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Introduction 
 
Diabetes is a serious, debilitating and currently incurable disease with a significant 

psychological burden and societal cost. Type 1 diabetes is caused by the destruction of the -

cells of the pancreas resulting in absolute insulin deficiency. It accounts for 5-10% of the 

estimated 443 million cases of diabetes worldwide, and numbers are expected to increase to 

700 million by 2045 (« IDF Atlas 9th Edition and Other Resources » s. d.). In the treatment of 

diabetes mellitus, continuous glucose monitoring (CGM) systems, linked to insulin delivery, 

provides a major advance (Brown et al. 2019)  

CGMs measure subcutaneous glucose via electrochemical electrodes and use algorithms to 

predict insulin dosing (Kovatchev 2019). Although CGMs represent a major breakthrough, 

current CGMs are biased by their ability to capture only glucose, but no other nutrients such 

as lipids and amino acids. In addition, there are limitations in the algorithms used, especially 

in the face of unexpected events such as snacking or physical activity. For these reasons, CGMs 

alone cannot sufficiently control insulin delivery, as they require patient intervention for 

calibration of the CGM, fine-tuning of pump settings or carbohydrates counting and 

adaptation to physical activity. 

In contrast to CGMs, the pancreatic islets are the endogenous sensors that have been 

optimally formed over 0.5 billion years of evolution (Falkmer 1979; Youson et Al-Mahrouki 

1999). They integrate at each moment nutritional information but also the physiological 

situation of the whole organism via hormonal regulations (incretins, adrenalin etc.)(Rorsman 

and Huising 2018) and also peripheral nervous system. Islets possess endogenous algorithms 

that encode physiologically essential kinetics such as biphasic insulin secretion for optimal 

insulin delivery or glucose hysteresis protecting against hypoglycaemia (Lebreton et al. 2015; 

Keenan et al. 2012), a potentially lethal risk poorly accounted for in CGM. Moreover, islet -

cell regulation is also influenced by the other cell types in islets, such as ,  or  (Noguchi et 

Huising 2019), and thus represents a fare more complex and sophisticated nutrient sensor 

than CGMs. 

Islet β-cells are excitable cells (Rorsman and Ashcroft 2018a) and their electrical behaviour 

integrates signals from nutrients and different hormones. Complex sequential activations and 

inactivations of ion channels on the surface of the plasma membrane leads to ionic fluxes 

responsible for the electrical activity of β-cells. In collaboration with the IMS group (S Renaud, 
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UMR 5218, Bordeaux) the team has developed the real-time detection, analysis and decoding 

of their specific electrical signature using microelectrode arrays (MEAs) (Pirog and al. 2018; 

Perrier and al. 2018). The group validated, in an Food and Drug Administrationrecognised in 

silico model of diabetic patients (Dalla Man et al. 2007) , that these signals could optimally 

drive an insulin pump to regulate blood glucose in 24h realistic scenarii (Olcomendy et al. 

2020). 

The aim of my thesis is to develop a therapeutic device, the DiaSENSOR (Fig. 1: Biosensor 

scheme), using the natural sensors of the human body, namely a few islets of exogenous 

source, in a bioelectronic module analysing in real time their electrical signals.  

To address this problematic, I worked on 3 essential points which will be developed in this 

manuscript in the form of various studies:  

First, the development of the most suitable biological substrate to serve as a sensor in the 

device, second the development of a microfluidic and micro-osmotic system allowing the 

maintenance of the biological material (a few islets) of the sensor in a small dead volume 

during few days, and finally the establishment of the proof of concept of the open loop in 

animals and in humans.  
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1 Physiology and pathophysiology of glucose 
regulation. 

 

1.1 Glucose homeostasis  
 

Macronutrient repartition for a healthy diet: 
 
Cells need energy for function      and this energy is supplied to the body through food. 

Nutrients, once digested, are transported to all the cells by the bloodstream to be used either 

as metabolic source of energy, or as anabolic material (for protein synthesis or membrane 

renewal, for example), or are stored for later use. Each macronutrient has the capacity to 

produce a certain amount of energy in the form of ATP (adenosine triphosphate) synthesis or 

other high-energy storage molecules. A healthy diet is one in which macronutrients and 

micronutrients are consumed in appropriate proportions to support physiological needs 

without excess intake (Stipanuk et Caudill 2018).  

Diets around the world have evolved over time. Two characteristics have changed 

considerably: the quantities consumed and the contribution of the different macronutrients 

(carbohydrates, lipids and proteins) to the total calorie intake. This has occurred in all 

developed countries at different rates linked to the timing and vagaries of economic growth 

(Cépède et Langellé 1964). The quantitative satisfaction of needs was sought first and 

foremost through the consumption of the cheapest foods such as cereals and tubers, which 

were gradually supplemented by more expensive foods such as fats, sugar, then meat, as the 

standard of living rises. These more expensive foods replace the formers as soon as overall 

satiety is reached, thus accelerating the evolution of the structure of the food ration. 

Nowadays, according to current Food and Agriculture Organization (FAO) recommendations, 

a balanced diet consists of: (i) 40 to 55% of calories (kcal) in the form of carbohydrates 

(previously 50 to 55%); (ii) 35 to 40 % of calories (kcal) in the form of lipids (previously 30 to 

35 %), i.e. fats; (iii) 10 to 20 % of calories (kcal) in the form of proteins (replaces the previous 

11 to 15 %), whether animal or vegetable (Cena et Calder 2020).  
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Glucose metabolism: 
 
Carbohydrates, proteins and lipids arrive in the digestive tract and are cleaved into their 

constituents, sugars, amino acids and fatty acids. Glucose as a main source of calories is a 

simple carbohydrate that can be metabolized by almost all known organisms, either 

anaerobically by fermentation reactions, or aerobically by involving glycolysis, the Krebs cycle 

and finally oxidative respiration in the mitochondria. Some organs, such as the brain and 

kidneys, use glucose (along with ketone bodies) almost exclusively as an energy source. 

Therefore, the concentration of glucose in the blood must be kept constant in order to 

guarantee the energy supply of all organs and thus their proper functioning (Wémeau 2014). 

The catabolism of glucose is simpler and faster than that of other nutrients, so it is the basic 

energy unit for most living entities (Randle 1964). Glucose passes into the circulation to the 

liver cells or hepatocytes and to muscles, where it is stored. It can also be used directly by the 

body's cells in need of energy (Berg et al. 2002). In fact, glucose is broken down in the cytosol 

and then in the mitochondria in the presence of oxygen into CO2 and H2O to generate ATP and 

other energy rich molecules. If too much sugar is taken in, the liver will be saturated, forcing 

the body to metabolize sugars to fat and store it in the adipose tissue and, depending on the 

overload, also in most other tissues. About 20-30% of ingested glucose is metabolised in the 

liver (Adeva-Andany et al. 2016). Later, when the body needs them again for energy 

extraction, the liver will either release sugars from glycogen or providing glucose fromother 

molecules and metabolic intermediates, a process termed neoglucogenesis.       

      

Main glucose metabolic pathways: 
 
All cells express specific glucose transporters on their surface for facilitated or for sodium-

linked glucose transport (Navale et Paranjape 2016). The various glucose transporters that 

allow for facilitated diffusion constitute the GLUT (glucose transporter) family. Their common 

structure is characterised by the presence of 12 transmembrane segments of a single 

polypeptide chain of about 500 residues. Depending on the function of each cell, each type of 

transporter has varying affinities for glucose and the expression of these isoforms has a certain 

tissue specificity. There are ubiquitous isoforms (GLUT 1 and 3), i.e. present in all tissues, and 

specific isoforms (GLUT 2 and 4): GLUT1 and GLUT3, with low affinity for glucose (Km = 1 mM), 
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on the surface of neurons and red blood cells, which consistently take up glucose throughout 

the fasting and postprandial blood glucose range. In mice, the β-cell expresses the glucose 

transporter Glut2, which has a low affinity for glucose but a high transport capacity (Thorens 

et al. 2015) allowing a rapid balance of glucose between the intra- and extracellular 

environment. The human β-cell, on the other hand, mainly expresses the glucose transporters 

GLUT1 and GLUT3 (Berger et Zdzieblo 2020). They possess a higher affinity for glucose 

compared to Glut2 (McCulloch et al. 2011) which may partly explain why insulin secretion is 

triggered at lower glucose concentrations in humans (3 mM) than in mice (6 mM) (Rodriguez-

Diaz et al. 2018). Whether in human or rodent β-cells, glucose uptake is not a limiting step for 

glucose metabolism (Lenzen 2014). Finally, GLUT4, with a low Km for glucose (5 mM), is subject 

to regulation by insulin and is therefore found in so-called insulin-sensitive cells such as 

skeletal muscle and adipose tissue (Thorens et Mueckler 2010). 

Carbohydrate catabolism represents the breakdown of glucose molecules to form energy-rich 

molecules. Glycolysis is 

the first chain of events 

in carbohydrate 

catabolism and is carried 

out in the cytosol by 

soluble enzymes also in 

anaerobic conditions. Its 

function is the synthesis 

of energy-rich molecules 

and the formation of 

pyruvate, which has 

several uses. Glycolysis 

consists of ten steps; 

however it can be 

summarised in three 

main parts: Activation of 

glucose with energy 

consumption, formation 

 
Figure 2: Biochemical reactions involved in the degradation of 
glucose to ATP. GLUT2: Glucose transporter 2, G6P: Glucose-6-
phosphate, PDH: Puryvate deshydrogenase, PC: Pyruvate 
carboxylase, ATP: Adenosin triphosphate. Based on the course 
of Cell Biology and Physiopathology, Pr. Lang, University of 
Bordeaux. 
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of glyceraldehyde and finally synthesis of pyruvate and formation of energy-rich molecules 

providing finally 6 molecules of ATP/molecule of glucose 

Subsequent metabolism of pyruvate in the mitochondria will result in approximately 36 mols 

of ATP/mol of glucose. 

 

 

Specificity of glucose metabolism in β cells of pancreatic islets: 
 
     Glucose metabolism in the β-cell is particular and different from other cells, giving it unique 

properties as a direct sensor of glucose levels and the ability to adjust blood glucose levels 

through its insulin secretion (Nolan et Prentki 2008). Pancreatic β-cells have to respond to 

rising blood glucose concentration by increasing oxidative metabolism, leading to an increased 

ATP/ADP ratio in the cytosol with a subsequent action on ATP-sensitive potassium channels, 

membrane depolarisation, opening of voltage sensitive calcium channels and secretion of 

insulin. The mechanisms of glucose sensing in the pancreatic β-cell is the result of the coupling 

of cytoplasmic and mitochondrial processes (Fridlyand et Philipson 2011). One may say that 

such a sensor has to count each carbon to exactly sense the fuel level. -cells are endowed 

with unique metabolic properties that adapt to ambient glucose levels and thus control insulin 

secretion (Ainscow et Brand 1999) as we will detailed below. 

Subsequent to glucose entry into the β-cell via GLUT transporters, glucose is phosphorylated 

by a hexokinase isoenzyme, glucokinase, which is also present in liver cells. Unlike hexokinase, 

glucokinase is not inhibited by the product of its reaction, glucose-6-phosphate (G6P), and its 

affinity for glucose is high (Km = 4 to 8 mM, compared with a Km of 1 mM for hexokinase). It 

can therefore metabolise glucose under all circumstances in direct relation to the ambient 

glucose level and accurately determine the appropriate insulin secretion. GLUT and 

glucokinase together contribute to glucose metabolism in the β-cell in a manner that is directly 

dependent on increasing glucose concentration (Matschinsky et Wilson 2019). 

Biochemical mechanisms couple an intracellular glucose concentration increase to insulin 

secretion in pancreatic β-cells. Increased glucose levels lead to an increase in the glycolytic 

flux and an acceleration of mitochondrial NADH production. Oxidation of NADH increases 

mitochondrial membrane potential and ATP synthesis, decreasing ADP concentration. The 
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ensuing increase in cytoplasmic ATP/ADP ratio causes closure of ATP-sensitive K+ (KATP) 

channels resulting in depolarization of the β-cell plasma membrane. This increase in β-cell 

membrane potential opens voltage-dependent Ca2+ channels (VDCCs) and allows Ca2+ influx, 

raising the intracellular free calcium concentration, a key signal in the initiation of insulin 

secretion along with release of Ca2+ from intracellular stores (Brissova et Powers 2008). In the 

β-cell, little glucose is metabolised to lactate as lactate dehydrogenase and the lactate 

monocarboxylate transporter (carrying lactate produced in muscle fibres during exercise) are 

very poorly expressed (Sekine et al. 1994). This absence is necessary to prevent insulin 

secretion during exercise: indeed, expression of the lactate monocarboxylate transporter in 

human β-cells will lead to hypoglycaemia during exercise (Ishihara et al. 1999) . 

 

In conclusion, at the level of the β-cell, the complete oxidation of glucose by glycolysis and by 

the Krebs cycle to produce ATP allows for the transmission of accurate information about the 

body’s need for insulin. This ensures that the rate of insulin secretion corresponds to the level 

of ambient glucose levels (Berger et Zdzieblo 2020). Although we have discussed here solely 

sugar metabolism, the same applies for lipids as well as amino acids. The latter may lead to 

depolarisation through metabolism and corresponding changes in ATP/ADP ratios or via 

changes in ion concentrations through sodium cotransport. Note that in the course of the 

metabolism secretion coupling factors other than ATP may play a role, such as glutamate, 

malonate and others but in general their role is less well understood (Seino et al. 2017). 

Moreover, increased ATP/ADP ratios are not only necessary for the closure of KATP channels, 

but also for several energy consuming steps during secretion (exocytosis) itself (Hastoy et al. 

2017).  

 

Glucose storage: 
 
Glucose itself is not a form of energy reserve, but it can be stored in a highly branched 

structure as glycogen, an osmotically far more economic form, mainly in liver, and muscles 

but also islets. Glucose from these stores is used for systemic purposes (from the liver) or 

locally (muscle) in the post-absorptive phase or at the beginning of fasting. In islets, glycogen 

is primarily localized in granulated β cells; degranulated β cells also contain glycogen, though 

in smaller amounts (Graf et Klessen 1981). In the liver, glucose is taken up via GLUT2 and 
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phosphorylated to glucose-6-phosphate (G6P) by a glucokinase, before being used for 

glycogen synthesis by isomerisation under the action of a glycogen synthase. The stimulation 

of glycogen synthase by insulin and other polypeptide growth factors results in the 

dephosphorylation and activation of glycogen synthase (Chan et al. 1987; Yamamoto-Honda 

et al. 1995) followed by glycogen synthesis, which occurs in the postprandial phase (Corssmit 

and al.2001) . 

Hypoglycaemia initiates hepatic glycogenolysis. After a cascade of debranching enzymatic 

reactions (glycogen phosphorylase and phosphoglucomutase), the hydrolysis of G6P produces 

“free” glucose which passes into the extracellular space via GLUT2 to maintain glucose 

homeostasis. Glycogenesis and glycogenolysis are tightly regulated by allosteric control and 

covalent modifications. The latter are under hormonal control: insulin stimulates 

glycogenosynthesis, glucagon and adrenaline stimulate glycogenolysis (Petersen et al. 1996).  

Lipogenesis from glucose is another storage modeBut hepatic lipogenesis occurs mainly in the 

case of a high carbohydrate diet and/or hyperinsulinism (Sanders et Griffin 2016) . It results 

from the oxidative decarboxylation of pyruvate which produces, like certain amino acids and 

fatty acids subject to beta-oxidation, acetyl-CoA which is a substrate for the synthesis of 

palmitic acid and other fatty acids.  

 

 

Glycemia, uses and distribution of glucose by the body:  
 
The supply of glucose to the cells is directly dependent on its circulating concentration as we 

have seen above. Regardless of nutritional status, the level of glucose in the bloodstream, 

known as glycaemia, is maintained within narrow limits of 4 to 6 mmol/L or 72 to 108 mg/dL 

in human in the fasting state (Mathew et Tadi 2021). This narrow concentration range defines 

a very important concept, called normoglycemia, and is the result of the balance between 

energy expenditure and intake. This also implies that a human being has only about 3 to 5 g 

of glucose in the bloodstream at any given moment, which corresponds just to about a third 

or the half of a French horn. As already basal activity requires glucose, and even more physical 

activity, a considerable flux of glucose is required to maintain and replenish these narrow 

levels. 
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In fasting situation, below 4 mmol/L a human being is in hypoglycaemia, above 6 mmol/L in 

hyperglycaemia. Hypoglycaemia presents an immediate and potentially lethal danger for the 

subject  (Bastos 1989). Hyperglycaemia, on the other hand, will present a danger if it is chronic, 

as in the case of diabetes. Indeed, prolonged hyperglycaemia favours glycation of proteins, 

lipids and nucleic acids, i.e. non-enzymatic glycosylations via the ketose forms of glucose 

(Sebeková et Somoza 2007). Moreover, increased glucose levels lead to a change in gene 

expression in glucose-sensitive tissues (Ottosson-Laakso et al. 2017). In a future chapter we 

will discuss the consequences of chronic hyperglycaemia in type 1 diabetes. 

The glucose requirement and availability are not constant as every day we have to deal with 

various physiological states, linked to our level of physical activity, our stress situation and 

even simply to the time of day. In fact, we alternate between periods of fasting and periods 

of eating (Berg et al. 2002). To respond to the different situations, a quartet of four hormones 

will come into play. Two of these hormones are synthetized in the islets of Langerhans. These 

are insulin, the body’s only hypoglycaemic hormone, secreted by the -cells, and glucagon, an 

antagonistic hyperglycaemic hormone secreted by the -cells.  Two other hyperglycaemic 

hormones also have a key role in maintaining glucose homeostasis, that is cortisol and 

adrenaline. Glucocorticoids preserve plasma glucose during stress by generally counteracting 

insulin action (Kuo et al. 2015) and adrenalin plays a major role in the counterregulatory 

response to hypoglycaemia, often blunted in T1DM (Verberne et al. 2016).  We can examine 

different cases encountered in the course of a day or a lifetime to illustrate the functioning of 

the different actors involved in maintaining normoglycemia. 

 

Postprandial period: 
 
During the postprandial period, which is characterised by the arrival of considerable amounts 

of nutrients in the blood stream, insulin rises. Glucagon also increases shortly, probably linked 

to the handling of amino acids, before decreasing. The increase in insulin and decrease in 

glucagon allows nutrients to be stored in the form of glycogen and triglycerides. Overall, about 

50% of ingested glucose is stored, which limits postprandial hyperglycaemia. The combination 

of inhibition of endogenous glucose production and stimulation of plasma glucose entry, 

utilisation and storage limits excursions in blood glucose levels (Wémeau 2014).  
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Interprandial or post-absorptive period: 
 
This period starts as soon as the digestion of dinner is completed in the late evening. It is 

characterised by a decrease in the insulin/glucagon ratio where increased glucagon secretion 

will allow us to cope with the decrease in glucose levels (Berg et al. 2002). Glucagon signals 

the fasting state. Its main target is the liver, to trigger glycogenolysis and de novo glucose 

synthesis to maintain blood glucose levels. Glycogen synthesis and glycolysis are inhibited, as 

well as fatty acid synthesis. The liver can also use fatty acids from adipose tissue for its own 

metabolism if it needs an energy source, as can the muscle. Glucose released by the liver from 

glycogen will be able to reach the muscle and fat tissues, in order to respond to the decrease 

in insulin levels, even if they are not very energy consuming at this time. Towards the end of 

the night, still in order to maintain normoglycemia, the fatty acids previously stored will be 

used as energy donors and cortisol will be secreted to stimulate neoglucogenesis. Proteins, at 

least a fraction of them, will release glucogenic amino acids in order to have a possibility of 

glucose formation by pyruvate or oxaloacetate (Röder et al. 2016). 
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Physiological fasting at night: 
 
During night-time fasting, glucose homeostasis is ensured by hepatic glucose production 

through glycogen breakdown and, to a lesser degree, by gluconeogenesis. The glucose 

produced is used primarily by the glucose dependant organs (brain) (Maughan, Fallah, et Coyle 

2010). Peripheral glucose utilisation is reduced in proportion to the decrease in insulin which 

reduces the synthesis 

and translocation of 

GLUT4, the only 

hormone-regulated 

GLUT that is mostly 

expressed in muscle 

and adipocytes. This 

results in a reduced 

capacity for glucose 

utilisation by muscles 

and adipose tissue. 

