The value of this approach lies in the 

elimination of viscosity, which is a time-dependent feature making it possible to evaluate cell 

stiffness alone 86. An extensive review by Bento et al. compared the different approaches 

proposed in the literature to characterise RBC deformability in a microfluidic device 87.  

 

3.2 LoC-based methods for DM management 

In DM, the continuous monitoring of blood glucose, insulin, c-peptide, and other markers at 

home is crucial for disease management. For this reason, telemedicine and the progress made 

in miniaturised cyber technology is revolutionising PoC devices for diabetes management 

(Table 1). Accordingly, Yao et al., developed a PDMS microfluidic-based telemedicine system 

for real-time insulin detection. The method for monitoring insulin is based on sandwich 

immunoassay combined with luminal-hydrogen peroxide (H2O2) chemiluminescence. With a 



photometer, the microfluidic device detects the peak value of the luminous intensity, which 

indicates the insulin concentration in the patient’s blood sample 65. Nowadays, enzyme 

electrode sensors are not widely used for continuous glucose monitoring in clinics because of 

their short lifetime, interference with the body’s bioelectricity, and, most importantly, their 

invasiveness 57. For instance, Yang et al. developed a multiple enzyme-doped thread-based 

microfluidic system with a polyvinylchloride (PVC) coated membrane for rapid and low-cost 

electrophoresis separation and electrochemical detection of glucose in whole human blood 78. 

Meanwhile, Pu et al. reported a different microfluidic chip with an integrated sensor based on 

an electrochemical electrode functionalized with graphene and gold nanoparticles (AuNPs) 88. 

The purpose of the coating combination on the working electrode was to enhance the 

resolution of glucose sensitivity. This sensor could measure glucose precisely in the linear 

range from 0 to 162 mg/dl with an LOD of 1.44 mg/dl; this novel approach has the potential for 

tackling the current clinical challenge of continuous glucose monitoring for hypoglycaemia 

diagnosis 88. In return, Yin et al., reported an optical fiber sensor integrated microfluidic chip 

for ultrasensitive glucose detection using long-period grating inscribed in a small-diameter 

single-mode fiber as an optical refractive-index sensor. Their experimental results have shown 

that such a powerful device has not only an ultralow detection limit (1 nM), but also a 

remarkably fast response time (70 s) 89. 

Table 1 here 

 

4. Microfluidic biochips for islet or β-cell encapsulation 

Transplanting islets of Langerhans or β-cells is an attractive alternative to exogenous insulin 

in the treatment of T1DM as it maintains coherent and sustained control of glucose 

homeostasis. However, the need for permanent immunosuppression limits its application 3,90. 

The encapsulation of islets/β-cells within a selectively permeable membrane is an increasingly 

prevalent method for protecting cells from immune rejection. This concept, called the 

bioartificial pancreas (BAP), provides efficient immune-isolation, while allowing the exchange 

of oxygen, insulin, hormones, and nutrients through the membrane 91,92. Depending on the 



dimensions of the BAP device, the encapsulation process can be classified in two categories: 

micro- (device size 250-1000 µm) and macroencapsulation (device larger than 1 mm) 91.  

The microencapsulation process is particularly interesting as it generates microcapsules with 

a high surface-to-volume ratio, making possible a high diffusion capacity and easy implantation 

procedures. However, there are several limitations due to the methods (extrusion, dripping and 

emulsification) used to generate microcapsules, including high polydispersity, large 

microcapsules (generally close to 1 mm) and poor repeatability 93,94. The size of the BAP plays 

a key role in the functionality and survival of the transplanted cells. Large microcapsules lead 

to limited exchange of oxygen, nutrients and insulin between the host and BAP (the distance 

between encapsulated cells and vasculature must not exceed 150-200 μm) 95,96. The limited 

oxygen and nutrient supply causes hypoxia and apoptosis, and reduces insulin secretion, 

resulting in failure of the transplant.        

Microfluidic technology offers several advantages for cell encapsulation, with a variety of 

biocompatible polymers such as polysaccharides, proteins, and polyethylene glycol (PEG). 

Microfluidic devices can produce uniform microcapsules in sub-100 micron diameters, with thin 

membranes and very low variation coefficients (< 3%) 93,94. The capsules’ diameter and 

membrane thickness can easily be tuned by varying the dimensions and geometry of the 

channels, plus the flow rate and viscosity of the polymer solution 97. Furthermore, microfluidic-

based encapsulation offers the capacity for high-throughput production with high 

reproducibility. In recent years, several studies reporting cell (including insulin-secreting cell) 

encapsulation using microfluidic technology have been published 94,95,98–103 (Figure 4A, 4B). 

Tomei et al., reported conformal coating of islets with PEG and PEG-alginate using a 

microfluidic flow-focusing method. This method minimises capsule size and thickness, which 

improves oxygen, and insulin exchange and graft volume. Transplanting microcapsules into 

the renal subcapsular space in mice makes it possible to maintain euglycaemia for 102 days 

95. Microfluidic devices were also used for hiPSC-derived pancreatic cell high-throughput 

encapsulation within alginate/chitosan. The process makes it possible to generate uniform 



microcapsules (70 µm in diameter) containing islet organoids with high expression of α- and 

β-cell markers and responsive to glucose challenges 103. 

Although small microcapsules enhance diffusion, viability, and cell functionalities, they are 

difficult to trace, replace, and retain within the implantation site. Another approach for 

developing a BAP consists of encapsulating the islets or β-cells in microfibers. The use of 

microfibers with a low diameter offers the advantage of working with devices that are easy to 

handle, while good diffusion properties are preserved 104,105. Of the methods used in microfiber 

engineering, microfluidic technology offers several advantages compared to conventional 

processes (such as electrospinning and extrusion): high reproducibility, easy customisation of 

the dimensions and morphological features, and adaptability for cell encapsulation and in vivo 

immunoprotection 106. A variety of microfluidic designs have been used to encapsulate islets, 

β-cells and other mammalian cells using different polymer matrices (Figure 4C, 4D) 105,107–112. 