The increase in fatty 

acids levels induces 

the production of 

ketone bodies by the 

liver, which can be 

used by the brain, 

results in a decrease of insulin sensitivity of target tissues and therefore a reduction in glucose 

storage (Boujard, Anselme, et Cullin 2015). As fasting continues, gluconeogenesis intensifies 

to compensate for the loss of glycogen reserves. Ketogenesis from Acetyl-CoA, due to the 

decrease in the insulin/glucagon ratio, provides a substitute for glucose. The substrates of 

gluconeogenesis come from lipolysis (glycerol), lactates and muscular amino acids. The 

substrates of ketogenesis are above all beta-oxidised fatty acids from lipolysis (Berg et al. 

2002). 

 

 

 
Figure 3: Maintenance of glucose levels by insulin and glucagon in 
different physiological states. Adapted from (Röder et al. 2016). 
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1.2 Organs involved in glucose homeostasis 

As glucose homeostasis is a balance between glucose intake and expenditure in the body, all 

organs are to some extent involved in its regulation due to their own energy consumption. For 

example, central nervous system and skeletal muscles are the biggest consumers of glucose. 

However, certain organs play a more important role in maintaining homeostasis by playing a 

very specific regulatory role. 

 

The pancreas: 

 The pancreas has two distinct parts: the exocrine pancreas which intervenes in the digestion 

process by releasing pancreatic juices into the duodenum, and the endocrine pancreas which 

produces and secretes two essential hormones directly involved in glycaemia control. 

Insulin is the only hypoglycaemic hormone in the body. It is synthesised, stored and then 

secreted by the β cells of the pancreatic islets when blood sugar levels rise (Magnan et Ktorza 

2005). Released into the bloodstream, insulin acts at its targets to lower blood sugar levels: 

overall, it inhibits glucose production (whether glycogenolysis or neoglucogenesis) in the liver, 

muscles and kidneys, and stimulates glucose uptake in muscles and adipose tissue, as well as 

glycolysis and glycogen synthesis. In addition, it has an anabolic effect by increasing the uptake 

of amino acids in the muscles and liver, as well as an antilipolytic action (inhibition of the 

lipases responsible for lipolysis) on adipocytes, where it promotes the formation of glycerol-

phosphate (Cheatham et Kahn 1995) . At the central level, insulin acts at the hypothalamic 

level by modulating dietary behaviour: it inhibits food intake by suppressing the expression of 

neuropeptide Y (NPY), an orexigenic neuropeptide. Its action at the hypothalamic level also 

interferes with the counter-regulation of hypoglycaemia and indirectly regulates the 

endogenous production of glucose by the liver(Obici et Martins 2010). Thus, by promoting the 

consumption and storage of glucose and inhibiting endogenous glucose production, insulin 

fulfils its hypoglycaemic function. We will see in a next chapter, the details of the functioning 

of the pancreas.      

      

The liver:  

Is one of the main sources of glucose in the body outside of food intake. Indeed, when 

nutrients are supplied through food, the liver stores glucose in a polymerised form, glycogen, 
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and supplies other organs with glucose between food intakes. In the postprandial state, which 

is the period necessary for the total assimilation of nutrients from a meal (lasting about 5 to 6 

hours), the glucose in the bloodstream no longer comes from liver production but from  

intestinal absorption of nutrients. In this case, the liver stops producing glucose and becomes 

a consumer of glucose (~45% of circulating glucose) by producing glycogen (Shrayyef et Gerich 

2010). Because of its function of endogenous glucose production, the liver is one of the main 

targets of the mechanisms that regulate blood glucose levels, notably insulin and glucagon. 

This change pre/post is induced by insulin; insulin resistance (T2D), high glucose output from 

liver even at postprandial state  

 

When glucose levels are high, glucose utilization by the liver increases, stimulated by insulin , 

and glucose serves as a substrate for glycogenogenesis (Polakof, Mommsen, et Soengas 2011). 

As the blood glucose level in the postabsorptive state is about 5 mM(i.e. once the nutrients in 

a meal have been fully absorbed by the body; usually measured after a 12-hour fast, such as 

in the morning upon waking) , 50% of the glucose entering the circulation comes from 

glycogenolysis by the liver.  

      

      

The kidneys:  

Are endogenous producers of glucose. Although it has low glycogen reserves, it is not able to 

produce glucose by glycogenolysis due to the absence of glucose-6-phosphatase in glycogen-

containing kidney cells. The kidney’s production of glucose therefore stems entirely from 

neoglucogenesis (Gerich et al. 2001). During the postabsorptive phase, renal glucose 

production corresponds to a quarter of the hepatic glucose release, however renal 

involvement increases as fasting is prolonged. During the postprandial phase, the kidney also 

uses glucose (~10% of circulating glucose) as energy. The renal system acts as a filter, and its 

multiple transporters often require large amounts of ATP. Finally, in addition of its glucose 

production by neoglucogenesis and of its own use of glucose, the kidney may also influence 

glucose homeostasis by reabsorbing glucose (Gerich 2013).       
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The nervous system:  

Is one of the organs with the highest energy requirements, especially glucose. The brain lacks 

fuel stores and hence requires a continuous supply of glucose. It consumes about 120 g daily, 

which corresponds to an energy input of about 420 kcal (1760 kJ), accounting for some 60% 

of the utilization of glucose by the whole body in the resting state (Mergenthaler et al. 2013). 

Much of the energy, estimates suggest from 60% to 70%, is used to power transport 

mechanisms that maintain the Na+-K+ membrane potential gradients required for the 

transmission of the nerve impulses. The brain must also synthesize neurotransmitters and 

their receptors to propagate nerve impulses. Overall, glucose metabolism remains unchanged 

during mental activity, although local increases are detected when a subject performs certain 

tasks (Berg et al. 2002).  

Glucose is transported into brain cells by the glucose transporter GLUT3. This transporter has 

a low value of Km for glucose (1.6 mM), which means that it is saturated under most conditions. 

Thus, the brain is usually provided with a constant supply of glucose (Jurcovicova 2014). Fatty 

acids do not serve as fuel for the brain, because they are bound to albumin in plasma and thus 

do not traverse the blood-brain barrier. During starvation, ketone bodies generated by the 

liver partly replace glucose as fuel for the brain (Berg et al. 2002). 

The nervous system therefore influences blood sugar levels through its use of glucose but also 

through regulatory mechanisms operating at various levels. The central autonomic nervous 

system acts directly on the hormonal secretion of the pancreas through sympathetic and 

parasympathetic nerve projections (Yoshimatsu et al. 1984). In rats, lesions of the 

ventromedial nucleus of the hypothalamus, involved in food intake, have been shown to 

induce hypersecretion of insulin at elevated glucose and increased glucagon levels upon 

stimulation with the amino acid arginine (Rohner-Jeanrenaud et Jeanrenaud 1980). In 

addition, the presence of glucose-sensitive neurons in the central nervous system will produce 

rapid and adaptive responses from effector organs involved in glucose homeostasis (Levin et 

al. 2011). Insulin can also act directly on its receptors which are expressed in the central 

nervous system, including the brain, hypothalamus, cerebral cortex and cerebellum (Hopkins 

et Williams 1997). As a result, insulin can regulate food intake and appetite by decreasing the 

expression of neuropeptide Y (NPY which is orexigenic, or by increasing the expression of pro-

opiomelanocortin (POMC) which is anorexigenic (Schwartz et al. 2000). 
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Skeletal muscles:  

The major fuels for muscle are glucose, fatty acids, and ketone bodies. Muscle differs from the 

brain in having a large store of glycogen (1200 kcal, or 5000 kJ). In fact, about three-fourths of 

all the glycogen in the body is stored in muscle (Berg et al. 2002) . However, unlike the liver, 

muscles are not able to release glucose into the circulation. Their glycogen reserve is therefore 

used by the muscles themselves as a source of energy to perform their locomotor function. 

This glycogen is readily converted into glucose 6-phosphate for use within muscle cells. 

Muscle, like the brain, lacks glucose 6-phosphatase, and so is therefor unable to export 

glucose. As a consequence, muscle retains glucose, its preferred fuel for bursts of activity. In 

actively contracting skeletal muscle, the rate of glycolysis far exceeds that of the citric acid 

cycle, and much of the pyruvate formed is reduced to lactate, some of which flows to the liver, 

where it is converted into glucose (Severinsen et Pedersen 2020). 

In addition, myocytes also secrete cytokines called myokines that regulate carbohydrate and 

fat metabolism (Severinsen et Pedersen 2020). One of the best known in this regulation is 

interleukin-6 (IL-6): it increases glucose uptake via the glucose transporter GLUT4 (Zisman et 

al. 2000) and promotes lipid oxidation (Carey et al. 2006). It thus acts on postprandial blood 

glucose by delaying gastric emptying ( Lehrskov et al. 2018). IL-6 also finely controls the 

endocrine function of the pancreas by stimulating the proliferation of α-cells, secretors of 

glucagon and the expression of pro-glucagon messenger ribonucleic acid (mRNA) (Carey et al. 

2006). 

 On the other hand, the ability of muscle tissue to rapidly increase its glucose utilisation makes 

it an important player in the regulation of blood sugar levels, especially just after a meal. This 

organ is in fact a major  user of glucose in the postprandial period (~30% of circulating glucose) 

just second to the liver (Yang 2014) . The glucose captured by the muscles is then either used 

immediately or used as a substrate for glycogenogenesis to maintain its energy reserves. 

Finally, skeletal muscle plays an additional role in the regulation of blood glucose levels by 

releasing amino acids into the bloodstream which will be used by the liver for gluconeogenesis  

(Spargo, Pratt, et Daniel 1979). 

 

White adipose tissue: 

This tissues  plays a role in stockage and after a meal, the adipose tissue harvests 10-15% of 

the glucose ingested, which further metabolized to triglycerides (Rosen et Spiegelman 2006). 
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When energy consumption exceeds energy expenditure, the unspent lipids are stored as 

triacylglycerol in the adipose tissue cells, the adipocytes. The latter secrete fatty acids 

(produced by the breakdown of triacylglycerols) into the circulation when glucose availability 

is limited, so that other organs can use them as an energy source (Berg et al. 2002). In 

situations when, hepatic gluconeogenesis is necessary (depletion of glycogen stores), the 

adipose tissue releases free fatty acids and glycerol into the bloodstream which will be used 

by the liver as a substrate for glucose production. In addition, white adipose tissue plays an 

important endocrine role, secretes proteins, more particularly cytokines (cell signalling 

proteins) called adipokines. The first adipokine discovered in 1994 was leptin, which is the 

most studied adipokine and the one that has a considerable role in fat regulation (Friedman, 

2002); it inhibits hunger at the central level and stimulates energy expenditure. Leptin acts 

directly on insulin secretion by inhibiting it (Kieffer et Habener 2000). It also exerts its anti-

hyperglycaemic action in the muscles and liver where it increases insulin sensitivity (Kamohara 

et al. 1997).  

 

Figure 4: Interaction of the pancreas with the nervous system, liver, small intestine, white 
adipose tissue and skeletal muscle via a network involving hormones and neurotransmitters. 
BNDF, brain-derived neurotrophic factor; CCK, cholecystokinin; GIP, glucose-dependent 



32 
 
 

insulinotropic peptide; GLP-1, glucagon-like peptide 1; GRP, gastrin-releasing peptide; IL-6, 
Interleukin 6; MCH, melanin concentrating hormone; NPY, neuropeptide Y; PACAP, pituitary 
adenylate cyclase-activating polypeptide; POMC, pro-opiomelanocortin; VIP, vasoactive 
intestinal peptide. Adapted from (Röder et al. 2016) 
 

      

1.3 Regulation of glucose maintenance: Sensors and Actuators.       

 

The maintenance of blood glucose within a defined narrow range, during periods of intake 

and of consumption, requires a precise and reliable control mechanism. Such a mechanism 

requires first precise detection of the entity to be regulated by a sensor, second regulators, 

also called actuators, of glucose levels and finally feed-back loops to keep the system constant.  

 

The different glucose sensors of the body 

A sensor is commonly defined as a device that detects and responds to some type of input 

from the physical environment.  In our body, we have different biosensors that are able to 

detect changes in nutrients, be it glucose, amino acids (Thorens et Mueckler 2010) or lipids in 

the form of free fatty acids (Moullé et al. 2014) , and whose response is a function of the levels 

of the detected nutrients. This response or actuators therefore constitutes a signal that is 

transmitted, via hormonal, neuronal or intercellular signals to the effector organs so that they 

adapt their use or production of glucose and fatty acids to the ambient blood levels of glucose 

and lipids, thus contributing to the proper maintenance of energy homeostasis. Both types of 

sensors (glucose, fatty acid or also amino acids) are involved in the regulation of blood glucose 

levels, given the influence that these nutrients have on each other in their metabolism and 

the interconnections of biochemical pathways. Here we will only deal with glucose sensors, 

although some of them may be modulated by fatty acids and amino acids. 

The body’s most important glucose detectors are contained in the islets of Langerhans, and 

are none other than the cells β and the α cells, which directly influence blood glucose levels 

through the hormones they secrete, while being regulated by blood glucose levels (their 

secretory activity being a function of extracellular glucose concentrations). Like neurons, these 

cells are said to be excitable because they generate electrical activity. While β cells are 

activated by increases in glucose concentrations, α cells are sensitive to glucose variations at 

low concentrations (Thorens 2008). We will discuss in details in a next chapter the architecture 
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and the functioning of this specific glucose detector which has the principal role in our 

biosensor.  

However, glucose levels are also measured at various strategic points in the body by the bias 

of gluco-sensitive neurons, i.e. whose electrical activity is modified when blood sugar levels 

vary. In the periphery, these neurons are found in the autonomic nervous system, in the 

digestive tract. They intervene in the regulation of food intake by influencing intestinal 

motility, digestion speed and gastric emptying (Browning 2013; Mithieux et Gautier-Stein 

2014) .  

In the central nervous system, glucose-sensitive neurons become more sensitive to glucose 

and are found in several cerebral areas mostlyin the hypothalamic area. The best-known 

circuits are those involved in the regulation of energy homeostasis. These neurons are divided 

into two categories: glucose-excited (GE) neurons, just like pancreatic β cells, are activated 

when blood glucose levels rise, during which their discharge frequency increases, whereas 

glucose-inhibited (GI) neurons, on the other hand, will be more active if the blood sugar level 

drops, as it does for pancreatic α cells. These neurons are particularly present in the 

hypothalamus (Oomura et al. 1975; Routh et al. 2014) which integrates nervous, metabolic 

and hormonal information from the periphery to regulate eating behaviour and energy 

expenditure according to changes in homeostasis. Sensors located at the central level, notably 

the GI, are also involved in the counter-regulation of hypoglycaemia (Levin et al. 2011) . Finally, 

the carotid body contains sensors to signal hypoglycaemia (Prabhakhar et Joyner 2015). 

 

At the level of the digestive tract and the portal vein, the first blood passage of digested 

nutrients, several sensors are positioned at these early points of nutrient income. The hepatic 

portal vein constitutes a key site in the detection of glucose being since it collects the blood 

flow from the entire digestive tract and thus the nutrients from food. The hepato-portal 

glucose detector is used to control the intake of glucose (Thorens 2004). When the blood sugar 

levels increase in the portal vein, this sensor reduces the electrical tone of the nerve afferents 

passing through the vagus nerve and the spinal cord projecting on the nerve centres (Niijima, 

Torii, et Uneyama 2005). Within the GIT, enteric neurons are capable to sense glucose levels 

and provide afferent signals (Raybould 2007) . Two other kind of sensors, L cells and K cells, 

dispersed throughout the GIT, are able to detect glucose during nutrient passage and provide 

corresponding hormones to tune the islet system(Ezcurra et al. 2013).  
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The carotid body is looked at as a multipurpose sensor for blood gases, blood pH, and several 

hormones. The matter of glucose sensing by the carotid body has been debated for several 

years in the literature, and these days there is a consensus that carotid body activity is 

modified by metabolic factors that contribute to glucose homeostasis (Conde, Sacramento, et 

Guarino 2018). 

 

Interestingly these anatomically very different sensors, from islets to liver, GIT, carotid and 

brain, are using a certain set of common molecular tools that have initially been described for 

-cells.  Indeed, these cellular glucose sensors express and use typically the glucose 

transporter GLUT2 (in rodents), glucokinase, and an ATP-sensitive potassium channel (KATP) 

that allows the triggering of electrical activity when glucose is metabolised by the cell (Schuit 

et al. 2001; Thorens et al. 2015; Liu, Seino, et Kirchgessner 1999).  

These multiple sensors and their interactions via hormones and nerves led to the concepts of 

gut-brain axes, brain-liver axis etc (Thorens et al. 2015),that provide pathways for the 

coordinated read-out of changes in nutrient status within an organism. 

 

 

 Actuators of glucose maintenance: Insulin and glucagon: 
 
The “balance” between insulin and glucagon secreted by the endocrine pancreas is essential 

to blood sugar regulation by acting on the different organs presented above. Insulin is 

secreted by the β-cells of the islets in response to an increase in blood glucose, in combination 

with other nutrients. Its main targets are the liver, adipose tissue and muscle as well as the 

islets themselves (Petersen et Shulman 2018). Thus, insulin increases glucose uptake by these 

insulin-sensitive cells. As detailed above, some of the glucose is used as an energy source, 

while the rest enters the anabolic pathways leading to the conversion of glucose to glycogen 

and fat. Insulin also inhibits glucose production (glycogenolysis and gluconeogenesis) in the 

liver, muscle, kidney and intestine (Pocock et Richards 2006). Finally, insulin stimulates 

lipogenesis by increasing the synthesis of fatty acids from glucose and thus increases 

triglyceride synthesis and very low-density lipoprotein production in the liver (Pocock et al., 

2019). In contrast, although there are several hyperglycaemic hormones, the most potent is 
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glucagon, and many of its actions are directly opposed to insulin (Scott et Bloom 2018). 

Glucagon is secreted by α-cells following a decrease in blood glucose. The main target of 

glucagon is the liver, where it increases hepatic glucose production via the stimulation of 

glycogenolysis and gluconeogenesis. Glucagon also has a significant lipolytic effect by 

mobilising fatty acids and glycerol from adipose tissue (Pocock et al., 2019).       