Using a microfluidic co-axial device (Figure 4C), the Takeuchi group developed microfibers 

encapsulating extracellular matrix (ECM) proteins and islets or β-cell lines within alginate and 

alginate/ polyacrylamide matrices. The microfibers formed were transplanted into diabetic mice 

and were able to secrete insulin and normalise blood glucose concentrations for a period of up 

to 100 days 105,111,113. In another approach, to overcome the problem of pancreatic cell 

shortages, Jun et al., encapsulated hybrid spheroids (hepatocytes/pancreatic cells) into 

alginate/collagen microfibers using a cylindrical flow channel in a PDMS-based microfluidic 

chip (Figure 4D). They observed effective control of glucose levels by the hybrid microfibres 

transplanted into the diabetic mice 109. 

Figure 4 here 

 

5. The pancreas organ-on-chip model 

Organ-on-chip (OoC) is defined by Bathia and Ingber as a microfluidic device dedicated to 

living cell cultures. Cells are continuously perfused within micro-chambers in order to 

reproduce the behaviours of in vivo tissues and organs 114. Thanks to progress in 

microfabrication, biomaterials and cell engineering, OoC technology has become a powerful 



tool for reproducing physiological cell behaviour in vitro and replacing the traditional paradigms 

based on animal experiments and 2D in vitro cell culture methods 114–116. Of the others, OoC 

technology makes it possible to construct a well-controlled microenvironment and create 

“physiological-like” situations such as zonation, cell-cell interaction, shear stress, and chemical 

gradients 114. 

Although OoC technology generates a suitable microenvironment that reproduces endocrine 

function, there is less development of the technology for the pancreas than for other tissues or 

organs, such as the liver, lung, kidney, gut, and heart 11,117. Pancreas-on-chip applications for 

diabetes research can be classified in three groups: islet evaluation, drug research, and the 

study of islet physiology and function 118.  

To mimic the in vivo physiology and functionality of native islets as much as possible, 

pancreas-on-chip models are developed using cultures of islets, or cells aggregated into 

spheroids (pseudo-islets). The pseudo-islet approach makes it possible to engineer uniform, 

small-sized spheroids (< 150 µm), which enhance oxygen and nutrient diffusion, viability and 

functionality when compared to native islets (heterogenous size 50-400 µm) 119,120. Pseudo-

islets can be engineered by aggregating β-cells, iPSC-derived β-cells or primary β-cells 

obtained after islet dissociation 121. To maintain the islets/pseudo-islets under flow inside the 

microfluidic biochip, trapping microstructures fabricated in the microchambers of the device 

are used (Figure 5). Micro-wells with different geometries (flat, pyramidal and concave) are the 

most commonly used designs for islet trapping 119,122–129. Islets can also be immobilised using 

crescent-shaped structures 130, mesh systems 131, nozzle systems, or channel reduction, 132–

134 and other constructions involving hydrodynamic trapping principles 117,135.   

Figure 5 here 

 

5.1 Potential cell sources for pancreas-on-chip models  

The success and capacity of in vitro pancreatic models to reproduce in vivo physiology and 

functionality depend on the cell types used and their sources 11. The potential cell sources for 



in vitro models can be classified in four groups: human primary islets of Langerhans or β-cells, 

animal primary islets of Langerhans or β-cells, cell lines (human or animal: EndoC-βH, MIN6, 

INS-1,RIN5-F and αTC1.9) and induced pluripotent stem cells (iPSCs) 11,121,136–142. The 

advantages and limitations of the different cell types are summarised in Figure 6.  

Primary human β-cells or islets isolated from cadaveric organs are still considered to be the 

gold standard for transplantation and in vitro pancreatic models 121. Due to their origin, they 

accurately reflect the physiology and functionality of the organ in vivo. However, the shortage 

of donors, the high costs associated with isolating islets, and the high variability limit their 

application 136,143. For animal primary cells, although they are widely used because of their 

attractivity (availability and stability), there are considerable limitations, including functional 

differences between animal and human islets, inter-species variability and ethical concerns 

121,143. As an alternative to primary islets, several animal (MIN6, INS-1, RIN5-F and αTC1.9) 

and human (EndoC-βH1-3) β-cell lines have been investigated 137–140. Nevertheless, they 

present several lacunae, such as limited functionality, and differences in the expression of β-

cell markers when compared to primary cells 143,144. 

In recent years, β-cells derived from stem cells have emerged as an attractive source of 

pancreatic cells. Stem cells have the ability to self-renew and differentiate into most of the 

body's cell types, including pancreatic cells 143. The use of embryonic stem cells (ESCs) raises 

ethical problems and is strictly regulated (prohibited in some countries) 145. hiPSCs do not raise 

any ethical problems and offer the possibility of developing patient-specific models with the 

genetic background associated with the disease desired 136,143. The differentiation of hiPSCs 

into pancreatic β-cells has been widely reported in the literature 141,142,146–148. However, the high 

cost and inability of obtaining fully mature β-cells remain an obstacle to the generalisation of 

use of hiPSCs 143.  

Figure 6 here 

 

 

 



5.2 Pancreas-on-chip for islets physiology study 

Circumstantial evidence has shown the existence of fluctuations in plasma glucose and insulin 

levels 149. Under in vivo conditions, islets are subjected to a dynamic environment in which 

insulin is secreted by β-cells in a biphasic pattern. Pyruvate oxidation by the tricarboxylic acid 

cycle (TCA) in mitochondria is the signalling pathway involved in insulin release. In brief, 

glucose catabolism generates ATP through TCA, which leads to an increase in the intracellular 

ATP/ADP ratio and closure of ATP-sensitive potassium (KATP) channels. As a result, the 

plasma membrane depolarises and the Ca2+ voltage-dependent channels (VDCCs) open. The 

rapid influx of glucose-stimulated Ca2+ triggers fusion of insulin granules with the cell 

membrane and subsequent exocytosis of insulin, C-peptide, and proinsulin. Thus, rapid 

stimulation of β-cells with glucose induces biphasic insulin secretion with a first phase 

corresponding to a rapid increase in the rate of secretion for 4-8 min. This is followed by a 

decrease in the insulin rate and a second stable or gradually increasing phase which lasts as 

long as the glucose simulation is applied 150. Impairment of dynamic insulin release can have 

a severe influence on glucose homeostasis and related physiological functions. Loss in the 

first phase, reduction in the second phase, and impairment of the oscillatory pattern of insulin 

secretion are, for example, characteristic features of T2DM and contribute significantly to its 

progression. Therefore, studying dynamic insulin secretion is crucial for understanding the 

pathogenesis and pathophysiology of diabetes, as well as for assessing pharmacokinetics and 

potential action mechanisms of anti-diabetic medication 151.  

In the past decade, many research groups have specialised in developing microfluidic 

perfusion system (MPS) for islet physiology research (Table 2) 152–156. Currently, integrating 

analytical throughput into microfluidic devices is of great interest for studying the pulsatility of 

pancreatic hormone secretion by detecting and monitoring the electrical, biochemical, and 

ionic signalling activities of β-cells. As an example, Xing et al. developed pumpless microfluidic 

devices including real-time fluorescent imaging and insulin secretion kinetics for both mouse 

and human islets 157. Their results showed an increase in intracellular calcium and a typical 

biphasic profile of insulin secretion, affirming the involvement of calcium oscillations in the 



phenomenon of pulsatile insulin secretion. In fact, coherent insulin and calcium oscillations are 

either disturbed or lost in patients with T2DM 158. To standardise the pancreatic islet model, 

Misun et al. designed a hanging drop microfluidic chip that showed significant potential for 

enhancing the spatiotemporal resolutions of stimuli, and sampling and observing molecular 

signals. Reaggregated islets produced physiologically close and reproducible insulin secretion 

with a pronounced first phase and pulsatile second phase throughout, indicating robust cellular 

communication and synchronisation 151. Other studies have reported a dissociation between 

oscillations of insulin secretion and glucose, suggesting that other metabolic signals may be 

involved. However, their efficacy has been demonstrated to be less than that dependent on 

Ca2+ concentration oscillations 159,160. In another strategy, Patel et al. developed an organoid 

microphysiological platform combining dynamic 3D cultures, optical assessment, and 

functional assays, while also limiting the quantity of sample required 161. Replacing standard 

culture dishes with their MPS platform made possible an in situ, temporal, and live cell 

assessment of the dynamic impact of glucolipotoxicity on pancreatic islets. Outcomes revealed 

an increase in Ca2+ signalling and a rate of dead cells in the β-cells exposed to high glucose-

fatty acid media when compared to β-cells exposed to basal glucose media. These findings 

are consistent with the theory that hyperlipidaemia and hyperglycaemia contribute to the 

impaired β-cell function observed in T2DM 162. Microfluidic biochips are thus a promising tool 

for studying the mechanisms and restoration of insulin secretion in diabetic islets. 

 

5.3 Pancreas-on-chip for islets evaluation and preservation 

Microfluidic biochips have been explored extensively to assess the functionality of pancreatic 

islets (Table 2). For instance, the pressure and flow volume of the islet vascular system can 

be reproduced, making these platforms ideal for in vitro islet analysis. This technology could 

thus make it possible to reduce bioartificial pancreas failure by obtaining precise knowledge of 

the quality of a donor’s pancreatic tissue and accelerating studies in drug discovery and 

toxicology. 



Prior to transplantation, islets are checked through rigorous quality control to assess their 

viability, morphology, hormone secretion, and response to glucose-stimulation. The in vitro 

gold standard for evaluating islet quality is static 2D culture using conventional Petri dishes or 

multi-well plates. Although this model has significantly contributed to medical research, it 

presents certain limitations. To determine how the culture conditions affect gene expression in 

islets, Jun et al., compared expression levels of islet-specific genes in islet spheroids cultured 

in microfluidic biochips under static or dynamic conditions and islets cultured in Petri dishes 

using conventional methods for 7 and 14 days 119. The results showed that β-cell genes such 

as insulin, Pdx1, and Glut2 had significantly higher expression in dynamic groups than in intact 

or static groups. They demonstrated that a microfluidic platform makes long-term islet 

maintenance possible for up to 1 month. Essaouiba et al., developed a microfluidic biochip 

composed of 600 micro-wells for assessment of rat islets and showed that biochip culture 

improves the viability and expression of pancreatic genes 126. In a different strategy, islets were 

cocultured with mesenchymal stem cells (MSCs) to investigate the viability and preservation 

of islet functions. MSCs have been shown to secrete several paracrine molecules, which 

mediate trophic effects on neighbouring cells 163,164. Lin et al., used a coculture microfluidic 

chip where rat bone marrow mesenchymal stem cells (BM-MSCs) and islets were introduced 

respectively into 2 microchambers which could be connected by a traffic tunnel 165. They 

reported that the BM-MSCs had the ability to migrate to the microchamber containing murine 

islets and provide improved GSIS during 3 to 21 days of culture.  