      

1.4 The different phases of food intake: 

The simple view or even thought of a meal already prepares the body for digestion (Power et 

Schulkin 2011) . During food intake, three phases are involved in regulating blood glucose 

levels. The cephalic phase involves the central and peripheral nervous system and begins 

before the nutrients are ingested to prepare the body. The gut phase is the release of incretin 

hormones (GLP-1 and GIP), stimulated by the passage of nutrients through the gut. These 

hormones prepare the β-cells for the arrival of glucose and then potentiate insulin secretion. 

Finally, the islet phase corresponds to the arrival and action of glucose on the islets (Rorsman 

et Ashcroft 2018a) . 

 

Cephalic phase 
 
In the cephalic phase , the anticipation of food prepares the body for digestion, absorption 

and use of nutrients in food (Power et Schulkin 2011). The sensory aspect of food, such as 

sight and smell, influences eating behaviour. For example, the smell of a favourite dish can set 

the stage for overeating. The sensation of food in the mouth or thoughts related to food send 

signals to the spinal cord via the vagus nerve to stimulate the release of gastric chemicals, 

pepsin and hydrochloric acid, which play a role in the breakdown of food (Wiedemann et al. 

2020). The parasympathetic nervous system thus releases an excitatory neurotransmitter 

within the islets, acetylcholine (ACh). It has also multiple and complex effects on β-cells that 

are mainly mediated through the activation of M3 muscarinic receptors(Molina et al. 2014) . 

At a cellular level such a signal promotes translocation of secretory granules to the plasma 

membrane in -cells and thus enhances their readiness for release (Niwa et al. 1998). Non-

cholinergic mechanisms also participate in the cephalic phase. For example, parasympathetic 

nerves contain several neuropeptides in addition to ACh: VIP (Vasoactive intestinal peptide), 

PACAP (Pituitary adenylate cyclase-activating polypeptide) and GRP (Gastrin releasing 
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peptide). These neuropeptides are released after activation of the vagal nerve of the pancreas 

and stimulate insulin secretion (Ahrén 2000). This phase therefore prepares the β-cell and the 

body to take handle glucose. It is crucial for the regulation of postprandial blood glucose. Due 

to readily cephalic phase a high concentration of insulin is released during food intake and its 

digestion, thus allowing a better uptake of absorbed glucose (Teff 2011). In mice, the nerve 

terminations extend into the islets to be in direct contact with the endocrine cells (Lundquist 

et Ericson 1978). In contrast, human islets are less innervated. Indeed, the nerve endings are 

rather in contact with the smooth muscles of the blood vessels than with the endocrine cells 

(Rodriguez-Diaz, Abdulreda, et al. 2011). Thus, the nervous regulation of human islets seems 

to be mainly indirect via the control of blood flow. 

 

Gastro-enteric phase 
 
Its food arrives in in the stomach , the vago-vagal reflex communicates that nutrientsare 

present (Faris et al. 2008) Based on the feedback, the required levels of digestive chemicals 

are released. After the gastric phase, the "enteric phase", or "intestinal phase", comes into 

play. Indeed, oral administration of glucose leads to a greater stimulation of insulin secretion 

than intravenous or intraperitoneal administration, despite similar plasma glucose levels 

(Elrick et al. 1964). This phenomenon is called the "incretin effect". It is caused by a release of 

incretin hormones, stimulated by the passage of the food bolus through the gut which 

potentiates insulin secretion by β-cells in response to glucose. Two peptides synthesised and 

released by the entero-endocrine cells of the gut have been identified as incretin hormones. 

The first is glucose-dependent insulinotropic polypeptide (GIP), which is released from K-cells 

located in the duodenum and upper jejunum (Buchan et al. 1978) . The second is glucagon-

like peptide-1 (GLP-1), and its secretion by L-cells, located mainly in the ileum and colon, is 

stimulated by GIP released from more proximal K-cells (Baggio et Drucker 2007; Holst 2006; 

Meier et Nauck 2005).This "incretin effect" accounts for about 65% of the total insulin 

secretory response (Nauck et al. 1986) . 

 

Islet phase 
 
As glucose reaches the β-cells, the islet phase begins. Islet insulin secretion has two 

characteristic phases, a peak phase and a plateau phase with oscillations, as will be detailed 
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in a next chapter. Together, the cephalic, gastro-enteric and islets phases ensure the 

maintenance of normoglycaemia before, during and after meals in the healthy subject and 

any disruption of this system results in major metabolic disorders. 

 

  
Figure 5: Successive phases of blood sugar regulation during food intake. (A) During food 
intake, three phases are involved in regulating blood glucose levels. The cephalic phase 
involves the nervous system and begins before the nutrients are ingested to prepare the 
body. The gut phase is the release of incretin hormones (GLP-1 and GIP), stimulated by the 
passage of nutrients through the gut. These hormones prepare the β-cells for the arrival of 
glucose and then potentiate insulin secretion. Finally, the islet phase corresponds to the 
arrival and action of glucose on the islets (A panel: Jaffredo 2021 thesis). (B) Diagram of the 
innervation of the islets and the three branches of the autonomic nervous system, namely 
the sympathetic nerves (red, Noradrenaline), the parasympathetic nerves (blue, 
Acetylcholine) and the sensory nerves (black). The different nuclei of the hypothalamus are 
indicated (VLH, VMH, PVN, DMN, NTS). From Ahrén (2012). (C) Cephalic phase demonstrated 
in conscious sheep. Portal venous insulin concentration is measured after showing food (at 
70 min) and after ingestion (at 100 min). Adapted from Matthew & Clarke (1987) 
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2. The islet of Langerhans, the main glucose sensor. 
 
 The pancreas plays a key role in the regulation of digestion and carbohydrate homeostasis 

through the release of digestive enzymes and pancreatic hormones. Due to its retroperitoneal 

location, the pancreas has been a 

little-known organ for long time 

and it  

is divided into 3 parts: the head, 

the body and the tail. This organ 

consists of acinar (or exocrine) 

cells that secrete pancreatic juice 

containing digestive enzymes 

(e.g. amylase, pancreatic lipase, 

trypsinogen) into the bile duct. 

These enzymes then flow into the 

duodenum and small intestine to 

break down fats, proteins and 

carbohydrates (Chruścik et al. 

2021). Pancreatic islet hormones, 

on the other hand, are released 

endocrine, i.e. directly into the 

bloodstream, to regulate blood 

sugar (Röder et al. 2016) . It is on 

this last point that we will focus. 

 

 

2.1: The endocrine pancreas. 
 

In contrast to the massive exocrine portion of the pancreas, the endocrine portion represents 

only 1–4% of the total mass of the organ. Despite this minority, islet cells mediate 

indispensable functions in glucose homeostasis. The pancreatic islets of Langerhans, 

 
Figure 6: Exocrine and endocrine pancreas. The 
pancreas has a head, a body, and a tail. It delivers 
pancreatic secretion to the duodenum through the 
pancreatic duct. Adapted from (Chruścik et al. 2021) 
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discovered in 1869 by Paul Langerhans (Langerhans 1869), are microorganisms embedded in 

the exocrine parenchyma of the pancreas. They are dispersed throughout the organ, with a 

higher density in the tail region. Using optical methods, it was shown that the pancreas of an 

8-week-old mouse contained about 1,100 pancreatic islets and that a mouse islet was 

composed of an average of 80 cells, with an average diameter of 60 μm. A human pancreas, 

on the other hand, contains about 1 million islets, with a diameter of 130 μm corresponding 

to about 200 β cells per islet on average (Rorsman et Ashcroft 2018a). A pancreatic islet is 

composed of several endocrine cell types and their relative contribution varies among species 

(Barbieux et al. 2016) and location of islets, within the pancreas. Thus, even within a given 

species such as man, there is hardly a “standard islet” (Dybala et Hara 2019) although some 

conserved principles emerge (Hoang et al. 2014). The predominant islet cell types are insulin-

secreting β-cells (~50% in humans, ~75% in mice), glucagon-releasing α-cells (35-40% in 

humans, 15-20% in mice) and somatostatin-secreting δ-cells, an inhibitor of glucagon and 

insulin secretion (10% in humans, ~5% in mice) (Rorsman et Huising 2018). There are also two 

rarer cell types: the PP-releasing γ-cells and the ghrelin-secreting ε-cells (Aamodt et Powers 

2017). One of the major differences between rodent and human islets is therefore the ratio 

of β to α cells. Interspecies differences also exist in the arrangements of the different cell types 

in relation to each other. This optimal arrangement is driven by the need for interaction 

between cell types and would allow human β-cells to respond more to low glucose levels 

compared to mouse β-cells (Klemen et al. 2017; Cabrera et al. 2006). The unique position of 

-cells among the different cell types is underscored by the fact, that all other cell types are 

also found in the gastrointestinal tract or hypothalamus, whereas the -cells is unique to islets. 
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Next, we will discuss in detail the different cell types of these pancreatic islets, and try to 

understand why islet of Langerhans constitute a suitable sensor for the maintenance of 

glycaemia and a well-adapted substrate for the development of our biosensor. 

 

2.2: Cellular architecture of the islets of Langerhans. 

 

Langerhans islets are made up of different cell types, from  to -cells. These cell populations 

share common characteristics even if they have different functions. These cells are all 

electrogenic and have KATP channels on their surface making them sensitive to metabolic 

variations. Finally, they all secrete hormones via vesicles.  We look at the specificities of each 

of these cell types. 

 

 
Figure 7: Architecture of human and murine islets. Immunohistochemical labelling of a 
mouse (A) and human (B) islet (red: insulin, green: glucagon, blue: somatostatin). Scale 
bars: 20 µm. Schemes of a mouse islet (C) and a human islet (D) highlighting the differences 
in vascularisation, innervation and cell distribution. The α (green), β (red) and δ (blue) cells 
are indicated. Electron microscopy images of mouse (E) and human (F) β cells. Bars Scale 
bars: 500 nm. From (Rorsman et Ashcroft 2018a) 
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β-cells 
 

β-cells are the principal component of the pancreatic islets. They are polygonal cells, with an 

average diameter of 13–18 μm(Göpel et al. 1999) that possess around10,000 secretory 

granules (Olofsson et al. 2007), each containing up to 8–9 fg of insulin (1.6–1.8 amol insulin) 

(Rorsman et Ashcroft 2018a).  

The main stimulus for insulin secretion by the β-cell is glucose, both in humans and in mice, 

since it is the most common component found in our diet and enters the bloodstream directly 

after digestion of the meal. When blood glucose levels exceed the threshold of 3 mM for 

human or 5 mM in mice, the β-cell will secrete insulin (Klemen et al. 2017; Rodriguez-Diaz et 

al. 2018). Insulin is expressed in pancreatic β-cells from a single INS gene in humans, whereas 

in rodents two genes exist, INS1 and INS2. Transcription of the INS gene leads to pre-pro-

insulin mRNA, which is then translated into pre-pro-insulin peptide. Glucose regulates gene 

expression and mRNA stability, and thus the insulin content of the cell (Evans-Molina et al. 

2007; Leibiger et al. 1998). The pre-pro-insulin peptide passes into the endoplasmic reticulum 

with concomitant processing to pro-insulin followed by transport to the Golgi apparatus and 

is packaged there into secretory vesicles where maturation to insulin takes place. If we look 

at the ultrastructure of the β-cell, we find secretory granules of two types: granules with a 

compact core, containing immature pro-insulin, and granules with a crystalline core 

containing so-called mature insulin, arranged in hexamers around two zinc molecules (Folli et 

al. 2018; Orci, Vassalli, and Perrelet 1988). Mature insulin is preferentially secreted around 

the β-cell and subsequently reaches the liver via the portal circulation. The hepatocytes use 

50% of the insulin; the rest is transported to the heart via the venous circulation, which can 

then distribute it to the rest of the body via the arterial circulation (Tokarz, MacDonald and 

Klip 2018). Insulin will be able to stimulate GLUT4 translocation to the plasma membrane and 

thus enhances glucose uptake by muscle cells and adipocytes. At the end of this process, the 

remaining circulating insulin is degraded by the kidney (El, Capozzi, and Campbell 2020). 

 

The insulin-secreting β-cell: an electrogenic cell 
 
As in all endocrine cells, the secretory activity of β-cells is finely controlled by ion channels. 

These channels control potassium, sodium, calcium and chloride fluxes that generate changes 
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in β-cell membrane potential (Rorsman et Ashcroft 2018a). This electrical coding has several 

advantages. First, a threshold effect: insulin is a very potent hormone with potentially lethal 

effects if secretion is continuous or excessive. Ion channels, especially voltage-gated ones, 

open and close in a very controlled manner, with thresholds for activation and inactivation. 

Secondly, ions are small, highly mobile charged elements that do not consume any energy 

when passing through the channels in a passive manner along a gradient. Although ion 

transporters are implicated in later steps, the energetic cost has only to be paid only 

afterwards. Finally, the kinetics of channel opening and inactivation/closing are very fast (a 

few ms), allowing very precise electrical coding. β-cells express ~30 famillies of channels that 

can be regulated at different levels: transcription, translation, post-translational modifications 

(e.g. phosphorylations and dephosphorylations), intracellular trafficking, associations with 

regulatory subunits and partner proteins. This allows the β-cell to respond to extra- and 

intracellular signals to refine this electrical code and thus secretion.  

The biochemical mechanism of stimulus-secretion coupling whereby glucose initiates 

electrical activity to induce insulin secretion was described in Chapter 1. It is important to add 

that the electrical activity of the β-cell is stimulated by glucose, but can be modulated by 

amino acids (Henquin et Meissner 1981), neurotransmitters (such as acetylcholine) (Hermans, 

Schmeer, et Henquin 1987) and hormones (such as GLP-1) (Leech et al. 2011). All these 

molecules require glucose to initiate membrane depolarisation. Having carried out my thesis 

work on mouse islets, I will detail the ionic events responsible for the stimulus-secretion 

coupling found in this animal model. Let us first look at the sequence of events before detailing 

the behaviour and characteristics of the different types of channels. 

 

 

 

Resting potential and initiation of the depolarization 
 
 At low glucose concentration and consequently low metabolic activity, the intracellular 

ATP/ADP ratio in the β-cell is low. The membrane of the insulin-secreting cell is hyperpolarised 

it membrane potential between -70 and -80 mV and without electrical activity (Rorsman et 

Ashcroft 2018a), whether in humans or mice. This resting potential is maintained by the KATP 

channel, the opening of which induces an outflow of K+ ions and thus an excess of negative 
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charges in the intracellular medium. From 5 mM glucose onwards, the ATP/ADP ratio 

increases, more KATP channels are closing, the membrane depolarises and reaches -60 mV but 

without initiation of electrical activity. It is only above 6 mM glucose that KATP channels are 

completely inhibited, the membrane potential reaches a threshold sufficient to initiate the 

electrical activity i.e. between -60 mV and -50 mV. 

 

Action potentials 
 
The decrease in potassium outward currents alone does not suficiently depolarise the 

membrane. The closure of KATP channels strongly increases the input resistance of the 

membrane. This phenomenon is combined with the presence of background depolarising 

inward currents. Indeed, once the membrane input resistance increases, the impact of these 

background depolarising currents on the membrane potential strongly increases (V=R*I, and 

R increases), which leads to the the rapid membrane depolarisation. However, the identity of 

these background currents is not yet clear, eventually involving cationic TRP channels (Gall et 

al. 1999). Recently osmo-regulated chloride channels, activated by glucose entry and its 

metabolisation, have been shown to contribute to this initial depolarisation (Kang et al., 2018; 

Stuhlmann et al., 2018). The membrane depolarises at around -50 mV, which initiates the 

regenerative electrical activity by opening the VDCCs (Göpel et al. 2004). The L-type calcium 

channels contribute to >60% of calcium currents. These channels contribute to the exocytosis 

of insulin-containing secretory granules, but are not the only depolarising currents involved. 

Voltage-gated sodium channels as well as P/Q-type calcium channels (15-25% of calcium 

currents) contribute to the final rise (from -30 to ~0 mV) of the action potential (Rorsman, 

Braun, et Zhang 2012). Once calcium and sodium channels are inactivated, voltage-gated 

(mainly in mouse) and calcium-activated (mainly in human) potassium channels contribute to 

the membrane repolarisation. These K+ channels already open a little during the upstroke of 

the action potential, but given their very slow opening rate, their impact on the membrane 

potential is delayed compared to depolarizing channels  (Rorsman et Huising 2018). 
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Figure 8: The ionic currents involved in the action potential of the β-cell. (A) Schematic 
representation under voltage imposed of the sodium (INa), calcium (ICa), potassium (IK) and 
total membrane current (Itotal) involved in depolarisation. (B) Sodium, calcium and potassium 
ion channels responsible for the generation of the action potential in the β-cell action 
potential in the β-cell. Note that other channels, notably TRPs, modulate the electrical activity. 
Adapted from (Klemen et al. 2017; Rorsman et Ashcroft 2018a). 

 

 



45 
 
 

 Membrane potential oscillations and continuous action potential activity 
 
 After an action potential, the repolarisation of the membrane is not complete as there is a 

membrane potential plateau between -50 mV and -40 mV. This is due, among other, to the 

rectifying K+ channels that remain open after membrane repolarisation and maintain the 

plateau in order to maintain a temporal period between successive action potentials (Rorsman 

et Trube 1986). In addition, a decrease in the amplitude and frequency of action potentials is 

observed over time, which is thought to be due to the inactivation of calcium channels 

(Rorsman et al. 2011). In mice, electrical activity is presented by alternating active phases of 

membrane depolarisation with bursts of action potentials and silent phases of membrane 

repolarisation. At 10 mM glucose, for example, the active phases last 5-10 s, with 2-4 

bursts/min, and the inactive phases last 10-20 s. These membrane potential oscillations then 

convert to continuous action potential activity with the progressive increase in glucose, a 

reduction in silent phases, to reach at 20 mM glucose a discharge pattern where only active 

phases persist (Henquin et Meissner 1984). Note that the KATP channel activity is involved in 

these switches between active and inactive phases (Fig. 9). 

 

Figure 9: Effect of glucose on β-cell electrical activity. Changes in membrane potential, 
intracellular calcium concentration, intracellular ATP concentration and concentration and 
KATP channel activity at 5, 10 and 20 mM glucose. Oscillations in intracellular ATP concentration 
are in antiphase (θ) with KATP channel activity, calcium oscillations and electrical activity. 
According to ( Ashcroft et Rorsman 2013). 
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Ion channels in the β-cell responsible for stimulus-secretion coupling  
 
Having described the general sequence of events, we will have a look at the molecular 

identities. The β-cell contains more than 50 different ion channels on its plasma membrane 

surface (Ashcroft et Rorsman 1989; Rorsman et al. 2011). Only the main ion channels 

responsible for the ionic events involved in stimulus-secretion coupling will be discussed. 

KATP channel  
 
The ATP-sensitive potassium channel is the main ion channel that opens at the resting 

potential in insulin-secreting cells of all species. However, even in the absence of glucose, a 

large proportion of the KATP channels are already closed, with channel conductance around 7% 

and falling to 3% when glucose is increased to 10 mM. The slightest change in channel 

conductance induces marked changes in membrane potential. This is physiologically 

important and advantageous for glucose regulation to prevent random opening of a single 

channel which would hyperpolarise the membrane at high glucose and thus inhibit insulin 

secretion (Rorsman et Ashcroft 2018). Opening the KATP channel clamps the β-cell membrane 

to low potentials, while closing it induces depolarisation as explained above. The 

concentration of ATP in the β-cell is low at low glucose, leaving the KATP channel open allowing 

potassium efflux, membrane hyperpolarisation and lack of insulin secretion. When the 

concentration of glucose increases and the KATP channel closes and  depolarises the cell. The 

kinetic properties of the β-cell KATP channel are qualitatively similar in mice and humans.  