In vivo pancreatic islets are heavily vascularised with fenestrated endothelial cells (ECs) to 

facilitate blood glucose sensing and endocrine hormone secretion. The close proximity of 

insulin secreting β-cells and ECs plays a major role in modulating the proliferation and survival 

of both cell types 166. Transplanting isolated islets causes disruption in their vascular 

connections, making the islets dependent on the formation of new blood vessels for optimal 

function. Evidence from experimental islet transplants indicates insufficient revascularisation 

of transplanted islets with subsequent chronically decreased blood perfusion and oxygen 

tension, which has metabolic consequences within the tissue 167. It has effectively been 



established that during ex vivo culture, the characteristic cobblestone morphology of ECs is 

deteriorated, leading to a rapid decline in cell density (-50% in the first day and total loss after 

7 days of culture) 168. The Rocheleau research group postulated that this deterioration occurs 

in the absence of blood flow due to limited diffusion of media inside the tissue. Thus, they 

developed a haemodynamic environment using a custom-designed microfluidic device to test 

the effect of fluid flow on the maintenance of rat islet ECs 132. Outcomes revealed that isolated 

pancreatic islets treated with media flow in a microfluidic device achieved wide-reaching 

diffusion within the tissue of serum albumin, which is an anti-apoptotic signal for ECs 169. 

Although they observed a significant reduction in necrosis in flow-treated islets, EC 

morphology was only partially maintained 133. To improve previous results, they explored 

treatments to stimulate endogenous expression of angiogenic factors. The data suggested 

mild hypoxia as a potential method for slowing the demise of ECs while maintaining islet β-cell 

function 170.  

Other perfused well platforms were developed by the Easley research group to assess the 

dynamics of hormone secretion from endocrine tissues. Based on their first report of mouse 

primary adipocyte cultures within microfluidic systems 171, they developed a robust method for 

a temporally-resolved examination of endocrine tissues, including pancreatic islets. The 

concept consists in a macro-to-micro interfacing of microfluidic systems using 3D-printed 

interface templates 172. The main results highlighted that glycerol release rates from adipocytes 

increased after exposure to low glucose and insulin levels (LGLI). In this way, they investigated 

a fully automated 16-channel microfluidic input/output multiplexer composed of 3D-printed 

templates to interface both islets and adipose tissue 173. This system served essentially as a 

mimic of the circulatory system and upstream endocrine signals, while allowing dynamic and 

quantitative measurements of both hormone secretion and nutrient sensing/uptake. In addition, 

the device provided new information on temporally-resolved free fatty acid exchange in 

adipose tissue.  

Recently, hiPSCs-derived organoids have emerged as a new class of in vitro organ models for 

disease modelling and regenerative medicine. Tao et al., presented a new strategy for creating 



heterogeneous human islet organoids derived from hiPSCs using organ-on-chip technology 

125. The islet organoids generated displayed suitable tissue morphology and multicellular 

complexity resembling human pancreatic islets in vivo. Moreover, they showed enhanced 

expression of mature β-cell associated genes and proteins, insulin secretion levels, and Ca2+ 

flux release ability in response to glucose under perfused culture conditions, highlighting the 

role of biomimetic mechanical cues in enhancing islet organoid function and maturation. 

Therefore, human islet-on-a-chip provides a proof of concept for synergistic engineering of 

heterogeneous islet organoids from hiPSCs by combining organ-on-a-chip technology and 

stem cell development biology 130. 

 

5.4 Pancreas-on-chip for drug development and screening 

Insulin secretagogues are antidiabetic medications that aim to increase the insulin output of 

pancreatic islets. They include sulfonylureas such as tolbutamide, glinides and incretin-related 

drugs such as dipeptidyl peptidase 4 (DPP-4) inhibitors, and glucagon-like peptide-1 receptor 

(GLP-1R) agonists which are widely used to treat type 2 diabetes 174. The process for studying 

and developing anti-diabetic drugs usually depends on in vivo animal models and in vitro 2D 

monolayer cell culture models. Although animal models and 2D cell cultures have made 

significant medical contributions, there is a lack of predictability when results are extrapolated 

to humans because of anatomical and physiological differences. Ramachandran et al., 

highlighted evidence of these differences in a study where re-aggregated human pancreatic 

islets were assessed and compared to native human islet and rat islet drug screening 175. The 

response of the different islets was significantly different when tested against a variety of 

compounds such as the calcium channel agonist Bay K 8644, glibenclamide, tolbutamide, 

caffeine, carbachol, and glucagon-like peptide-1, among others. As the authors pointed out, 

islet reaggregates may represent a more homogenous model for drug screening as native 

islets are heterogenous in terms of both size and composition. 

Currently, several works are being carried out on developing in vitro models to improve medical 

prediction. Recent progress in microfabrication, cell engineering, and imaging technologies 



have led organ-on-a-chip to become an innovative technology capable of reproducing 

physiological cell behaviours and drug screening (Table 2). For instance, in order to study 

compound-stimulation mechanisms for insulin secretion, Misun et al., exposed reaggregated 

islets to tolbutamide and exendin-4, a sulfonylurea-class compound and a glucagon-like-

peptide 1 receptor (GLP-1R) agonist respectively 151. Continuous tolbutamide treatment 

resulted in a sharp increase of the first-phase insulin secretion, which could lead to severe 

hypoglycaemia if treatment timing is not respected. On the other hand, exendin-4 showed a 

potentiated action on glucose-induced insulin secretion by a most pronounced second-phase 

with sustained oscillations, which is consistent with a previous study by Ritzel et al.,176. 

Therefore, recent progress in β cell signalling studies in biochips have not only enhanced our 

understanding of insulin secretion, but also revealed the mechanisms of insulin secretagogues. 

Immunosuppressive medication, which is an inevitable part of islet transplants, could also 

benefit from OoC technologies. Several studies have demonstrated that OoC devices can 

provide a robust platform for testing the compatibility of the immunosuppressive regimen with 

the immune system, as well as the effect of immunosuppressive reagents on isolated islet 

function and viability 118.  

In physiological conditions, cells reside in a three dimensional (3D) environment and interact 

with other cells and the extracellular matrix (ECM) 177. These interactions are necessary for the 

proper differentiation and function of typical cells, and they more precisely mimic physiological 

pathological conditions. With this in mind, Jun et al., performed a drug efficacy test on rat islet 

spheroids cultured under dynamic conditions 119. They tested two typical antidiabetic drugs, 

tolbutamide and glucagon-like peptide-1 (GLP-1), at different concentrations. The results 

revealed that islet spheroids under dynamic conditions exhibited higher sensitivity to drugs. 

These outcomes were also demonstrated by Essaouiba et al., on both native rat islets and 

hiPSC-derived islets 126,130. Moreover, for drug toxicity testing, Jun et al., exposed the islet 

models to rapamycin, which has been used in islet transplantation as an immunosuppressant. 

Higher toxicity resistance in the dynamic group reflects that in vitro toxicity assays may produce 

significantly different results depending on the culture environment 119. For drug screening 



applications, spheroid biochip models can improve assay reproducibility and quality with 

enhanced response to therapeutics. 

Table 2 here 

 

6. Multi-organ-on-chip for diabetes research 

T2DM has been linked to different causes, particularly dysfunctions affecting β-cells, growing 

resistance to insulin, or chronic inflammatory conditions which cause the loss of control of 

blood glucose levels. It is a multi-organ disease involving interactions between different organs 

including the pancreas, liver, muscles, nervous system, kidneys, adipose tissue, and small 

intestine (Figure 7) 11. The inter-organ specificity of T2DM is due to the endocrine and exocrine 

functionalities of the pancreas. The pancreas contains exocrine glands producing important 

enzymes for digestion, including trypsin, amylases, and lipase which break down respectively 

proteins, carbohydrates, and fats in the intestine. This enzyme mix is routed through the 

pancreatic duct and joins the bile duct to reach the duodenum in the small intestine, its site of 

action. On the other hand, the endocrine function of the pancreas is centred on islets of 

Langerhans, which are responsible for releasing important hormones into the bloodstream. 

The main hormones are insulin and glucagon, which act to control blood sugar. Maintaining 

sugar homeostasis is imperative for the functioning of the rest of organs 178. 

To understand the biological processes and develop therapeutic strategies for T2DM, 

scientists conventionally used in vivo models because of the complexity and integrated multi-

organ responses they confer. However, these models tended to fail due to the phylogenetic 

distance between humans and animals, and their use has been limited for ethical reasons 

11,179. An alternative to these models is the use of in vitro methods; the reference technique 

relies on the classic culture of primary cells using in vitro culture platforms. These strategies 

aim to investigate cells' biological responses without controlling the context surrounding them. 

This kind of simplification results in the model failing to mimic key aspects of the human body 

180. To obtain physiologically meaningful and reproducible data, it is important to generate 

models that take the different organs involved into account. Different research has focused on 



this subject and tried to develop culture systems that combine different organs to reproduce 

T2DM. The most recent innovations used organ-on-chip technology to reproduce the 

behaviour of an organ or a group of organs. This technology improves the transport of 

nutrients, oxygen, hormones, and metabolic waste to create a “physiological-like” condition. 

The idea is to combine different cell types in different culture compartments (each compartment 

mimicking a specific microphysiological condition) and connect them through microfluidic 

channels to mimic and ensure the crosstalk between two or more organs 181.  

Most of the time, multi-organ-on-chip tries to faithfully emulate the in vivo environment and 

interactions between organs. The implied signalling pathways create synergic effects on cells 

which enhance their functions compared to monocultured cells 182. Despite the potential that 

these approaches offer for reproducing the multi-organ interactions implied in DM, several 

limitations are encountered in reference to the optimisations needed to ensure the optimal 

culture of the different cells, vascularisation of the organs, which has not yet been mastered, 

and standardisation of the materials and cells in the models used which causes variabilities 

that could impact results 183. 

Figure 7 here 

 

6.1 Liver pancreas-on-chip 

The liver is the largest organ in the human body and has an indispensable role in overseeing 

digestion, metabolism, and the elimination of toxins from the body. In patients with T2DM, the 

liver is one of the first organs to be severely affected by insulin resistance and reacts to this by 

increasing the production of glucose. Many hepatic in vitro models and liver-on-chip have been 

introduced and advanced to reproduce hepatic functions and architecture 11. Only a few studies 

have focused on the pancreas and its interactions with the liver to produce a liver-pancreas 

multi-organ-on-chip 184. Recent works have demonstrated the potential for OoC technology to 

ensure pancreatic islet-liver crosstalk. Bauer et al., designed a two-organ-chip system to 

ensure the dynamic culture of human pancreatic islets and liver spheroids composed of the 

HepaRG cell line and primary human stellate cells 178 (Figure 8A). The aim of their study was 



to develop a reliable human T2DM model. They observed an increase and a conservation of 

insulin secretion which supported stabilisation of the homeostatic state when comparing the 

co-culture condition with the monoculture. In addition, they confirmed that islet microtissues 

lose their function after being subjected to prolonged hyperglycaemia. In another approach, 

Essaouiba et al., used a perfusion loop with two biochips hosting primary hepatocytes and rat 

islet to investigate the interaction between the organs compared with monoculture conditions 

184 (Figure 8B). They proved that co-culturing pancreatic cells with hepatocytes helped to 

recover hepatic functions (compared to the hepatic monoculture without insulin) and modified 

the expression of the genes involved in insulin/glucagon homeostasis.  