The β-cell KATP channel hetero-octamer is  formed by two proteins: the sulphonylurea receptor 

and regulator type 1 (SUR1), unique to β-cells, and the channel pore-forming protein for the 

rectifying inward potassium current, Kir6.2 (Islam 2020). SUR1 is a target of the class of 

antidiabetic agents called sulphonylureas that block the KATP channel and thus insulin 

secretion. The KATP channel is composed of 8 subunits, 4 Kir6.2 proteins surrounded by 4 SUR1 

proteins. Inhibition of β-cell KATP channel activity is induced by ATP binding to Kir6.2. However, 

ATP inhibits the Kir6.2 subunit only with an IC50 of 100-200 μM and the presence of SUR1 

significantly increases the affinity to the nucleotide (IC50 = 5-10 μM) (Koster et al. 2005). The 

role of this channel in insulin secretion is central since mutations in the KATP channel subunits 

alter its biophysical properties and cause hypo- or hyperglycaemia (Gloyn et al. 2004). New 

concepts have emerged in recent years showing that depolarisation following glucose surge 
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does not rely solely on the closure of the KATP channel. Indeed, β-cells deficient for the gene 

coding for Kir6.2 respond to glucose stimulation (Ravier et al. 2009). Depolarising currents, so-

called background, and surely of composite native  (chloride out, cation in), currents are 

always present even at low glucose explaining why the resting potential of the cells is not the 

K+ reversal potential (-120 mV) but somewhat more depolarised (-80 to -70 mV) (Patrik 

Rorsman et Ashcroft 2018a). To date, these currents have yet to be identified. In addition, 

glucose entry and metabolism in the β-cell increases intracellular osmolarity sufficiently to 

activate, along with KATP channel closure, anion channels (such as leucine-rich repeat-

containing protein 8 or LRRC8/SWELL1, volume regulatory anion current or VRAC,) (Kang et 

al. 2018; Stuhlmann, Planells-Cases, et Jentsch 2018). 

 

Voltage-dependent channels 
 

Calcium channels  
 
Calcium currents are implicated in membrane potential, as well as calcium signals for secretion 

and for gene expression. Different molecular entities may form the base for these calcium 

currents and the situation is even a bit more complex as different entities may be responsible 

for depolarisation and for calcium influx linked to exocytosis.  

When the membrane potential reaches -50 mV, the probability of opening the VDCCs/Cav 

potential-dependent calcium channels increases. As already discussed above, calcium 

currents are mostly (about 50-60%) due to L-type VDCCs (Cav1.2) in mice ( Klemen et al. 2017). 

In contrast, in humans, P/Q-type potential-dependent calcium channels are involved to the 

same extent as L-type channels (Rorsman et Braun 2013). As we will see later, insulin secretion 

by the β-cell follows a biphasic pattern, with two phases of secretion. Inhibition or deletion of 

L-type VDCCs in mice causes a reduction in both phases of insulin secretion (Rorsman, Braun, 

et Zhang 2012). However, not only L-type VDCCs play a role in stimulus-secretion coupling as 

25% of calcium currents are attributed to R-type VDCCs (Cav2.3), which are more involved in 

the second phase than in the first phase of insulin secretion (Jing et al. 2005). P/Q-type VDCCs 

(Cav2.1) are responsible for 15-25% of the remaining calcium currents. VDCCs have different 

biophysical properties and pharmacology permitting their differenciation (Jing et al. 2005) 

(Rorsman et Ashcroft 2018). L-type (long duration) channels have longer kinetics than P/Q-

type (intermediate-long duration) channels. While L-type VDCCs can be blocked by 
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dihydropyridines (e.g. nifedipine), P/Q-type VDCCs are insensitive to them, but can be blocked 

by agatoxin IVA. R-type (intermediate duration) calcium channels have intermediate opening 

kinetics and can be inhibited by the toxin SNX-482.  

In contrast to mice, human and rat β-cells express T-type calcium channels that induce a 

transient calcium current (Barnett, Pressel, and Misler 1995) that activates at low thresholds, 

i.e. when the membrane is weakly depolarised (about -60 mV) and are therefore the first to 

activate. These channels undergo rapid voltage-dependent inactivation from -50 mV, i.e. this 

inactivation accelerates at increasingly depolarised membrane potentials. These channels 

may have pacemaker activity in human β-cells, particularly when the membrane potential is 

close to the threshold for triggering PAs. 

 

Sodium channels  
 
In most excitable cells, calcium and sodium channels are responsible for the depolarisation 

phase and the rise of the action potential. The use of specific sodium channel inhibitors such 

as tetrodotoxin (TTX) reduces the amplitude of β-cell action potentials, demonstrating the 

contribution of these channels in the generation of electrical activity (Göpel et al. 1999). 

Voltage-dependent sodium channels (Navs) in the β-cell include Nav1.3 (Scn3a), Nav1.6 

(Scn8a) and Nav1.7 (Scn9a), of which the latter are quantitatively more important as deletion 

of these Nav1.7 channels leads to a loss of more than 85% of sodium current (Zhang et al. 

2014) .However, deletion of Nav1.3 decreases insulin secretion in contrast to deletion of 

Nav1.7 which has no effect on insulin secretion. Furthermore, the Nav1.7-governed current is 

inactivated by half at -105 mV while the Nav1.3 current is inactivated by half at -50 mV 

demonstrating the role of these channels in action potential initiation and rise (Klemen et al. 

2017). Nav1.3 are functionally the most important sodium channel subtypes in the β-cell. 

Sodium current probably more involved in the AP of human beta cells than in mouse. Probably 

not in all beta cells in mouse contrary to human. 
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 Potassium channels  
 
Mouse β-cell action potentials have a long duration as discussed above, 30-40 ms up to 90 ms 

(Jacobson et al. 2007; Rorsman et al. 2011). In addition, invalidation of genes encoding Kv2.1 

channels induces an increase in the amplitude and duration of action potentials. The action of 

GLP-1 on the increase of insulin secretion could be, among others effects,through Kv currents 

(Shigeto et al. 2015): GLP-1 would reduce Kv currents which would prolong action potentials 

and increase the entry of Ca2+ ions into the β-cell through VDCCs (Islam 2020). K+ channels 

called ERGs (Kv11.1 and Kv11.2) modulate the frequency of action potentials. These channels 

allow little current to flow during the action potential but when the membrane is repolarised, 

they allow an outward current to flow, called the tail (or end) current, which lasts for some 

time and is thought to increase the interval times between successive action potentials 

slowing down the frequency of signals (Rorsman et Braun 2013). Inhibition of these channels 

increases calcium influx and insulin secretion in mice , and action potential frequency in 

humans (Rosati et al. 2000). In addition, these ERG channels are found in cardiac muscle cells; 

mutations in the genes encoding these channels are responsible for long QT syndrome, which 

is a cardiac rhythm abnormality and episodes of hypoglycaemia, hypokalaemia, which 

increases the risk of cardiac arrhythmias and therefore death (Torekov et al. 2014). 

 

Coupling between B cells: role of Cx 36 
 
Cells can communicate through contact between cells via connexins (Hervé et Derangeon 

2013). Communicating junctions between β-cells were identified about 50 years ago using 

electron microscopy (Orci, Vassalli, et Perrelet 1988) and their function was first studied by 

recordings with two electrodes showing waves of synchronised electrical activity induced by 

glucose in different cells of the same islet (Palti et al. 1996) . Connexins consist of 

nonglycosylated proteins that oligomerise into hexamers to form connexons. These structures 

are concentrated in domains of membrane junctions where the intercellular space is closed 

to 2-3 nm wide. Connexons from one cell bind to connexons from another cell to create an 

intercellular hydrophilic channel for the rapid exchange of several types of cytosolic molecules 

such as ions and metabolites up to about 1 kD in size.  
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Figure 10: Structure of gap junctions. Connexins are non-glycosylated proteins with four 
transmembrane domains and intracellular NH2 and COOH terminals (left). Six connexins 
oligomerise to form a hemi-channel, also called a connexon, which inserts into the membrane 
(middle). The assembly of a connexon from one cell with that of a neighbouring cell forms a 
channel of a communicating junction through the extracellular space allowing the 
bidirectional diffusion of cytosolic molecules. Adapted from (Totland et al. 2020). 
 
In humans, 22 different connexins have been identified, compared to 19 in mice (Willecke et 

al. 2002). In the context of the study of β-cells, we are particularly interested in connexin 36 

(Cx36) because their junction is composed exclusively of this type of connexin (Serre-Beinier 

et al. 2009). Cx36 is encoded by the gene gjd2 which encodes a 321 amino acids protein 

containing a long cytoplasmic loop with 10 glycine residues and a small cytoplasmic C-terminal 

region containing recognition sites for protein kinases (Berchtold et al. 2017). Cx36 function 

can be regulated by phosphorylation (Alev et al. 2008) and this phosphorylation tends to 

reduce conductance (Farnsworth et al. 2016). Channels formed with Cx36 are permeable to 

small cationic molecules (Charpantier, Cancela, et Meda 2007) although they also allow the 

passage of negatively charged metabolites such as glucose metabolites or nucleotides (Meda 

et al. 1981). The best-known role of Cx36 in β-cells is the calcium and electrical coupling 

leading to synchronisation between β-cells upon glucose stimulation (Benninger et al. 2011).  

However, they are also thought to play a role when glucose concentration is low, by acting as 

a ‘brake’. In fact, they reduce the spontaneous calcium responses of β-cells, which would be 

more reactive, thus limiting basal insulin secretion (Benninger et al. 2011). Several studies 

conducted on pre-diabetic mouse models suggest that Cx 36 is involved in the 

pathophysiology of diabetes, as a strong decrease in Cx 36 expression has been noted in pre-

diabetic animals (Carvalho et al. 2012). Note that islet cells also express pannexins which may 

contribute to coupling (Berchtold et al. 2017). 
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Multicellular signals: slow potentials  
 
Electrical coupling between the cells via connexin in a specific electrical signature called slow 

potential. This signal corresponds to the summation of synchronized slow depolarizations and 

repolarizations of coupled β cells within the islet (Jaffredo et al. 2021). SPs are disctinct from 

APs. They correspond to the summation of slow Ca2+ waves that we can record intracellularly 

(Jaffredo et al. 2021). Slow Ca2+ waves are synchronized between beta cells, but not APs. Note 

that -cells are also electrically coupled to -cells (Briant et al. 2018; Miranda et al. 2021) and 

may contribute to the signal. Precisely, SPs correspond to slow extracellular field potentials 

triggered by glucose in the islets, but also sulphonylureas or Leucine (Lebreton et al. 2015; 

Jaffredo et al. 2021). These field potentials result from complex spatiotemporal summations 

of ionic flows in the vicinity of the electrodes (Buzsáki, Anastassiou, et Koch 2012).  In contrast 

to APs, which are single-cell signals, SPs are inhibited by pharmacological inhibitors of 

communicating junctions (connexions and pannexins) and are also absent from islets of Cx36 

knockout mouse models. 

 

 

Figure 11: Representative raw and filtered recordings of islets at low glucose (non-
stimulatory,3mM) and high glucose(stimulatory,11mM) in physiological buffered ion solution. 
The different time scales are shown as well as non-filtered and bandpass filtered traces (0.2–
4Hz,20–700Hz). The presence of slow potentials reflecting islet 𝛽-cell coupling are indicated. 
Adapted from (Abarkan et al. 2022). 
 

 A ~60% decrease in Cx36 expression specifically in β-cells is sufficient to prevent the 

occurrence of SPs (Lebreton et al. 2015). These signals are characterised by 3 parameters, 

their frequency, amplitude and shape, the latter being very difficult to charaterize. The 

frequency of SPs is directly dependent on glucose concentration. Since they are also triggered 

by the closure of KATP channels by glibenclamide, their genesis may be independent of coupling 

factors other than ATP. SPs also involve the activation of L-type calcium channels, given their 
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inhibition by nifedipine. Finally, their frequency is significantly decreased by adrenaline and 

increased by GLP-1 with an EC50 (5 pM) close to physiological levels (Lebreton et al. 2015). 

 

Figure 12: Slow Potentials: multicellular signals due to couplings between β-cells. (A) On the 
left is an extracellular recording obtained on an MEA electrode of glucose-triggered electrical 
activity in a mouse islet. Islets generate two types of electrical signals electrical signals: APs 
(blue) and Slow Potentials (SPs, red). Right: APs are single-cell signals generated by the cells 
closest to the electrode, while SPs originate from a set of cells on and (A) APs are single-cell 
signals generated by the cells closest to the electrode, while SPs come from a set of cells on 
and around the electrode. (B) SPs are dependent on GAP junctions formed by the Cx36. 
Electrical activity triggered by 15 mM glucose (G15) glucose in islets from wild-type mice (WT, 
100% Cx36) is not observed in islets from Flox (42% Cx36) and RIP-Cre (0% Cx36) islets. High 
time resolution plots (bottom panel) show the presence of APs in the high temporal resolution 
plots (bottom panel) show the presence of APs but no SPs in Flox and RIP-Cre mouse islets 
mouse islets, in contrast to the WT islets which have both signals. (C) Hysteresis of SPs in 
response to glucose. The glucose dependence curves of the SPs frequency are not the same 
for increasing and decreasing glucose. The EC50 is shifted from 7.5 mM (on the way up) to 8.7 
mM (on the way down) thus providing protection against hypoglycaemia. Adapted from 
(Lebreton et al. 2015). 
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Encoding nutrient concentration into an electrical signal 
 
The electrical activity of β-cells is accompanied by variations in cytosolic calcium concentration 

required for the secretion of insulin-containing exocytosis granules. The initial calcium 

response to glucose starts with a small decrease due to cation uptake into the endoplasmic 

reticulum, followed by a peak and finally a plateau characterised by calcium oscillations 

(Rorsman, Braun, et Zhang 2012). Due to the coupling between cells within the islet, changes 

in intracellular calcium concentration will propagate throughout the islet. Even though each 

β-cell is more or less capable of responding to glucose, the propagation of these calcium 

oscillations allows for an extensive recruitment and syncrhonization of the insulin-secreting 

cells of the pancreatic islet. After a meal, blood glucose levels raise from a basal concentration 

of 5 mM to 8 mM in about 30 min in humans (Frayn 2013). This increase in glucose induces 

insulin secretion within a few minutes according to a particular profile that can be described 

as biphasic (Nunemaker et al. 2006) and is clearly detectable in vivo. This biphasic insulin 

secretion profile consists of an initial transient peak (5-15 min) followed by a decrease in 

secretion called the nadir, and then a second continuous phase of secretion or plateau phase, 

which is lower than the peak of the first phase but still 10 times higher than the basal secretion 

(Henquin et al. 2006). During this second plateau phase, oscillations in insulin secretion occur 

at a rate of about every 5 min (Nunemaker et al. 2006). In vivo insulin reaches the liver via the 

portal vein during the first phase, allowing an immediate reduction in blood glucose levels, 

notably by inhibiting hepatic glucose production. When the liver is saturated with insulin (it 

takes up 2/3 of it), the second phase targets more distant tissues such as muscle or adipocytes 

as long as blood glucose remains high (Tokarz, MacDonald, et Klip 2018). Pulsatile insuclin 

secretion avoids a loss of insulin sensitivity of the target tissues in the liver, and ultimately the 

development of insulin resistance. This biphasic secretion profile persists ex vivo in perfused 

pancreas and isolated islets ( Henquin et al. 2006) proving that the origin of these kinetics lies 

in the micro-organ itself. Both phases of insulin secretion can be induced by glucose, while 

sulphonylureas or potassium chloride (KCl) only induce a monophasic secretion profile 

(Henquin 2000). The biphasic profile tends to disappear when the glucose concentration 

increases too sharply, e.g. 2 mM to 25 mM glucose, with at best only a minor first phase (Del 

Prato 2003; Huang et al. 1995). The loss of a biphasic profile is observed in diabetic patients, 

particularly in type 2 diabetes, who show an almost complete absence of the first phase of 
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insulin secretion, with a decrease in the second phase (Groop et al. 1991). This change can 

even be observed very early in T2D. 

 

 

Stimulus and secretion coupling 
 
Glucose-stimulated insulin secretion proceeds through several steps, including glucose entry 

into the β-cell, metabolism, production of coupling factors such as ATP, activation of ion 

channels, Ca2+ entry and finally exocytosis of insulin granules. The increase in cytosolic calcium 

subsequently triggers the exocytosis of large, dense-core vesicles containing insulin and the 

hormone enters the bloodstream to its target organs in order to lower blood glucose levels. 

As a result, a feedback control takes place: glucose entry into the β-cell decreases, thereby 

reducing glucose metabolism having the effect of reopening KATP channels and inhibiting 

insulin secretion (Rorsman et Ashcroft 2018a). 

 

α cell 
 

-cells are electrically active, like the beta cell but at low glucose  (Lebreton et al. 2015) and 

their action potentials promote the secretion of glucagon (Rorsman et Braun 2013). The 

resting potential of α-cells is very low, with the initiation of action potentials starting at -60 

mV at low glucose (Quesada et al. 2008; Ramracheya et al. 2010) 

The α-cells also contain the KATP channel as others glucose sensitive cells, such as − 

and −cells (MacDonald et al. 2007). Pharmacological experiments (KATP channel inhibitor 

tolbutamide and KATP channel activator diazoxide) have shown that glucagon secretion is 

inhibited by glucose, as it completely closes KATP channels (similar to the effect of tolbutamide 

on KATP channels) (Bokvist et al. 1999). Maximum inhibition of glucagon secretion by glucose 

is observed at a glucose level of 6 mmol/l  (Ramracheya et al. 2010). At low glucose, membrane 

depolarisation will activate Cavs, which are responsible for the intracellular calcium oscillations 

required for exocytosis of glucagon granules (Barg et al. 2000). The action potentials of the α-

cell also depend on Nav activation. The use of TTX (Nav channel blocker) strongly inhibits 

glucagon secretion. The Nav channels are involved in the rising phase of the action potential 

and are rapidly inactivated (1-10 ms) as soon as the membrane potential falls to -60 mV 
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(MacDonald et al. 2007). Note that the physiological inhibition of -cells by glucose seems to 

result from a cellular mechanism and from an inhibitory input via somatostatin, whose 

secretion is stimulated by elevated glucose (Gylfe et Gilon 2014).  

 

Figure 13: (A) Sequential opening of action potential-dependent ion channels in the glucagon-
secreting cell. (B) The α-cell is electrically active at low glucose and generates rapid action 
potential (AP) signals. It is silent at high glucose (absence of APs) compared to β-cells which 
exhibit slow potentials (SPs). According to (Rorsman et Braun 2013; Lebreton et al. 2015). 
 

For the other potassium channels which are, unlike the KATP channel, voltage dependent (Kv), 

the α-cell also expresses them (Craig, Ashcroft, et Proks 2008). They activate following 

depolarisation of the membrane, during the action potential, and allow repolarisation of the 

membrane potential. 