Integrating multiple organs on a chip has always been a challenging goal because of the 

optimisations that must be taken into consideration to allow optimal culture of all the cell types 

involved in the system. Lee et al. developed a pancreas-muscle-liver OoC, given the relation 

that links these 3 organs 185. Indeed, in vivo, the muscle is responsible for the most important 

glucose uptake of the body. As a consequence, signalling pathways are activated in the 

pancreas to produce glucagon, and start glucose production in the liver (gluconeogenesis and 

glycogenolysis) and the clearance of insulin 186. In addition to the experimental results obtained 

from glucose metabolism stimulation, the combination of the multi-organ-on-chip led to the 

construction of a mathematical model describing time-dependent concentration changes in 

glucose and insulin. 

Figure 8 here 

 

6.2 Organ-on-chip coupling pancreas and other organs 

The small intestine and the pancreas crosstalk through a complex endocrine system 

composed of hormones. In the case of T2DM, endogenous insulin is affected, leading to its 

deficiency or diminished effectiveness. Nguyen et al., focused on this connexion and 

developed an endocrine system on chip reassembling insulin-secreting β-cells and 

immortalised L-cell lines, which are located in the small intestines that stimulate insulin 

secretion when exposed to glucose intake from diet 139. In normal conditions, the glucose intake 



sets off the production of glucagon-like peptide-1 (GLP-1) by the L-cells, which in turn activate 

the secretion of insulin by the β-cells. The authors observed that after 3 days of culture, and 

after exposure to a glucose stimulus, the multi-organ-on-chip system responded by an 

increase in, and saturation of, the insulin level. These results were compared to 2D static 

cultures and monocultures of the two cell lines separately, and the OoC exhibited higher 

expression of insulin. The results demonstrated the potential of the endocrine system on a chip 

to screen GLP-1 analogues and stimulants and ensure follow up of natural insulin production 

in the treatment of diabetes 139. 

The pancreas interacts also with adipose tissues. Several studies have proved the supportive 

effects, anti-inflammatory role, and immunomodulatory properties of these tissues on the 

viability, structure, and insulin production of β-cells. This has been studied by Lu et al., who 

developed a co-culture system composed of 3 cell chambers, two holding adipocytes 

connected to one holding islets 187. Then to study the interactions between the two cell types, 

the adipocyte perfusate, containing adipocyte secretions, passes into the islets chamber. GSIS 

was measured in different conditions to analyse the co-culture effect. They observed an 

increase of insulin production in the co-culture condition compared to monocultured one. 

These results highlight the endocrine interaction between adipocytes and islets by delivering 

cytokines and growth factors, which promotes cellular functions 188.  

Although multi-organ-on-chip technology provides a powerful tool for recapitulating several 

“physiological” situations and studying organ-to-organ crosstalk, further developments are 

needed to accurately mimic in vivo native tissues. The construction of 3D tissue onto the 

biochip represents a promising approach for reproducing the behaviour of an organ or a group 

of organs and providing a more appropriate micro-environment for tissue maintenance and 

development 189. While pancreas-on-chip models usually use 3D cultures of islets of 

Langerhans or β-cells spheroids, cells are still mostly cultivated in 2D (monolayer inside the 

biochip) for the majority of other OoC such as liver, muscle and adipose-on-chip. Recent 

advances in tissue engineering, biomaterials, and microfabrication technology offered the 

opportunity to create OoC with complex 3D tissues combining multiple cell types 181,190. Several 



approaches can be used for 3D cell culture: design of hydrogels and scaffolds, cell aggregation 

in spheroids, 3D bioprinting, and 3D printing of microfluidic biochip 190-193. In recent years, many 

3D organ-on-chip models have been reported in the literature including liver- 194-198, muscle- 

199-201 and adipose-on-chip 202,203. These models have been shown to produce the key 

characteristics and functionalities of in vivo tissues/organs. The combination of such models 

with pancreas-on-chip to build multi-organ-on-chip devices can reproduce accurately the 

physiological interactions between pancreas and organs related to DM, and help to elucidate 

the pathophysiological mechanisms in diabetes. 

 

7 Conclusions 

In this chapter, we have presented the basic concept of microfluidic technologies linked to 

diabetes. More particularly, we have shown how microfluidics can be used as one of the 

essential building blocks for various bioengineered solutions in the fight against metabolic 

syndrome and related disorders, with a focus on diabetes. Of these solutions, the point of care 

approach can take part in enhancing patient autonomy by providing technologies that can be 

carried out easily in daily life. Regarding the disease model, the organ-on-chip solution makes 

it possible to access human models involving complex crosstalk and organ-to-organ 

interactions. Organ-on-chip coupled with the adequate cell sources, obtained from patient-

derived iPSCs, will in a near future contribute to reproducing human variability and the 

idiosyncrasy encountered in heterogenous patient populations. Overall, we believe that 

microfluidics will play a part in generating advanced tools suitable for large-scale, personalised 

medicine solutions. In addition to conventional animal models, microfluidic-based technology 

contributes to bridging human in vitro models, human cohort data, and patient therapy. 

 

 

 

 

 

 

 



List of abbreviations 

 

2D Two-dimensional 

3D Three-dimensional 

ADP Adenosine diphosphate 

ADSCs Adipose-derived stem cells 

ATP Adenosine triphosphate 

AuNPs Gold nanoparticles 

BAP Bioartificial pancreas 

BM-MSCs Bone marrow mesenchymal stem cells 

C4F8 Octafluorocyclobutane  

Ca2+ Calcium ions 

CDD Charge-coupled device 

CF4 Carbon tetrafluoride  

COC Cyclic olefin copolymer  

CRP C -reactive protein  

DM Diabetes mellitus 

DPP-4 Dipeptidyl peptidase 4 

ECM Extracellular matrix 

ECs Endothelial cells 

ESCs Embryonic stem cells 

GDM Gestational diabetes mellitus 

GLP-1 Glucagon-like peptide-1 

Glut2 Glucose transporter 2  

GSIS Glucose stimulated insulin secretion 

H2O2 Hydrogen peroxide  

HbA1C Glycosylated haemoglobin  

hiPSCs Human-induced pluripotent stem cells 

HSA Human serum albumin 

IDF International Diabetes Foundation 

iPSCs Induced pluripotent stem cells 

KATP ATP-sensitive potassium 

LADA Latent autoimmune diabetes in adults 

LGIL Low glucose and insulin levels 

LOD Limit of detection 

MEMS Micro-electro-mechanical systems 

Min Minutes 



mm Millimetre  

MODY Maturity onset diabetes of the young 

MS Mass spectrometry  

MSCs Mesenchymal stem cells 

nM Nanomolar  

NOA81 Norland Optical Adhesive 81 

OoC Organ-on-chip 

PC Polycarbonate 

PDMS Polydimethylsiloxane 

Pdx1 Pancreatic and duodenal homeobox 1 

PEG Polyethylene glycol 

PFA Perfluoroalkoxy alkane 

PFPE Perfluoropolyether 

PMMA Poly(methyl methacrylate 

POC Point-of-care 

PS Polystyrene 

PTFE Polytetrafluoroethylene 

PU Polyurethane 

PVC Polyvinyl chloride 

RBC Red blood cells 

T1DM Type 1 diabetes mellitus 

T2DM Type 2 diabetes mellitus 

TCA Tricarboxylic acid cycle  

TPE Thermoset polyester  

USD United States dollar 

VDCCs Voltage-dependent channels 

WHO World Health Organization 

μPAD Micro paper-based analytical device 
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Table 1. Summary of LoC-based technologies developed for DM diagnosis and management  

Target 
Analyte 

Technology (group) Technique Assay time LOD* Sample 
volume 

Detector Ref 

Glucose 
 

Paper µPAD Colorimetric immunoassay 20 min - 3 µL Hp Scanjet 6300c 72 

Glucose Paper µPAD  
(silica nanoparticles) 

Colorimetric immunoassay 30 min 0.5 mM 10 µL Flatbed scanner 71 

Glucose Paper µPAD Colorimetric immunoassay 2-3.5 h 0.25 
mmol/L 

40 µL Epson Perfection 
V600 

67 

Glucose Paper µPAD Colorimetric immunoassay 5 min 0.01 
mg/ml 

15 μl Epson Perfection 
V19 

75 

Glucose Paper µPAD Colorimetric immunoassay 10 min 13 mg/d
L 

5 µL - 70 

Glucose Paper µPAD (silane/hexane ink) Colorimetric immunoassay 94 min 5.5 mM - Desktop scanner 68 

Glucose Paper µPAD Colorimetric immunoassay 10 min 0.7 
mmol/l 

40 µL Hewlett–Packard, 
model F4280 

69 

Glucose Optical gold nanoparticles Assay Colorimetric immunoassay  5 µM  Absorbance reader 73 

Glucose Integrated electrode Electrochemical sensor Online 1.44 
mg/dl 

- Ammeter 88 

Glucose Enzyme-doped thread Electrochemical sensor - 0.1mM 2 µL Ammeter 78 

Glucose long-period grating sensor Optical fiber sensor  Online 10 µM - Wavelength detector 89 

HbA1c 
Glycated HSA 

apoA-I 

Multinozzle 
emitter array chip 

Top-down proteomics 2.5 h - 10 µL Mass spectrometer 64 

HbA1c 
Glycated HSA 

- Capillary electrophoresis & 
mass spectrometry  

- - 10 µL Mass spectrometer 80 

HbA1c 
 

Chemiluminescent aptamer–
antibody sandwich assay 

Nucleic-acid based 
aptamer 

25 min - 50 μL Luminometer 82 

HbA1c 
 

Chemiluminescent antibody 
sandwich assay 

Antibody-based automated 
chip 

15 min - 1 μL Luminometer 79 

HbA1c 
Total Hb 

aptamer–antibody sandwich 
assay 

Antibody-based automated 
chip 

30 min - 100 µL Photomultiplier tube 81 



* Limit of detection 

 

Serine - Enzymatic reaction 30 min 2 mM 250 mM Thermal lens 
detector 

74 

RBC fragility - Osmotic lysis kinetics - 5 mM - CDD camera + 
Microscope 

84 

RBC 
deformability 

- Viscoelastic particle 
focusing 

- - - Optical microscope 85 

RBC 
deformability 

- Equilibrium velocity of a cell 
in a microchannel 

- - - Optical microscope 86 

Insulin PDMS device Chemiluminescent assay 10 min 4×10−10 

mol/l 
- Photometer  65 

insulin, 
GAD65 

IA2 

plasmonic gold substrate for 
NIR-FE detection 

Plasmonic Chip 2 h  2 μL Licor Odyssey 
scanner  

83 



Table 2. Applications and characteristics of main pancreas-on-chip models reported in literature.  