 

δ-cell 
Pancreatic -cells mainly release somatostatin, a hormone that is also released in a small 

amount from cells in the pylorus and duodenum (Arimura et al. 1975) and especially in the 

hypothalamus (Hökfelt et al. 1975). There are two types of somatostatin: somatostatin-14 and 

somatostatin-28. Both forms of somatostatin are derived from the precursor pre-

prosomatostatin (116 amino acids) which is cleaved into prosomatostatin (92 amino acids). 

Prosomatostatin undergoes C-terminal post-translational processing to generate 

somatostatin-14 and somatostatin-28. Both peptides are very short-lived and have a half-life 

of 1min in circulation. While somatostatin-28 is the dominant isoform elsewhere in systemic 

secretion, the pancreatic δ-cells secrete somatostatin-14, which is stored in secretory 

granules(Brereton et al. 2015) and released by Ca2+-dependent exocytosis. 

Therefore -cell secretion does not contribute to levels of circulating somatostatin but plays 

an  important paracrine role on −cell and −cell secretory activity (Rorsman et Huising 2018). 
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Morphologically, δ cells extend projections that can be more than 20 μm long allowing them 

to form a large paracrine network (Brereton et al. 2015). Although they represent only 5% of 

the endocrine cell population within the islet, these projections allow them to establish 

contacts with each other, but also with a number of other endocrine cells in the islet.  

The δ-cells are excitable cells like the α- and β-cells and their mode of secretion of 

somatostatin has much in common with that of insulin by the β-cells. This can be explained by 

their common origin, as they both derive from the same progenitor cell (Sosa-Pineda et al. 

1997). δ cells are equipped with ATP-sensitive potassium channels (KATP )(Zhang et al. 2007). 

Glucose also stimulates somatostatin secretion by mechanisms independent of KATP channels.   

 

The electrical activity of δ cells is coupled to that of β cells (Briant et al. 2018). Moreover, 

factors released from neighbouring β cells (such as GABA and urocortin-3) amplify the glucose-

induced effects on δ cell electrical activity/somatostatin secretion.  

As an important paracrine regulator within the islet somatostatin controls and coordinates 

insulin and glucagon secretion rates, exerting an inhibitory action on α and β cells (Rorsman 

et Huising 2018; Hauge-Evans et al. 2009). The effects of somatostatin are mediated by the 

activation of somatostatin receptors that are coupled to the inhibitory G protein and lead to 

the suppression of electrical activity and exocytosis of α- and β-cells (Gromada et al. 2001). 

Interestingly somatostatin is secreted already at lower glucose concentrations as compared 

to -cell insulin, i.e. as early as 3 mM glucose (Del Guercio et al. 1976)and this secretion 

increases in a linear and dose-dependent manner, up to 20mM glucose. Moreover, 

somatostatin secretion evoked by a square pulse of insulin (20 mM) is slightly delayed as 

compared to insulin secretion (Strowski et al. 2000).. This suggests a tonic role throughout 

physiological glucose levels and a kind of feedback that may be compared to inhibitory 

interneurons in the spinal cord. 

 

γ cell 

γ-cells secrete pancreatic polypeptide (PP) and are the least studied.  PP secretion by γ-cells 

plays an important part in the pancreas-gut-central nervous system regulatory axis (Holzer, 

Reichmann, et Farzi 2012). The peptide secreted after a meal is regulated by the vagus nerve 

and enteric nervous system (acetylcholine and adrenaline (Field, Chaudhri, et Bloom 2010; 

Schwartz et al. 2000) and stimulated by incretins (such as GIP) (Chia et al. 2014) lipids and 
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amino acids (Field, Chaudhri, et Bloom 2010). In rodents and humans, PP acts as an anorectic 

hormone: it inhibits stomach and intestinal motility to slow down the digestive process, thus 

regulating satiety by reducing appetite and food intake (Batterham et al. 2003). 

PP cells express potential-dependent calcium channels, as well as the KATP channel. Work 

measuring intracellular calcium levels in isolated mouse islets has shown that glucose 

activates γ cells (Liu, Seino, et Kirchgessner 1999). At low glucose, PP directly inhibits α cells 

via its PPYR1 receptors, and indirectly inhibits β and δ cells (Aragón et al. 2015) demonstrating 

that PP cells participate in intra-islet regulation. 

 

ε cell 
The last endocrine cell type corresponds to the Ɛ cells which play a role mainly during 

development since they are found in very small numbers within mature islets (maximally 

about 1/islet) (Andralojc et al. 2009) and many islets are devoid of them. However, in-utero, 

for human, they represent 30% of the islet mass, and this percentage will decrease to 5% after 

birth (Andralojc et al. 2009). They secrete the hunger hormone ghrelin, which is also found in 

the cells of the gastrointestinal tract (Date et al. 2000). Although the role of Ɛ-cells in islets in 

adults has yet to be studied, it has been shown from a comparison of healthy and type 2 

diabetic human islets that this hormone decreases insulin secretion, and that ghrelin 

expression in islets is reduced in diabetics (Lindqvist et al. 2020). 
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2.3 interaction between the different cell types: 
 
The pancreatic islet is a complex micro-organ formed  by a network of sensor capable of 

interacting 

together 

dynamically to 

maintain glucose 

homeostasis 

(Gosak et al. 

2018). Islets truly 

act as a systemic 

glucostat 

sincethey  

imposes 

depending on the 

different stimuli 

received, 

normoglycemia (4 

to 6 mmol) 

(Rodriguez-Diaz et al. 2018). Studies on islets in-vitro have allowed the identification of 

regulatory mechanisms existing within the micro organ, involving ions, hormones and 

communications between the different cell types(Briant et al. 2017; Cadwell et al. 2017; 

DiGruccio et al. 2016; Rorsman et al. 2011). Each cell type receives a multitude of endocrine, 

paracrine, neural and nutrient stimuli, but despite their same embryonic origin during 

development (duodenum), their sensitivity to these stimuli is different (Noguchi et Huising 

2019). The arrangement of these different endocrine cells within the islet, with each other 

and with other non-endocrine cells is crucial to both receive external and paracrine stimuli, 

but also to efficiently deliver their own signals in return (Henquin 2021; Koh, Cho, et Chen 

2012). The interaction pathways can be direct between cell types or indirect via another cell 

type. For the physiological functioning of the micro-organ, different positive and negative 

loops are necessary. These fine interactions in the islet allow an optimal adapted physiological 

response.  

 
Figure 14: Autocrine and paracrine interactions between α, β, δ and γ 
cells. GLUC: glucose. AA: amino acid. FA: fatty acid. Red line are for 
inhibitory action and blue line for stimulatory action 



59 
 
 

 

 

2.4 Innervation: 
 
The islets are controlled by the central nervous system, which plays a role in the hormonal 

secretion of the islets during the stress phase or when a meal is taken (Rodriguez-Diaz et 

Caicedo 2014; Rodriguez-Diaz et al. 2018). Sympathetic stimulation, responsible for 

metabolic/physiological responses during an immediate reaction or stress state ("fight or 

flight"), will lead to increased glucagon secretion and decreased insulin and somatostatin 

secretion through the presence of distinct adrenoreceptor isoforms on endocrine cells 

(Rodriguez-Diaz et Caicedo 2014; Brunicardi, Shavelle, et Andersen 1995). The 

parasympathetic innervation, on the other hand, will be mobilised for digestion for example 

("rest and digest") by secreting acetylcholine which will potentiate insulin secretion but also 

glucagon and inhibit somatostatin secretion (Alvarsson et al. 2020). 

Innervation of the islets seems not to be the same across the different species although the 

questions has not been completely settled. Indeed, studies have shown that mouse islets are 

much more innervated than human islets (Rodriguez-Diaz, Dando, et al. 2011),  whereas other 

work has reposted that human islets exhibit much greater autonomic innervation (Tang et al. 

2018). However, it is well established that in mice, α-cells and blood vessel smooth muscle 

cells are innervated by sympathetic fibres (Chiu et al. 2012), while parasympathetic fibres 

innervate all pancreatic endocrine cells. In humans, parasympathetic fibres innervate not only 

endocrine but also exocrine cells, and sympathetic fibres make contact only with smooth 

muscle cells (Dolenšek, Rupnik, et Stožer 2015). Acetylcholine, whether of neuronal (mouse) 

or paracrine (human) origin potentiates insulin secretion via the Gαq-coupled muscarinic type 

3 cholinergic receptor (CHRM3) present on β-cells (Gautam et al. 2006). 

 

2.5 Vascularization: 
 
The islets of Langerhans are highly vascularised, which enables them to detect variations in 

blood sugar levels according to nutritional status and to deliver into the bloodstream the 

various pancreatic hormones that will then act on the various tissues. They are more 

vascularised than the exocrine pancreas and have a 5-10 times higher blood flow, not least 

because they have their own arterioles, thus a separate circulation from the exocrine pancreas 
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(Jansson et Carlsson 2019). The vascularisation of the islet has an important role throughout 

the life of the individual but also during development in utero. Indeed, the interactions 

between endothelial cells and the developing pancreatic epithelium are critical to establish 

optimal islet vascularisation and maintain a mass of β-cells. Endothelial cells provide signals 

necessary for differentiation into β-cells (Lammert, Cleaver, et Melton 2001). In addition, they 

regulate the expression of transcription factors involved in pancreas development, which are 

necessary to maintain the multipotent progenitor population and induce differentiation 

(Yoshitomi et Zaret 2004). 

Blood arrives via the splenic artery and the islets are exposed to systemic glucose 

concentration. It is drained by the splanchnic veins which empty into the hepatic portal vein. 

The intra-islet vascular system allows for remote cellular interactions. The direction of flow is 

important for regulating hormone secretion in the islets. It has been shown that a specific 

direction of perfusion exists in rats and humans, namely: β-cells first, then α-cells and finally 

δ-cells(Samols et al. 1988; Samols et Stagner 1988). 

Intra-islet capillaries are fenestrated and thick, denser than capillaries in exocrine tissue 

(Murakami et al. 1997). The β-cells communicate directly with these capillaries, allowing a 

rapid response to increases in blood glucose by secreting insulin directly into the bloodstream 

(Bonner-Weir et Orci 1982). Intra-islet capillaries also connect to endocrine cells for gas 

exchange, nutrient supply and elimination of cellular waste. In addition, blood vessels play an 

important role in providing non-nutritional signals to the islets, creating a vascular niche for 

optimal β-cell development and function (Nikolova, Strilic, et Lammert 2007). 

Islet blood flow is subject to variation due to endothelial mediators that will affect vessel 

status, but also the nervous system and gastrointestinal hormones such as incretins and 

adipokines (Dolenšek, Rupnik, et Stožer 2015).  The degree of vascularity appears to alter 

the ability of cells to secrete insulin, with rich vascularity allowing for better β-cell function 

as well as greater metabolic activity (Ullsten, Lau, et Carlsson 2015). 

 

3 Diabetes Mellitus 
 
The demographic transition that has affected all human populations for about half a century 

has resulted in an epidemiological transition characterised by an increase in the incidence of 

chronic diseases, such as cancers or cardiovascular diseases, and their risk factors (Yach, 
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Kellogg, et Voute 2005). For the past 10 to 20 years, the phenomenon of "globalisation" has 

also contributed to the standardisation of lifestyles in a way that which favours the increase 

of obesity and sedentary lifestyle (Popkin et Gordon-Larsen 2004). In this context, the 

incidence of diabetes is rising sharply in all countries of the world, even taking the form of an 

epidemy of diabetes (Zimmet 2000). The global prevalence of diabetes is steadily increasing 

with an estimated 578 million diabetics in 2030 (« IDF Atlas 9th Edition and Other Resources » 

s. d.). Diabetes is a serious chronic disease with a heavy human and economic burden that is 

responsible for 4.6 million deaths per year worldwide, it represents 1 death every 7 seconds 

and an economic cost of US$ 612 million per day in the United States (« IDF Atlas 9th Edition 

and Other Resources » s. d.). 

 

3.1 The different types of diabetes: 
 
The term "diabetes" refers to "a group of metabolic diseases characterised by hyperglycaemia 

resulting from defects in the secretion or action of insulin, or both combined" (definition by 

the American Diabetes Association). This hyperglycaemia is associated, to varying degrees, 

with long-term complications, particularly affecting the eyes, kidneys, nerves, heart and 

arteries (Sladek 2018). It is a disease with a very heterogeneous clinical presentation existing 

in several forms. The two main forms are based on the absence (type 2) or presence (type 1) 

of antibodies directed against insulin-secreting cells. More recently a discussion has been 

raised wether there are really two distinct subtypes or different situations in a kind of 

continuum (Prasad et al. 2022; Ahlqvist, Prasad, et Groop 2020; Pigeyre et al. 2022). A series 

of publications were able to identify 4 subgroups ,  There are also other forms of diabetes or 

diabetic conditions, such as gestational diabetes, which is usually transient but can sometimes 

persist after pregnancy or iatrogenic diabetes (due to certain medications, pancreatitis, 

haemochromatosis, etc.) (Redondo, Steck, et Pugliese 2018). 

 

If we look at the profile of patients affected by diabetes mellitus, 60% are over 65 years of age 

and we can identify few risks factors such as overweight or family history of diabetes (IDF 

diabetes atlas). Type 1 diabetes is rarer than type 2 diabetes, around 10 % of the total cases 

of diabetes mellitus. In contrast to type 2 diabetes, it is recognised by clinical signs that are 

often intense (polyuria, polydipsia, weight loss), and occurs preferentially in childhood and 
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adolescence or in young adults (IDF Diabetes atlas 2019). Although it accounts for 5-10% of all 

diabetes cases, type 1 diabetes has a particularly high economic and social as lifelong care is 

required and the disease occurs during the working age. 

The management of type I diabetes involves rigorous life management, the administration of 

insulin and self-monitoring of the patient's blood glucose levels with the help of various 

technologies. Concerning the latter two elements it is important to underline that the cost of 

insulin has increased by 117% in 10 years in the United States (Simeone et al. 2020) . More 

broadly, in a 2020 study by Sussman and colleagues, it was noted that in the USA, there was 

an $813 billion difference in health care costs between patients with type 1 diabetes and those 

with other forms of diabetes. This represents a high burden, requiring new management 

solutions to reduce these costs and improve patients' quality of life. In this thesis, I will 

developed only type 1 because I have worked on a new sensor for T1DM patients. 

 

3.2 History of type 1 diabetes: 
 
Type 1 diabetes is a disease that has affected populations throughout History, and whose 

characteristics have been brought to light as human knowledge has progressed.  

As early as 3000 BC, in Egypt, we find, annotated by a scribe on the famous Ebers papyrus, the 

first descriptions of the main clinical characteristics of type 1 diabetes (Metwaly et al. 2021) . 

Indeed, it is mentioned that some people suddenly began to drink and urinate abundantly. 

About 100 years before our era, the name diabetes was first uttered by Aretaeus of 

Cappadocia. The term diabetes, which comes from the Greek word “διαβήτης”, "to pass 

through", was intended to characterise people with a disease that led to rapid death in young 

people (Ahmed 2002), the form of diabetes we now call T1D.  It was not until 1500 AD that 

Paracelsus discovered a substance in the urine of diabetics that appeared as a white powder. 

At that time, this substance, which was glucose, was mistaken for salt. One hundred years 

later (1600 AD), it was discovered that the urine of diabetics tasted sweet. The term diabetes 

mellitus was first used. It took another 100 years (1700 AD) for Thomas Cawley to discover 

that the substance found in abundance in the urine of diabetics was a sugar (King et Rubin 

2003). In 1869 AD, Langerhans discovered the pancreatic islets  (Langerhans 1869), and the 

French physician Edouard Laguesse proposed to name them after him. At the time of the 

discovery of these small tissue structures with a total mass of no more than 2 g, equivalent to 
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the volume of half a thimble. It was not until several decades later that von Mering and 

Minkowski demonstrated that total removal of the pancreas led to diabetes (v. Mering et 

Minkowski 1890). In 1902, Eugene Opie discovered that diabetics have a degeneration of the 

pancreatic islets (Opie 1901). From this date onwards, the pace of discoveries continued to 

accelerate, initially without general success such as the first isolation of a pancreatic insulin-

containing  extract by Zülzer in Berlin in 1908, named and patented with Schering as acomatol 

(which lead to hyopglycemia) (Zueler, 1908),  the isolation and use of extracts by Paulescu in 

Bucarest (1916), whose publications were retarded by the first World War, to the work of 

Kleiner in the US (Kleiner 1919) and finally the isolation of insulin in 1921 by Banting,Best and 

Collip (« Banting FG, Best CH, Collip JB, Campell WR, Fletcher AA (1922) » 2010) to the 

elucidation of its  amino-acid sequence by Sanger as the first protein fully sequenced (Sanger 

et Thompson 1953) , its crystal structure by Dorothy Hodkin  (Blundell & Cutfield, 1971) which 

paved the way for the first recombinant drug in 1972 by Boyer and Goeddel at Genentech and 

in the 1990s the production of short-acting and then long-acting insulin analogues (Monnier 

et Colette, 2019). Directly or indirectly 4 Nobel prizes had been attributed to insulin.  

 

 

 

Figure 15: Time line of the diabetes discoveries, from Ebers Papyrus to Boyer and Goeddel. 
Adapted from a course of Pr Jochen Lang, University of Bordeaux 
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3.3 Type I diabetes: a complex autoimmune disease: 
 
T1D is a metabolic disorder with autoimmunity targeting insulin-producing β cells in the 

pancreas, leading to a severe 

paucity of endogenous insulin 

and subsequent 

hyperglycemia (Atkinson, 

Eisenbarth, et Michels 2014) 

.T1D was initially recognized 

as a chronic disease among 

children and young 

adolescents but over time it 

has become apparent that 

T1D can occur at any age 

(Atkinson, Eisenbarth, et 

Michels 2014).The incidence 

of childhood T1D has been 

growing globally since the past 

few decades though 

stagnation has also been 

observed in a small number of 

regions around the world 

(Berhan et al. 2011; Bruno et 

al. 2013; Haynes et al. 2015).  

 
Type 1 diabetes is characterized by autoimmune destruction of insulin-producing β cells in the 

pancreas by CD4+ and CD8+ T cells and macrophages infiltrating the islets (Foulis, McGill, et 

Farquharson 1991).  The causes of T1D are not fully understood although they received 

increased attention during the last two decades. The disease appears to result from an 

 
Figure 16: Incidence of type 1 diabetes in children aged 0–
14 years, by geographical region and over time (A) 
Estimated global incidence of type 1 diabetes, by regions 
(B) Time-based trends for the incidence of type 1 diabetes 
in children ages 0–14 years in areas with high or high-
intermediate rates of disease. From Atkinson et al 2014. 
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interplay between genetic predisposition, environmental factors and microbiome, and 

individual characteristics (DiMeglio, Evans-Molina, et Oram 2018).  

Like other organ-specific autoimmune diseases, type 1 diabetes has human leukocyte antigen 

(HLA) associations. The HLA on chromosome 6 was the first locus shown to be associated with 

the disease by candidate gene studies (Cudworth et Woodrow 1975; Nerup et al. 1974) and is 

considered to 

contribute 

about half of 

the familial 

basis of type 1 

diabetes(Todd 

1995; Risch 

1987). Two 

combinations 

of HLA genes 

(or 

haplotypes) 

are of 

particular 

importance: 

DR4-DQ8 and 

DR3-DQ2 are 

present in 

90% of 

children with 

type 1 

diabetes (Devendra et Eisenbarth 2003). The genotype combining the 2 susceptibility 

haplotypes (DR4-DQ8/DR3-DQ2) contributes the greatest risk of the disease and is most 

common in children in whom the disease develops very early in life (Caillat-Zucman et al. 