Purpose Type of cells Species Biochips design Aspect study Ref 

Islet evaluation Pancreatic islets Human
Mouse Chamber with microwells 

Cell viability and morphology, GSIS, insulin 
secretion, mitochondrial potential, 

intracellular calcium 
122 

Islet evaluation 
alpha and bêta-cells derived 

from iPSC Human Multilayer device 
Cell viability and morphology, expression of 

islets-specific genes and proteins, GSIS, 
insulin secretion, intracellular calcium 

125 

Islet evaluation Pancreatic islets Mouse Chamber with microwells 
Islet functionality under glucose 

gradients (insulin secretion, mitochondrial 
potential, intracellular calcium) 

156 

Islet evaluation 
Pancreatic islets and adipose 

tissue Mouse 
Microchamber with 3D-
printed PLA template 

interface 
GSIS, glycerol secretion 172 

Islets evaluation and 
preservation 

Pancreatic islets and endothelial 
cells Mouse Microchamber 

Cell viability and morphology, islets 
functions under glucose gradients (insulin 

secretion, intracellular calcium and 
membrane depolarization) 

132 

Islets evaluation 
Pancreatic islets and stem cell-

derived beta cells Human Trapping sites Automated measurement of glucose-
stimulated insulin secretion 134 

Islets evaluation 
Pancreatic islets and adipose 

tissue Mouse 
Microchamber with 3D-
templated tissue culture 

interface 

Dynamic and quantitative measurements of 
both hormone secretion and nutrient 

sensing/uptake 
173 

Islets preservation 
Pancreatic islets and bone 

marrow mesenchymal stem cells Rat Microchamber Cell migration and insulin secretion in 
response to high-glucose-challenge 165 

Islets evaluation Pancreatic islets Mouse Microstructured 
borosilicate glass 

Oxygen consumption, NADPH 
autofluorescence, intracellular calcium, 

insulin secretion 
123 

Islets evaluation EndoC-βH3 Human Trapping sites Cell viability, GSIS, insulin secretion, 
mitochondrial activity 117 

Islets preservation and 
physiology 

Pancreatic islets within 3D 
alginate hydrogel 

Human
Mouse Microchamber 

In situ tracking of viability and calcium 
signalling, oxygen gradient, oxidative stress 
under glucolipotoxicity environment, GSIS 

161 

Islets evaluation and 
physiology 

Pancreatic islets Human
Mouse 

Pumpless biochip with 
trapping sites 

Insulin secretion kinetics under glucose 
stimulation, intracellular calcium oscillation 157 

Islets physiology Pancreatic islets Mouse Cellulose-base scaffold In situ insulin monitoring, GSIS, expression 
of islets-specific genes 152 



 

Islets physiology Pancreatic β-cells Human Microchamber 
Beta cells spheroids formation, oxidative 

stress under glucolipotoxicity environement, 
intracellular calcium 

129 

Islets physiology Pancreatic islets Mouse Symmetric and anti-
parallel chambers 

Islets activity, continuous glucose 
monitoring 153 

Islets physiology Pancreatic islets Mouse Independant channel 
networks 

Continuous monitoring of glucose-
stimulated insulin secretion 154 

Islets physiology Pancreatic islets Mouse Independant 
microchamber 

Automated measurement of glucose-
stimulated insulin secretion, effect of 

lipotoxicity environment on intracellular 
calcium and insulin secretion 

155 

Islets evaluation, 
physiology and 
drug screening 

Reagregatted islets Human Microfluidic 
hanging-drop biochip 

Dynamics of insulin release at high 
temporal resolution 

151 

Islets functions and 
drug screening 

Pancreatic islets Rat Concave microwells 
Cell viability, ultrastructure morphology, 
expression of islets-specific genes and 

proteins, GSIS, drugs screening 
119 

Islets functions and 
drug screening 

hiPSCs derived β-cells Human Crest and honeycombs 
wells 

Cell viability, expression of islets-specific 
genes and proteins, GSIS, insulin and C-

peptide secretion, GLP-1 stimulation 
130 

Islets functions and 
drug screening 

Pancreatic islets Rat Flat microwells 
Islet viability, expression of islets-specific 

genes and proteins, GSIS, insulin, glucagon 
and C-peptide secretion, GLP-1 stimulation 

126 



Figure 1. Mechanisms of glycemia regulation by the pancreas and other tissues under normal 

and diabetic conditions. 

Figure 2. Schematic illustration of the main fabrication methods used in microfluidic devices 

manufacturing. 

Figure 3. Schematic overview of the components of a biosensor integrated in a LoC platform. 

Figure 4. Microfluidic platforms for islets/β-cells encapsulation. (A) microfluidic co flow device 

and (B) parallel droplet generators on a two-layer microfluidic device for small-sized 

monodisperse microcapsules production; (C) double coaxial microfluidic device and (D) 

cylindrical and coaxial-flow channels used for islets and β-cells encapsulation in microfibers 

(reproduced with permission from A: Håti et al., 2016 102; B: Headen et al., 2018 99; C: 

Watanabe et al., 2020 105; D: Jun et al., 2013 108).     

Figure 5. Geometric designs used for islets/pseudo-islets trapping in microfluidic devices 

under flow. (A) microwells; (B) crescent-shaped structures; (C) nozzle system or channel 

reduction and (D) geometric constructions using hydrodynamic trapping principle (reproduced 

with permission from A: Tao et al., 2019 125; B: Essaouiba et al., 2021 130; C: Silva et al., 2013 

133; D: Zbinden et al., 2020 117)    

Figure 6. Advantages and limitations of the potential cell sources for in vitro pancreas-on-chip 

models (DE: definitive endoderm, PE: pancreatic endoderm and EP: endocrine progenitor). 

Figure 7. Main organs involved in T2DM (adapted from Rogal et al., 2019 11). 

Figure 8. Multiorgan-on-chip models for liver/pancreas interaction studies: (A) 

microphysiological two-organ-chip (2-OC) device developed by TissUse GmbH (Berlin, 

Germany) for human pancreatic islets/HepaRG spheroids study; (B) setup used by Essaouiba 

et al., to study crosstalk between rat islets/rat primary hepatocytes (reproduced with 

permission from A: Bauer et al., 2017 178; B: Essaouiba et al., 2020 184). 


