1992). 

 

 

 
Figure 17: Representation of the process whereby antigen (in this case 
peptides of proinsulin) is presented to CD4 T cells by human leukocyte 
antigen (HLA) class II molecules on the antigen presenting cell. This results 
in T-cell activation. In this diagram the 4 major genes associated with type 
1 diabetes are present. CTLA-4 is an inhibitor of T-cell activation, as is 
lymphoid tyrosine phosphatase (LYP). The complex of LYP–C-terminal Src 
kinase (CSK) inhibits Lck signalling after engagement of the T-cell antigen 
receptor (TCR).  From Gillespie et al, 2010 
 



66 
 
 

Candidate gene studies also identified the insulin gene on chromosome 11 as the second most 

important genetic susceptibility factor, contributing 10% of genetic susceptibility to type 1 

diabetes (Bell, Horita, et Karam 1984). Shorter forms of a variable number tandem repeat in 

the insulin promoter are associated with susceptibility to the disease, whereas longer forms 

are associated with protection (Bennett et al. 1995). Demonstration of increased expression 

of insulin (mRNA) in the thymus of people with “long” or protective repeats — which suggests 

more efficient deletion of insulin-specific T cells during induction of central tolerance — 

provides an attractive potential mechanism for the role of the insulin gene in type 1 diabetes 

(Vafiadis et al. 1997; Pugliese et al. 1997). 

Genetic studies have highlighted the importance of large, well-characterized populations in 

the identification of susceptibility genes for type 1 diabetes. Some genes will have a relatively 

minor 

individual 

impact on 

susceptibility 

to disease but 

could 

nevertheless 

provide more 

clues to 

future 

preventive 

therapies. 

The genes for 

intercellular 

adhesion 

molecule 

(ICAM) and 

vitamin D are 

candidates.. 

Some 

epidemiologic 

 
Figure 18 :  Schematic diagram of four putative environmental 
determinants of T1D risk. A. Red dots represent enterovirus. Circulating 
monocytes and epithelial cells of crypts in small intestine have both been 
assumed to act as reservoirs of enterovirus, responsible for chronic viral 
infections and monocytes might serve as vehicles of viruses moving into 
pancreas. B. Obese children are likely to be at a higher risk for the 
development of T1D, sharing the common mechanism of insulin resistance 
with T2D. C. Prolonged breastfeeding has been linked to lower risk for T1D 
and partly explained by providing maternal antibodies against virus. D. 
Individuals residing close to the equator are exposed to abundant UVB from 
sunlight, which initiates the endogenous synthesis of vitamin D and 
associates with reduced risk for T1D. From (Xia et al. 2019) 
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observations support a protective role for vitamin D in type 1 diabetes. Maternal intake of 

vitamin D in pregnancy and high doses of vitamin D supplements early in life have been shown 

to protect against islet autoimmunity in offspring, (Fronczak et al. 2003; Hyppönen et al. 2001) 

whereas children with a diagnosis of rickets in the first year of life have been found to have a 

3-fold increased risk of type 1 diabetes later in life (Mathieu et Badenhoop 2005). 

Studies in most populations confirm an increase in the incidence of type 1 diabetes (Xia et al. 

2019), these changes are too rapid to be caused by alterations in the genetic background and 

are likely the result of environmental changes.  

Despite that genetic susceptibility represents a major determinant of T1D risk, genetics alone 

can not afford a satisfactory explanation for the dramatic changes in T1D incidence. Moreover, 

the rising tide of incidence has been accompanied by a lower percentage of human leukocyte 

antigen (HLA) genotype DR3/DR4 which confers the greatest risk for T1D and a higher 

percentage of moderate-risk genotypes (Fourlanos et al. 2008) compared to those detected 

decades ago, implying a less important role for genetic predisposition but an amplifying 

environmental pressure.(Hermann et al. 2003; Gillespie et al. 2004). 

 

Identification of the potential environmental factors proved to be difficult. The 

mostadvocated candidates are viruses, with enteroviruses, (Hyöty 2002) rotavirus (Honeyman 

et al. 2000) and rubella virus being the usual suspects. In Western cultures, the developing 

immune system of the infant is no longer exposed to widespread infection, which may 

contribute to the current increases in incidence observed in atopic and autoimmune disease. 

 

Large studies are required to address the role of environmental factors in susceptibility to type 

1 diabetes. An international consortium — the Environmental Determinants of Diabetes in the 

Young (TEDDY) — has been established to follow several thousand babies with high-risk HLA 

genotypes from birth until adolescence to identify infectious agents, dietary factors or other 

environmental factors that trigger islet autoimmunity in genetically susceptible people. 

 

More than 30 years ago, it was recognized that antibodies in sera from patients with type 1 

diabetes could bind to sections of pancreatic islets. These antibodies were termed islet cell 

antibodies. The 3 principal autoantigens identified are islets or even b-cell specefic proteins, 

namely glutamic acid decarboxylase (GAD 65),(Baekkeskov et al. 1989) a protein tyrosine 
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phosphatase-like molecule (IA-2)(Lan et al. 1996) and insulin (Palmer 1987). Studies involving 

first-degree relatives gave insight into the potential usefulness of islet cell antibodies as 

predictors of future disease, but the immunoflourescence assay proved difficult to 

standardize. About 90% of people with newly diagnosed type 1 diabetes have autoantibodies 

to at least 1 of these 3 antigens. It is in the pre-diabetes phase that islet autoantibodies have 

been most useful. They appear to be already present in most cases of future diabetes by the 

age of 5 years (Ziegler et al. 1999) This indicates that the autoimmune process “smoulders” 

subclinically for many years in the majority of patients and that clinical symptoms do not 

appear until up to 80% of β cells have been destroyed (Gillespie 2006). 

A way for intervention strategies to delay or slow the autoimmune process has been given by 

the observations that islet cell autoantibodies predict autoimmune diabetes in first-degree 

relatives (Bingley, Williams, et Gale 1999), that the presence of 2 or more autoantibodies in 

people in the general population is highly predictive of future disease (Bingley et al. 1997) and 

that persons who have IA-2 antibodies are at very high risk (Decochez et al. 2005; Achenbach 

et al. 2004).  

Prevention of the disease process before the appearance of islet cell autoantibodies would be 

ideal, but the accuracy of prediction based on the presence of genes associated with type 1 

diabetes is limited (Gillespie et al. 2004).  

 

 

3.4 Complications of type 1 Diabetes: 
 
The glycaemic disorders of type I diabetics can be considered according to two components: 

chronic sustained hyperglycaemia leading to long-term complications and glycaemic 

variability which has consequences in the daily life of patients (Bunn et al. 1975; Sacks et al. 

2012).  

They will gradually set in, insidiously, silently, and only a regular and appropriate follow-up 

will allow their detection. The likelihood of developing long-term complications depends on 

many factors: quality of blood glucose control, genetic predisposition, gender, dietary 

balance, regular physical activity, smoking, etc (Sun et al. 2011). These complications are 

mainly due to damage of the endothelium of the blood vessels. Most common complications  

in TD1 patients are retinopathy which can lead to blindness (Monson et al. 1986), cardiopathy 
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(Colom et al. 2021), nephropathy (Wheelock et al. 2017) and the so-called “diabetic foot” due 

to mixed damage to the nerves and arteries of the lower limbs. Over time, deformities and 

injuries can occur (Lauri et al. 2020). This loss of sensation and reduced blood flow can lead to 

poor healing of wounds on the feet of diabetic patients and eventually necessitate amputation 

of the affected limb (Hicks et al. 2016). Diabetes is the leading cause of non-traumatic 

amputation worldwide (IDF, Diabetes Altas 2019).  

In non-diabetic subjects, fasting blood glucose appears to be around 5.5 mmol/L, with 

postprandial glucose peaks rarely exceeding 7.7 mmol/L. The blood glucose level of a non-

diabetic individual should never exceed 9.9 mmol/L, which is the glycosuric threshold in a 

normal individual (Polonsky et al. 1988). In type 1 diabetics, blood glucose profiles are 

profoundly disturbed with alternating "peaks" and "troughs" that are more or less intense. 

The peaks correspond to the postprandial periods but they can also occur unexpectedly 

without any food intake (Leiter et al. 2005). The "troughs", which can lead to more or less 

severe hypoglycaemia, generally occur between meals: in the middle of the night, before 

lunch or dinner (Monnier et Colette 2019). The occurrence of these dips is sometimes 

unpredictable. In some cases, hypoglycaemia occurs in the period following food intake as a 

kind of rebond effect. This lack of a "quiet" blood glucose profile is due to the lack of 

endogenous insulin secretion (Monnier et al. 2007). The subject is totally dependent on the 

resorption of injected or infused insulins and life events such as emotions, annoyances, meals 

and physical activity are no longer compensated by the adaptation of insulin secretion. The 

various therapeutic strategies employed in the management of type 1 diabetes are therefore 

aimed at a blood glucose profile close to normal. 

 

3.5 The different therapies in management of TIDM: 
 
Upon diagnosis of type 1 diabetes, the patient should receive extensive therapeutic education, 

as the management of type 1 diabetes relies mainly on the patient himself, as well as on 

relatives who are also involved in order to be able to accompany and react to potentially 

critical situations such as the occurrence of severe hypoglycaemia (OMS).  

Different types of exogenous insulin have been developed, with increasingly rapid actions, and 

are administered daily by injection. Patients have to measure their blood sugar levels, usually 

by picking their finger, to determine the dose of insulin to be administered.  
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The different types of insulin allow the patient to cope with different situations in everyday 

life in the most appropriate way. The ultra-rapid acting analogues (insulin lispro and aspart) 

come into action 10 to 15 minutes after injection, reach their peak in 30 to 60 minutes and 

last for about four hours (Evans et al. 2019). These characteristics make them to cope with 

meals and enabling the diabetic to cope with sudden and unexpected changes in lifestyle. 

Rapid acting (or normal) insulin has a half-hour latency, peaks in two to four hours and 

disappears after four to eight hours. It is used before meals to control hyperglycaemia after 

eating and to lower blood glucose levels quickly when they rise too high. NpH (neutral 

protamine Hagedorn) insulin contains a substance (protamine) that slows down its action so 

that the latency is two to four hours, the peak is produced six to eight hours after the injection 

and the total duration is 12 to 15 hours (Lau et al. 2019). Two injections per day usually provide 

sufficient blood glucose control. Slow acting insulin, which contains zinc, has the same 

characteristics as Nph: a latency of two hours, a peak of 6 to 12 hours and a duration of 18 to 

24 hours. Like Nph, it theoretically provides satisfactory blood sugar control with only two 

daily injections. Ultra-slow acting insulin contains more zinc, which further delays its action. 

Thus, the latency is four to six hours and the maximum eight to fifteen hours, while the effect 

disappears after 18 to 24 hours (Turner, Phillips, et Ward 1983). For this reason, one injection 

per day is sufficient, in combination with small doses of rapid insulin (e.g. before meals). 

Unfortunately, insulin carries a significant risk of hypoglycaemia, which is a major obstacle 

when used as a monotherapy. Research into non-insulin therapies has progressively emerged 

that reduce insulin requirements and associated risks (Heptulla et al. 2005; Kuhadiya et al. 

2016; Pettus, Price, et Edelman 2015) . They are mainly aimed at reducing gluconeogenesis 

(e.g. amylin, liraglutide, glucagon receptor blockers) or increasing glucose excretion (e.g. 

SGLT2 inhibitors). 

 

Continuous Glucose Monitoring: 
 
In order to improve the daily monitoring of blood glucose and the daily burden of this 

monitoring on the patient, a new technology called CGM for “Continuous Glucose 

Monitoring”, was developed in the 1970s in Germany and Japan (Kropff et DeVries 2016). It 

was initially reserved for use by health professionals. It took many years before it was available 

to patients directly (Kravarusic et Aleppo 2020). A CGM consists of a meter and a sensor that 
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must be placed on the skin and replaced every week. CGM systems measure glucose levels 

continuously in the interstitial fluid; most systems use an enzymatic re-action with glucose 

oxidase as a substrate, whereas the implantable Eversense system from Senseonics 

(Germantown, MA) uses a fluorescence-sensing technology (O’Connor et al. 2020). They can 

display blood glucose values in real time (real-time CGM) or on-demand ('flash' blood glucose 

monitoring). Real-time CGMs also use alarms when sensor glucose levels reach predefined 

thresholds of hypo- and hyperglycaemia and during rapid glucose excursions (Tauschmann et 

Hovorka 2018). We will discuss more in details of CGMs technic in the last part of this 

introduction, and see what are the benefit and the limits of it.  

 

Islet/pancreas transplants:  
 
Islets can be transplanted either alone, or as a whole pancreas, or as pancreas/kidney 

transplantation. Each approach has it advantages and disadvantages, and islet only 

transplantation represents the least surgical risk. Islet/pancreas transplantation is one option 

that provides an alternative for patients with severe glycaemic instability despite optimised 

insulin treatment (Rickels et al. 2018). Depending on the patient's profile, a choice has to be 

made between islet or whole pancreas transplantation. This choice is made on several criteria 

as the age of the patient but more particularly on his health status from a renal and 

cardiovascular point of view. Indeed, islet transplantation is proposed in cases of insulin-

deficient diabetes without declared renal insufficiency. When renal insufficiency is present, a 

kidney/pancreas transplantation will be preferred (Vantyghem et al. 2019; Wojtusciszyn et 

al.2018).  

Islet transplantation aims to restore an appropriate hormonal secretion of insulin and 

glucagon. Islets are isolated from cadaveric donors and are then injected via the portal vein 

into the liver under immunosuppressive treatment (Vantyghem et al. 2019; Shapiro, 

Pokrywczynska, et Ricordi 2017). Human cadaveric donor islets are isolated using a technique 

based on enzymatic and mechanical digestion followed by density gradient purification 

(Varhue et al. 2017). 

Islet transplantation, while attractive on paper, has limiting points that need to be addressed. 

First of all, the use of cadaveric donors limits the number of patients that can be transplanted. 

Indeed, two to three donors are needed for one transplantation and there is a real shortage 
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of organs available (Matsumoto 2010). Secondly, a part of the cells dies quickly after 

transplantation due to an inflammatory reaction and ischaemia. Therefore, despite the use of 

2 to 3 donors for each recipient, full insulin independence is not yet achieved and a second 

islet infusion is generally required (Lablanche et al. 2017; 2015). Furthermore, the functional 

quality of islets varies greatly between donors, and rapid and efficient methods of assessing 

islet functionality before transplantation are currently lacking. Finally, the continued use of 

immunosuppressants to prevent rejection is difficult to tolerate for most patients (Shapiro, 

Pokrywczynska, et Ricordi 2017) and the intervention is not without risk of thrombosis of the 

portal vein (Kawahara et al. 2011). The use of an encapsulation system as a physical barrier 

could avoid the use of immunosuppressants (Desai et Shea 2017). An ideal islet encapsulation 

device should provide sufficient blood supply to maintain islet survival and function, be 

biocompatible and non-fibrotic, and provide a protected environment against autoimmune 

reactions and thus prevent rejection (Sneddon et al. 2018).  

 

New therapies of TDIM: 
 
These therapeutic approaches are constantly evolving in order to improve the quality of life 

of patients with T1DM and to reduce the daily burden of managing this disease. From these 

stem new therapeutic strategies and we are now going to focus on two of them in particular: 

Cellular engineering techniques through which we will discuss the use of stem cells and cell 

conversion methods. The concept of an artificial pancreas, which is at the centre of my thesis. 

 

 
Figure 19: Therapies in TDIM. Therapies arising from a strategy to replace the failed organ. 
Therapies arising from a strategy of revitalisation of the failed organ 
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Cellular engineering:  
 
In order to compensate for the loss of β-cell mass in the islets, to restore insulin secreting 

function in the patient and to find an alternative to cadaveric donor islets new avenues have 

been explored, including reconstituting the β-cell mass in T1DM patients from stem cells. 

Numerous studies of pancreatic development in different animal species have provided 

insight into the key steps to β-cell formation (Murtaugh et Melton 2003; Arda, Benitez, et Kim 

2013). This understanding of pancreatic development has been useful in the field of 

regenerative medicine and more specifically for the use of human embryonic stem (hES) cells 

(Thomson et al. 1998). The hES cells represent a promising source for β-cell replacement in 

transplantation, non-limited by donor availability (Pagliuca et al. 2014; Chetty et al. 2013). 

Human induced pluripotent stem cells (iPSCs) were developed (Takahashi et al., 2007). These 

cells are generated from patient somatic cells (e.g. skin fibroblasts or peripheral blood 

mononuclear cells) reprogrammed with cocktails of transcription factors (OCT4, SOX2, etc...) 

(Teo et al. 2013). In the first studies of differentiation of hES cells into pancreatic endocrine 

cells, a stepwise protocol was designed. This protocol is based on the use of different cocktails 

of factors to induce the differentiation of hES cells through 4 successive steps: definitive 

endoderm, pancreatic epithelium, endocrine progenitors and "β-like" cells. These initial 

differentiation assays generated populations of cells with mixed hormonal expression but no 

mature β-cells (D’Amour et al. 2006). More complex protocols were therefore developed with 

additional steps, new factor cocktails and culture in organoids and/or microfluidics. 

Transplanting these in-vivo generated cells then induces further functional maturation 

allowing remission of diabetes in mouse models (Pagliuca et al. 2014; Rezania et al. 2014) but 

transposition to humans still remains a challenge with important risks, notably the presence 

of poorly differentiated cells that can be a source of tumours due to their pluripotency, but 

also autoimmune reactions generated by the transplantation (Helman et Melton 2021; Nair, 

Tzanakakis, et Hebrok 2020). 

Another way for cell engineering is the reconstitution of a β-cell pool by stimulating the 

proliferation of endogenous β-cells or reprogramming non-β-cells into β-cells (Zhou et Melton 

2018). Pancreatic islet hyperplasia is observed at certain times of life in humans, during the 

first year of life, during pregnancy or in cases of obesity (Zhou et Melton 2018). Following this 

observation, the idea of stimulating β-cell proliferation seems to be a solution to replace the 
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β-cell mass. Many growth factors and mitogenic agents promote β-cell proliferation in animal 

models (Schulz et al. 2016) but they fail to stimulate human β-cell proliferation. Therefore, 

there has been great interest in using key regulators of β-cell development to convert non-β 

cells into insulin-secreting cells. Insulin expression and secretion can be induced in non-β cells 

but these cells do not take on the morphological, molecular and functional properties of β 

cells (Baeyens et al. 2005; Kaneto et al. 2005). Alternatively, extreme β-cell loss can trigger a 

spontaneous conversion of α and δ cells to β-cells (Chera et al. 2014). Although the molecular 

mechanisms behind this conversion remain unknown, forced expression of PDX1 (Pancreatic 

and duodenal homeobox factor 1) and PAX4, two regulators of β-cell development, allows for 

the conversion of α-cells to β-cells in mouse models (Yang 2014). This plasticity in human islets 

remains still to be explored. 

 

Artificial Pancreas: 
 
Technological advances, while not restoring normoglycaemia for the majority of diabetics, 

have nevertheless improved the quality of life of patients and automated blood glucose 

control.  Monitoring blood glucose levels on a daily basis requires a great deal of commitment 

from the patient, representing a significant physical and moral burden. For example, in order 

to monitor blood glucose levels, a type 1 diabetic patient pricks his or her fingertip more than 

1,800 times on average in one year, an act that is harmless when performed occasionally, but 

therefore becomes a painful habit (Ascaso et Huerva 2016). Moreover, people who develop 

type 1 diabetes are often young and it is difficult for a child to fully take control of his or her 

blood sugar levels. Indeed, despite therapeutic education, not having the same carefree 

attitude at a birthday party or during a simple game in the playground is problematic for the 

patient and his entourage. They live in perpetual anxiety about the occurrence of a 

hypoglycaemic crisis, which can have serious consequences if it is not managed quickly and 

optimally. These considerations were the driving force behind the development of the concept 

of the artificial pancreas (Kadish 1963), in order to bring together the different technologies 

used up to now separately and thus move towards a more or less complete automation of the 

daily care process. Abusively called "artificial pancreas", it is not a physical organ that has been 

transplanted, but the conjunction of several systems that communicate with each other and 

thus form an interaction loop.   
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The three players in this loop are a device for continuous measurement of interstitial glucose 

(CGM); an external insulin pump; and a terminal that hosts algorithms that calculate the 

optimal amount of insulin to be administered according to current, and sometimes future, 

meal and exercise predictions and control their delivery autonomously via the insulin pump. 

The management of the algorithms can be physically separate (smartphone or connected 

tablet) or integrated into the pump. This interaction loop is still mostly an open loop, i.e. with 

patient intervention. The ultimate goal is to succeed in closing this loop and thus free the 

patient from the constraint of permanent monitoring in which he is locked. 

In current systems, the user enters various information such as meal announcements and 

physical activity. Some improvements are currently being developed in recent years, such as 

linking insulin control to heart rate in order to avoid hypoglycaemia during physical effort 

(Rothberg et al. 2016). Given the importance of coordinated action between insulin and 

glucagon, there are now also bi-hormonal systems where glucagon delivery is triggered when 

hypoglycaemia is imminent or predicted (Haidar et al. 2016). However, these systems have 

significant flaws, which effectively prevent the loop from being closed. Due to a lack of insulin 

release during the cephalic phase, delayed absorption of insulin due to its subcutaneous 

administration, and the lack of an incretin effect CGMs only detect glucose°, these systems 

require basal insulin plus a bolus at mealtime (Latres et al. 2019). They therefore do not 

 
Figure 20: Scheme of an artificial pancreas. An electrochemical CGM sensor continuously 
measures subcutaneous glucose concentrations, which reflect blood glucose 
concentration. This information is then processed by algorithms (controller, bolus 
calculator, alarms …), connected to an insulin pump to deliver the appropriate amounts of 
insulin. Adapted from (Olçomendy et al,. 2021). 
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reproduce physiological insulin kinetics, nor do they consider non-carbohydrate nutrients 

such as amino acids and lipids. It is therefore in relation to this observation that the 

development of a new approach using biosensors such as the islets of Langerhans as sensors 

is justified. The deciphering of the electrical signature of the islets could thus allow the 

development of new algorithms that would be as close as possible to the patient's insulin 

requirements, thanks to the inclusion in the analysed signal of glucose but also of non-

carbohydrate elements that also play a key role, as we saw at the beginning of this section, in 

maintaining glucose homeostasis. 

Following this presentation of the physiological and pathological functioning of the 

maintenance of glucose homeostasis in the context of type 1 diabetes, we will now carry out 

a state of the art of the technologies implemented during this thesis to establish the proof of 

concept of this new biosensor.  

 

 

4 Methods of functional investigation of islets 
 

4.1 Optical means for the study of islets. 
 

Chemical and genetic approaches have enabled the creation of sensors capable of better 

understanding cell signalling through imaging (Poenie et al. 1986; Tsien et Hladky 1978). 

Chemical approaches have been developed to study the temporal relationship that exists 

between membrane potential and calcium fluxes, in order to learn more about the dynamics 

within the β-cell and other islet cells (Frank et al. 2018). Organic fluorescent probes and optical 

means can be used to dynamically study islet cells. They can be used in cell lines and primary 

cells without genetic manipulation. Particularly common and easy to use are single-excitation/ 

single-emission calcium probes and their ratiometric variants. They are numerous (Fura2, 

Fura8, Fluo3, Fluo4, Fluo8, etc.) (Tsien 1989) and they differ according to their affinity for Ca2+ 

and their spectra (Paredes et al. 2008). Insulin secretion can also be monitored using zinc-

sensitive probes (ZIMIR) (Li et al. 2011) which is co-secreted with insulin.  However, these 

measurements are limited by photobleaching.  

Another type of sensor, based on genetic techniques, has been developed. Recombinant 

sensors for ions or second messengers (eg. cAMP) have been developed. Corresponding 
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minigenes with specific promotor are introduced into cells using techniques such as 

transfection, viral transduction or genome editing including the generation of specific mice 

strains. Genetically encoded calcium sensors have been used in several studies on β-cells (van 

der Meulen et al. 2017). There are also genetic sensors for nucleotides (e.g. ATP and ADP, 

NAD+ and NADH, NADP+ and cAMP) as well as for small molecules such as glutamate (Brun et 

al. 2012; Cambronne et al. 2016). 

 Among the major limitations common to both genetic and chemical optical approaches is the 

issue of accessibility of probes to the cells at the center of the islet. Indeed, as a three-

dimensional structure, only the peripheral layers of the islet will be in contact with the probes 

(Dolenšek, Rupnik, et Stožer 2015). The probes or genes therefore penetrate the surface of 

the islet but not the deeper layers. The read-out of optical measurements allows 

measurements of function and signalling, but provides little information on the characteristics 

of specific ion currents, which provide rapid and detailed information on β-cell activity (Dunlop 

et al. 2008). The frequency resolution is limited since the acquisition frequency is around 1 Hz 

and the frequencies of β-cell signals are in the range of 0.2-2 Hz for slow potentials and 3-700 

Hz for action potentials. Furthermore, the pancreatic micro organ is a set of cells arranged in 

3D (micro organ diameter equal to about 100 μm) which reduces the acquisition time and 

therefore the frequency if we want to report this 3D volume. In addition, the photobleaching 

of fluorescent probes is also a constraint when using optical tools. 

 

4.2 Techniques for studying the secretory function of islets: 
 
One of the central questions in the study of the islets of Langerhans is the study of the 

hormone secretion. The primary objective of the -cell is to participate in the maintenance of 

normoglycaemia through the storage and release of insulin in the appropriate amount.  

A first method used in in vivo experiments is the study of the proinsulin/insulin ratio in the 

plasma. An abnormal ratio can be a marker of a possible β-cell dysfunction (Cersosimo et al. 

2014). The concentration of insulin measured in the blood differs from the total amount of 

insulin secreted, as a large portion of the secreted insulin is extracted by the liver before 

reaching the general circulation. To evaluate total insulin secretion in vivo it is therefore 

appropriate to focus on C-peptide, which is present in an equivalent quantity to insulin but 

which is totally extracted unlike insulin. The determination of plasma C-peptide 
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concentrations is therefore a good indicator for assessing the amount of insulin secreted in 

vivo. However, although useful for quantification, this method does not tell us the proportion 

of biologically active circulating insulin (Cersosimo et al. 2014). 

Ex vivo several models are used with differences in the preservation of the normal 

environment. The perfused pancreas technique allows the study, in situ, of the secretion of 

hormones released by the islets (Bonnevie-Nielsen, Steffes, et Lernmark 1981) . Surgery is 

performed on a freshly prebleached pancreas to create a closed system with only one 

entrance, the celiac artery and one exit, the hepatic portal vein (Sussman, Vaughan, et Timmer 

1966). All the rest of the organ's vascular network is ligated. An oxygenated solution is then 

perfused through the pancreas and secretagogues are introduced to stimulate the secretion 

of various hormones (Wargent 2009).  The difficulty of implementing this type of procedure 

must be emphasised, as it is complex and time-consuming to set up in order to obtain a 

perfectly sealed circuit (Bonnevie-Nielsen, Steffes, et Lernmark 1981). 

It is therefore simpler to study the secretory function of islets using isolated whole islets. 

Whole islets maintain native cell contacts and paracrine signalling between α, β and δ cells. 

Islets from mice and rats are routinely isolated according to established protocols, either 

through the use of gradients (O’Dowd 2009) or manual handpick as we practice in the 

laboratory (Lebreton et al. 2015; Jaffredo et al. 2021). Isolated islets can be cultured for 

several weeks however, as the culture progresses, cells degranulate and changes in cell 

function appear after a long period in culture (Gilon, Jonas, et Henquin 1994). In addition, 

there is heterogeneity in the fate in culture between islets isolated from the same pancreas. 

For example, small islets will show less necrosis markers following hypoxia than larger islets 

(Muthyala et al. 2017). 

 

4.3 Methods for electrophysiological studies of islets 

The -beta cell is an electrogenic cell with characteristic electrical signals. These signals are an 

important parameter allowing the functional study of islets through their electrical response 

to glucose and their electrical properties depending on their different ion channels (Kravets 

et Benninger 2020;  Rorsman et Ashcroft 2018). 

We have already seen that islets can be studied using optical approaches via fluorescent 

probes, however these techniques only offer low temporal resolution. Compared to optical 
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approaches, electrophysiology allows a better monitoring of ionic flows within cells, which can 

reach several thousand measurements per second. 

The methods of electrophysiological study of islets can be classified into two broad categories, 

intracellular and extracellular. Annexe 1, table 1. 

 

 

Intracellular electrophysiology: 
 

Sharp micro-electrode 
 
Membrane potential recordings were initially performed in the 1970s in pancreatic islets using 

intracellular microelectrodes called sharp electrodes with a very thin diameter and an 

electrical resistance between 100-300 MΩ. With this technique, it is possible to monitor 

electrical activity and changes in membrane potential. By sending a current pulse, the 

associated voltage changes can be recorded at the cell level (Atwater, Ribalet, et Rojas 1978). 

This technique can also be used in vivo (Sánchez-Andrés, Gomis, et Valdeolmillos 1995). A 

major disadvantage of this technique is that the electrodes have a high impedance, so the 

speed of current injection is limited and the kinetics of the membrane currents responsible 

for action potentials cannot be reliably analysed (Rorsman et Ashcroft 2018). 

 

Patch clamp 
 
In contrast to the sharp method, the patch clamp involves larger electrodes (R > 1 GΩ). The 

patch clamp is a method that was developed by E. Neher and B. Sakmann, Nobel Prize 

laureates in Medicine and Physiology, in 1991 (Neher et Sakmann 1976). 

 The patch clamp allows quantifying the involvement and contribution of ion channels in the 

activity of electrogenic cells and particularly β-cells (Düfer 2012). Several patch-clamp 

configurations (attached cell, whole cell or single channel with or without intracellular 

medium bathing in the pipette) can be performed on intact pancreatic microorgans (Rorsman 

& Ashcroft, 2018). The patch is most commonly used on dispersed islet cells, but extrapolating 

results obtained on dispersed cells to an islet can lead to bias in the analysis. Indeed, culture 

and dispersion can induce changes in ion channel properties or density, not to mention the 
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suppression of electrical couplings which play a major functional role (Rorsman & Ashcroft, 

2018).  

When performing a whole 

islet patch clamp 

experiment, the islet is 

held by a fairly large glass 

pipette and the target 

patch electrode on the 

opposite side of a cell 

(Göpel et al. 2000). 

Although the patch clamp 

is ideal for biophysical 

studies of ion channels 

and fluxes due to its high 

resolution, it is a 

technique that requires 

great dexterity (Fridlyand, 

Jacobson, et Philipson 

2013). In addition, the 

cytosol, a key cellular 

compartment in carrying 

out β-cell glycolysis, is 

diluted in the large 

volume of the patch 

pipette, which poses a 

problem for the 

regulation of cytosolic 

metabolic pathways when 

studying channel ion 

activity. It is still possible 

to preserve the internal 

cell environment by 

 
Figure 21: Cross-sectional schemes of the patch clamp 
technique. (a) Conventional approach as routinely performed 
utilizing a glass micropipette electrode on a cell adhered to a 
solid support arranged in various recording configurations: (b) 
cell-attached, (c) excised-patch and (d) whole-cell mode. 
'Blind' approaches where the configuration is inverted and a 
cell is rather approached to the micropipette opening and 
probed or patched in suspension in an effort to automate the 
technique. (e) Interface patch clamping relies on precision 
manoeuvring of a cell suspended near the air-liquid interface 
to the tip of an inverted micropipette blindly based on the 
electrical resistance reading across the tip and (f ) flip-the-tip 
uses suction or gravitational forces to position a cell 
suspended inside the pipette tip. From Levent et al., 2013. 
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switching to the perforated patch configuration from the attached cell (Mason et al. 2005). 

Perforation of the membrane can be achieved by adding ionophores to the pipette that will 

introduce monovalent ion permeable pores into the membrane, allowing us electrical access 

to the interior of the cell. In patch clamp, ion channel agonists/antagonists are delivered by 

external perfusion or through the patch pipette allowing the isolation and characterisation of 

specific channels.  

 

  
 
In conclusion, intracellular electrophysiology, although having multiple advantages for the 

functional study of the islets, is invasive and only allows recordings lasting a few tens of 

minutes. The implementation of these techniques is complex and requires a great deal of 

expertise on the part of the experimenter. Finally, the recordings are made on the scale of a 

single cell and do not provide information on the behaviour of the entire microorganism that 

is the islet. 

 

Extracellular electrophysiology: 
 
Extracellular recording techniques have been explored since the eighteenth century with 

experiments such as those conducted by Galvani on frogs to quantify "animal electricity". 

Closer to home, during the 1970s, these techniques were mainly used in neuroscience or 

cardiology to study neurons or cardiomyocytes, the most studied electrogenic cells at that 

time. It was only recently, in the 1990s, that these approaches were applied to the study of 

Langerhans islets. 

 

Multi electrodes array 
 
Palti and colleagues performed electrophysiological studies on islets initially using only two 

electrodes (Palti et al. 1996). Since then the number of electrodes used to conduct these non-

invasive studies has increased and we now speak of microelectrode arrays (MEAs) fabricated 

by electrochemical deposition. Our team has greatly contributed to the study of signals from 

β-cells cultured on MEAs (Raoux et al. 2012b; Bornat et al. 2010), whose amplitude is much 

lower than those of signals observed in neurons or cardiomyocytes (10-50 µV for PAs, 50-350 
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µV peak-to-peak for PLs) (Lebreton et al. 2015). Pancreatic SPs show an amplitude in the 

microvolt range, whereas other electrogenic cells in the body show signals in the mV range. 

Murine or human pancreatic islets can be cultured on MEAs for days to monitor their electrical 

activity (Jaffredo et al. 2021; Pedraza et al. 2015; Perrier 2018; Raoux et al. 2012b). This 

approach allows us to study non-invasively and in real time the different signals (APs and SPs) 

of the pancreatic islet cells and to inform us in detail about islet activity (Lebreton et al. 2015; 

Renaud, Catargi, et 

Lang 2014). 

Conventional MEAs 

consist of culture 

chambers 

containing 59 

titanium recording 

electrodes of 30 μm 

diameter, spaced at 

200 μm. Their 

sensitivity is further 

improved by 

coverage with the 

conducting polymer 

PEDOT: PSS, 

especially in the 

high frequency 

range (Koutsouras 

2017).  This 

configuration provides high temporal resolution, but spatial resolution is very limited when 

considering the diameter of an islet endocrine cell of approximately 10 μm. Spatial resolution 

can be increased by denser arrangement of electrodes in high density MEAs (HD-MEAs).   

 

 

 

 
Figure 22:  Pancreatic islets cultured on microelectrode arrays 
(MEAs) and recordings of APs and SPs at high glucose. Islets are 
isolated from mouse pancreas and seeded in the MEA tank directly 
onto the electrodes. After a few days in culture, the islets have 
adhered to the electrodes.  Ion channel activity in the islet cell 
membrane generates field potentials that are amplified and 
recorded by the MEA. We can record pluricellular activity, slow 
potentials SPs, and unicellular activitity, action potentials APs. 
Adapted from Lebreton et al. 2015. 
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Unfortunately, it remains open, how many cells (10µm of diameter) touch an electrode (30µm 

of diameter). While in theory, reducing the size of the electrodes decreases the signal-to-noise 

ratio, appropriate electrode coverage can remove this problem (Viswam et al. 2019). 

Therefore, the right combination of electrodes, electrode sizes and electrode material must 

be found to best answer the question addressed to the system. Another limitation that can be 

cited for this technique include the fact that we cannot specifically determine which ionic 

currents are involved. 

However, these classical metal electrodes are rigid and cannot be produced by printing on 

soft, flexible substrates to adapt their geometry for different biological surfaces and tissues 

while keeping a good signal to noise ratio. The fact that these electrodes are not accessible to 

chemical modifications also limits the detailed investigation of the contribution of the 

different ions in the bioelectric signals (Rivnay et al. 2017). Following these observations, the 

team, through another project, became interested in organic bioelectronics and more 

particularly in the development of electrochemical transistors, which we will now discuss. 

 

OECTs 
 
Organic bioelectronics and more specifically organic electro-chemical transistors (OECTs) are 

based on the principle of measuring changes in current through a conducting polymer. These 

changes are directly related to the electrical activity of the electrogenic cells seeded on this 

polymer and can also be transformed into potential variations by electronic circuits (Yao et al. 

2013). The aim of this method is to provide solutions to the various weaknesses highlighted 

previously for the MEA technique. Compared to conventional metal electrodes, the 

amplication is performed directly at the source, thus for less additional noise added. In 

addition, our team has developed with chemists’ biocompatible polymers specific for certain 

ions (Salinas et al. 2020; Villarroel Marquez et al. 2020), which can be deposited on the surface 

of OECTs. These ion-specific polymers may be able to provide an extracellular analysis of the 

contributions of different ionic species to islet cell activity. A first detailed characterisation of 

the optimal conditions of use for OECTs with low-amplitude signals, such as in islets, has been 

published (Abarkan et al., 2022).  
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OECTs offer 

many 

biological 

applications 

depending on 

the type of 

biomolecules 

or biological 

information 

one wishes to 

detect 

(Strakosas, 

Bongo, et 

Owens 2015). 

Furthermore 

OECT can be 

used to detect 

and recognise the presence of biomolecules of interest by being an enzymatic biosensor 

(Pappa et al. 2018), an immunosensor (He et al., 2012), coupled to artificial receptors (Zhang 

et al. 2018) or ionic sensors (Han et al. 2020). In addition to these single molecule detections, 

OECTs are devices that, thanks to their favourable Young's modulus, interface very well with 

living, tissues or cells. OECT biosensors are therefore emerging as a new strategy for the study 

of biological systems but also as a new alternative for low-cost toxicological analysis and 

diagnostics. The portability of OECTs dedicated to the detection of molecules such as cortisol 

or lactate is increasingly being developed (Khodagholy et al. 2012; Parlak et al. 2018; K. Yang 

et al. 2018), opening the way for the use of OECTs in the field of health technologies and rapid 

diagnosis. 

However, despite all the progress achieved and published, OECTs are not yet well standardised 

and therefore not yet at the stage of industrialisation. Thus stability (against air, light, aqueous 

environments or biological substrates) and performance can vary between channels and 

sometimes be limiting (Sirringhaus 2009; Klauk 2010). In addition, electronic circuits for signal 

capture remain poorly developed and are often not adapted to the variable performance of 

 
Figure 23: Scheme of an organic electrochemical transistor (OECT). (A) The 
OECT consists of a source (S) and a drain (D), separated by an organic 
semiconductor material of a given thickness (d), which makes contact with 
an electrolyte, within which the gate (G) is immersed. Voltages are applied 
to the gate (VG) and drain (VD) to modulate the current (ID) flowing in the 
OECT. (B) The OECT is a device that can be adapted for micro-fluidics, (C) 
on a rigid support or (D) on a soft and flexible support. Adapted from 
Rivnay et al, 2018 
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OECTs produced on demand. This inherent variability and the lack of knowledge about their 

behaviour during biological recordings precluded long-term quantitative studies in biology. 

this has been considerably improved by dedicated electrochemists and precise exploration of 

electrical device parameters (Abarkan et al. 2022). 

 

Conclusion 
 
Different approaches used to study the electrogenic activity of Langerhans islets and slow 

potentials are a signal of interest for the development of a biosensor based on this specific 

electrical signature. Currently, commercial MEAs, manufactured by several companies with 

expertise in the field, offer the possibility of conducting a long term minimally invasive study 

on the islets and thus obtain standardized recordings of the multi-cellular activity within the 

micro-organ. These MEAs can also be used under static or dynamic flow conditions. In the 

context of the development of our new biosensor, in order for the interstitial fluid to be 

delivered to the islets seeded on the MEA, I had to develop different microfluidic approaches 

in order to best meet the specifications of this new islet on chip. 
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5 From CGM to a new islet-based biosensor. 

 

5.1 Analysis of the CGM concept: Strengths and weaknesses. 
 

Blood glucose monitoring is essential in the management of TIDM. In this respect, the 

emergence of CGM devices has been a true breakthrough. In this new section we will look in 

detail at how CGMs work, their strengths, but also highlight the weaknesses of these devices. 

 

General principle of CGM: 
 
Of the many glucose sensing mechanisms tested in the laboratory, one method stood out as 

meeting many of the requirements of medical devices. The most popular technique used for 

continuous glucose monitoring systems is based on the glucose oxidation (J. Wang 2008). 

Specifically, CGM devices are based on this principle, which involves a platinum electrode 

doped with 

glucose 

oxidase 

deposited on a 

needle 

inserted into 

the 

subcutaneous 

tissue to 

trigger and 

catalyse 

glucose 

oxidation. This 

results in the 

production of 

gluconolactone, hydrogen peroxide and an electric current signal that is ultimately 

 
Figure 24: Components of a continuous glucose monitor. The 
semipermeable membrane covering the subcutaneous probe allows 
glucose to pass through and come in contact with the inner layer, which 
contains glucose oxidase. The reaction of glucose with glucose oxidase 
creates hydrogen peroxide, generating an electrical current in direct 
proportion to the glucose concentration. The electrode at the centre of 
the probe sends the signal to the external sensor, which translates the 
signal into a sensor glucose reading. Adapted from (Carter et al., 2020 and 
Li et al., 2006). 
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transformed into a glucose concentration by a calibration process using some self-monitoring 

of blood glucose (SMBG) samples collected by the patient (Acciaroli et al. 2018). 

 
Continuous glucose monitoring (CGMS) has made a considerable way since its initial 

introduction in a clinical setting in the 1970’s (Kropff et DeVries 2016) and revolutionised 

blood glucose monitoring in diabetes and opened up new scenarios for daily diabetes 

management (Acciaroli et al. 2018). CGM sensors provide an almost continuous glucose 

recording, with blood glucose readings every 1-5 minutes, reducing the need for self-

monitoring of blood glucose and greatly increasing information on blood glucose fluctuations 

and trend (showing that CGM reveals hypoglycaemic and hyperglycaemic events not visible 

by self-monitoring of blood glucose). Since the first prototypes, the CGM software have 

evolved significantly. Today, they are able to provide patients with a number of features, such 

as trends in blood glucose variation and intelligent alarms for hypo-/hyperglycaemic events, 

thus improving patient self-management. Although CGM users represent only a small 

proportion of the total diabetic population, mainly due to the economic cost and patient 

acceptability of the sensors, CGM sensors have been shown to be effective in improving 

patients’ blood glucose control (Battelino et al. 2011; 2017) and enabling the development of 

new advanced technologies for diabetes management (Facchinetti 2016; Vettoretti et al. 

2018). 
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Figure 25: (A) Representative blood glucose (BG) monitoring data obtained with self-
monitoring of blood glucose (SMBG; in green) and with continuous glucose monitoring (CGM; 
in blue). Dotted circles denote hyperglycemic and hypoglycemic episodes that, using only 
SMBG measurements, are not detectable. (B) Assessment of the accuracy of a CGM sensor 
can be performed by comparing Yellow Spring Instruments Inc. (YSI) measurements (red stars) 
versus Dexcom G4 Platinum CGM (black solid line) measurements. For example, mean 
absolute relative difference can be calculated as the average ratio between the absolute 
difference between the CGM measurements and the YSI over the YSI. From Cappon et al 2019. 
 

 

The development of CGMs  
 
Glucose-based CGM devices moved more widely from the laboratory to the hospital in the 

1990s, when the US Food and Drug Administration (FDA) approved the first CGM system for 

use by healthcare professionals, allowing retrospective patient data to be analysed for review 

(Wang 2008). However, these early commercial systems suffered from several limitations, the 

main one being the low accuracy of some measurements. These data were assessed by 

comparing the CGM trace to very precise and accurate BG concentration values, usually 

collected in a hospital setting during sampling by healthcare professionals and using 

laboratory grade medical instruments. In 2004, Medtronic successfully introduced and 

marketed the first personal real-time CGM system: the Medtronic Real-Time Guardian. This 

system provided patients with a glucose concentration value every 5 minutes, lasted for 3 days 

and was able to trigger an alarm when the glucose concentration level became too high or too 

low, helping users to improve glucose control. Dexcom Inc. introduced the Dexcom SEVEN 

Plus, which had a longer life span of up to 7 consecutive days. To assess the accuracy of CGMs 
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there is one metric that is important and that is the mean absolute relative difference (MARD). 

MARD is computed using the difference between the CGM readings and the values measured 

at the same time by the reference measurement system (Bailey et al. 2014). Among these 

quantities, MARD is the most common metric currently used in the literature to assess CGM 

accuracy (Bailey 2017). In the same year, the Abbott Freestyle Navigator was released, which 

is equipped with a glucose sensor that can be worn for up to 5 days but with a higher accuracy 

than the Dexcom seven plus. All of the above systems have a high MARD, above 12.5%. 

Compared to self-monitoring of blood glucose, which has a MARD of 5-10%, the low accuracy 

(i.e. high MARD) of these "first generation" CGM systems was one of the major barriers to 

early adoption of these devices, both by users, who did not feel safe adopting CGM, and by 

the medical community, whose reluctance to integrate CGM sensors into the daily 

management of diabetes greatly limited the diffusion of this technology.  

Over the past decade, CGM manufacturers have made many efforts to overcome the 

problems of inaccuracy of their first-generation devices. The first new generation product was 

the Medtronic Enlite CGM system. This device not only achieved a MARD of 13.6% (Bailey 

2017), but also extended the wearing time to 6 days. In addition, it improved the comfort of 

the sensor by reducing its size and weight, was designed to be waterproof, and allowed blood 

glucose storage for up to 10 hours if the receiver-transmitter connection is interrupted for any 

reason. In the same year, Abbott launched the Freestyle Navigator II, a newly designed CGM 

system that provided blood glucose measurements every minute with a MARD of 12.3% 

(Geoffrey, Brazg, et Richard 2011). In 2012, Dexcom launched the G4 Platinum, with a smaller 

sensor, 7-day life span, and reduced MARD to 13% (Christiansen et al. 2013), later improved 

to 9% in 2014 with new algorithms built directly into the sensor (Bailey et al. 2015). In 2015, 

Dexcom launched the G5 Mobile (Bailey, Chang, et Christiansen 2014) which achieved a 9% 

MARD, 7-day wear time, now allowing BG data to be transmitted directly to the user's mobile 

phone without the need for a dedicated receiver.  

 

In 2016, Abbott released the Freestyle Libre, which has a MARD of 11.4% (Bailey et al. 2015). 

This CGM system was the first that did not require finger testing during wear. In addition, it 

extended wear time to 14 days. Unlike Dexcom or Medtronic CGM devices, the Freestyle Libre 

does not trigger an alarm if blood glucose levels fall outside the safe range and requires the 

patient to pass the receiver over the transmitter to obtain blood glucose information, and to 
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do so at least once every 8 hours to avoid losing data. For this reason, the Freestyle Libre is 

labelled as a flash glucose monitor (FGM), i.e. a device that measures blood glucose 

continuously but 

only displays the 

measured values 

when scanning 

the sensor with 

the receiver. The 

Freestyle Libre 

was the first 

glucose 

monitoring 

device that did 

not require 

calibration, with 

the added 

advantage of 

similar performance in terms of accuracy and blood glucose control compared to CGM devices 

that require two or more calibrations per day, e.g. the G4 Platinum and Freestyle Navigator II 

(Cappon et al. 2019). Following this technology trend, in 2017 Dexcom launched the G6 

(Cappon et al. 2019), a CGM system that can be used without in vivo calibration, for 10 

consecutive days, providing the same accuracy as the G5 Mobile. In the same year, Medtronic 

launched the Guardian Sensor 3, which has been quantified to be 10.6% and 9.1% MARD 

(Christiansen et al. 2017), when inserted in the abdomen and arm, respectively. This sensor is 

80% smaller than the Enlite, and provides up to 7 days of sensor life as well as a shorter start-

up time. 

 
To sum up, over the past decade, in addition to achieving accuracy close to or within the range 

of self-monitoring of blood glucose, CGM systems have also improved in terms of 

functionality, lifetime and patient convenience. CGM systems are now accepted as standard 

tools for intensive glucose control in patients with T1DM. However, several important 

limitations are still present. Annexe 2, table 2. 

 
Figure 26: Accuracy evolution of state-of-the-art CGM systems through 
years. From the left: Medtronic Enlite, Abbott Freestyle Navigator, 
Dexcom G4 Platinum, Abbott Freestyle Libre, Dexcom G4 Platinum 
with 505 software, Senseonics Eversense, Dexcom G5, Dexcom G6. 
MARD, mean absolute relative difference; SMBG, self-monitoring of 
blood glucose. From Cappon et al 2019. 
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Weaknesses of CGM systems 
 
 Glucose-oxidase based electrochemical sensors suffer from several limits such as their non-

linear response within the biological relevant range and most importantly, their dependence 

of both sensitivity and specificity on the enzyme availability on the electrode surface (Cappon 

et al. 2019). Moreover, BG readings provided by glucose-oxidase based CGM sensors are 

affected by delay artefacts, which range from 5 to 10 minutes, due to the time lag between 

glucose concentration in the interstitial fluid and BG. On one hand, delay is not important 

when analysing retrospective glucose data, on the other, it can be critical when CGM is used 

for real-time decision making. 

For this reason, further research is currently undergoing to address these issues and designing 

new CGM sensors able to better meet technological requirements such as sensor size, lifetime, 

and accuracy. New generation CGM system development also involves the exploration of new 

glucose sensing technologies beyond glucose-oxidase. In this regard, glucose sensors based 

on optical sensing have been recently proposed. These sensors provide an alternative to 

traditional glucose oxidase electrochemical sensors since they have the benefit of being free 

from electromagnetic interference, simple to design and handling, and characterized by low 

manufacturing cost (Cappon et al. 2019). These principles have been used to design non-

invasive sensors based on near infrared detection and spectroscopy (Vaddiraju et al. 2010), 

and fully implanted CGM systems based on fluorescence (Chen et al. 2017). In 2016, 

Senseonics launched the Eversense, the first implantable CGM system to receive the CE mark. 

As already mentioned, it is based on fluorescence sensing, featuring a lifetime of 90 days, and 

an accuracy of 11.4% MARD (Dehennis, Mortellaro, et Ioacara 2015). This approach is quite 

demanding for the patient, who is required to undergo a, even if simple, surgical procedure, 

but the sensor lifetime makes this system anappealing alternative (Cappon et al. 2019). 

CGMs are based on the electrochemical principle of glucose catalysis by glucose oxidase and 

this is a major limitation. 

Indeed, as developed at length in the section dealing with carbohydrate homeostasis, 

glycaemic variations are not only dependent on glucose metabolism (Vetrani et al. 2022). 

Amino acid and lipid metabolism also play a major role in modulating glycaemic variability. 
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Therefore, relying solely on a glucose catalysis reaction only gives a partial picture of the 

patient's insulin requirements. 

 

 

 

 

5.2 Non-invasive glucomonitoring 
 
There is a serious need to develop non-invasive glucose monitoring (NGM) devices that will 

alleviate the pain and suffering of diabetics. In this section, we will present some of the 

approaches that 

have been 

developed to design 

non-invasive devices 

as an alternative to 

commercially 

available CGM 

systems (Badugu, 

Lakowicz, et Geddes 

2003). For these 

alternative systems, 

other body fluids 

besides blood have 

therefore been used 

that have potential 

for non-invasive 

glucose monitoring; 

among them, saliva, urine and tear fluid are potential candidates (Villiger et al. 2018; Choy et 

al. 2001; Chen et al. 2017) 

 

 Non-invasive devices include: transdermal sensors that pass near-infrared (NIR) light through 

the stratum corneum to detect glucose concentrations, and external analyses of body fluids 

 
Figure 27: Non-invasive glucose monitoring (NGM) devices that will 
alleviate the pain and suffering of diabetics. 
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(i.e. saliva, tears, breath) using a variety of optical and electrochemical detection methods 

(Tang et al. 2020). Annexe 3, Table 3 

 

However, as we can see in the table, these devices also have significant disadvantages that do 

not currently allow them to be used for reliable blood glucose monitoring (Vashist 2012). 

 

Continuous glucose monitoring (CGMS) has made a considerable way since its initial 

introduction in a clinical setting in the 1970s (Kropff et DeVries 2016) and has been 

miniaturized to provided autonomy and comfort. Moreover, a number of studies have clearly 

shown that CGMS reduces hyperglycemia as compared to other therapies and is thus expected 

to reduce the dire long-term complications of type 1 diabetes (Kropff et DeVries 2016; Danne 

et al. 2017).  

The major drawbacks in currently marketed technology reside in the occurrence of 

hypoglycemia with its inherent life-threatening risk due to the powerful action of the hormone 

insulin and suboptimal glycaemia control especially under disturbances (physical activity, 

unannounced meals, etc). Although current CGMS have improved the situation compared to 

non-sensor driven approaches, this problem has to be mastered to provide a generally 

accepted device and real autonomy in terms of closed-loop.  

Control algorithms have an important role in CGMS coupled pump treatment. The 

concomitant existence of currently some seven different classes or combinations of algorithm 

types in clinical devices strongly suggests that a sufficient solution has not been found yet. The 

PID approach is probably the best mastered technique (Hariri 2011; Abbes et al. 2013), it is 

easier to implement but exhibits insufficient robustness to multiple challenges. Another well-

known class of closed loop of control algorithms is the so-called “model predictive approach” 

(MPC), which makes explicit use of a system model to optimize the future predicted behaviour 

of a system (human insulin/BGC system in our case). At each sampling time, a finite time 

optimal control problem is solved over a prediction horizon, using the current state of the 

system as the initial state. Although this represents a considerable improvement (Pinsker et 

al. 2016; Del Favero et al. 2014), it still depends on the model for correct prediction. An 

improvement to this problem results in the optimal control techniques and the H∞ control 

approach (Kovács et al. 2009; Ruiz et al. 2012). The obtained performance in terms of 

glycaemia regulation demonstrates that an improvement of existing CGMS is possible. Finally, 
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it is interesting to note that a bi-hormonal system (insulin and glucagon) has been investigated 

(Castle et al. 2010). In outpatients a glucagon channel has been added to the device and 

compared to mono-hormonal devices or manually regulated insulin pumps (El-Khatib et al. 

2017). Benefits from this novel technology do not seem to be unequivocal and some 

stratification may be required which obviously requires larger cohorts. 

A second major drawback is that whole body physiology is not “seen” by the classical 

sensor. Recently physical activity has been addressed, an important variable in glucose 

homeostasis, to avoid hypoglycaemia. Though heartbeat could be measured easily, this 

biological approach is not feasible as hypoglycaemia may well slow heart rate (Novodvorsky 

et al. 2017), thus disturbing the information sought in the absence of external control. One 

approach is to reinforce a Closed-Loop (CL) system using MPC algorithm, such as in the 

Diabeloop project (Quemerais et al. 2014), by a decisional matrix on physical activity, 

uploaded on an Android OS smartphone linked to Dexcom CGMS and a Cellnovo insulin patch-

pump. Similar approaches have been tested in the commercial DexCom system (DeBoer et al. 

2017). This underlines the benefit to consider additional informations for an enhanced 

artificial pancreas although the occurrence of physical activity has still to be anticipated in 

Diabeloop: this adaptive homeostatic correction is clearly just one of many situations 

encountered in daily life. 

To conclude, none of the current approaches imitates the endogenous regulation of 

glucose homeostasis in a physiological manner such as biphasic and oscillatory release. This 

pattern ensures on the one hand rapid decrease in initial glucose levels followed by constant 

delivery during digestion, and on the other hand avoids rapid desensitization of insulin 

receptors. Obviously subcutaneous insulin delivery (in contrast to physiological portal release) 

will partially abnegate oscillatory delivery but recent progress in ultra-fast insulin may allow 

obtaining some variations in blood levels (Heinemann et Muchmore 2012).  

 
5.3 A new islets-based biosensor:  

 
Pancreatic islets are the “in-born” sensors and actuators, optimally shaped to ensure 

regulation of glucose homeostasis. The islets’ endogenous algorithms are still largely unknown 

and encode physiologically important events. Thus, current models do not contain an explicit 

description of the complex behaviour required for homeostasis. The development of a blood 
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glucose monitoring system based on the use of Langerhans islets as sensors involves many 

technological challenges and requires the use of different techniques. 

 

Where to measure glucose?  
 
The presence of biological material in the biosensor makes it necessary to position it 

extracorporeally. This raises the question of where the most appropriate place to monitor 

glycemia is. In terms of the body fluids of interest, two candidates naturally present 

themselves. A measurement in the blood or in the interstitial fluid. This issue has been widely 

discussed in the CGMs literature. In most cases these devices were subcutaneous, minimally 

invasive, amperometric/enzymatic biosensor-based systems (Vaddiraju et al. 2010) and 

consequently provided an indirect evaluation of the plasma blood glucose level by means of a 

glucose concentration measurement in the extracellular interstitial fluid  When using these 

devices, the sensor or the sampling probe needs to be inserted through the skin inside the 

subcutaneous fatty tissue in order to come into contact with the interstitial fluid (Danne et al. 

2017) . Despite being in the early stages of the CGM development, a number of interstitial 

fluid sampling and measurement methods have been considered (optical methods 

(Heinemann 2003), capillary ultrafiltration (Linhares et Kissinger 1992), hypodermic needles 

(Bantle et Thomas 1997), open-flow microperfusion  and impedance/ electromagnetic 

spectroscopies (Pfützner et al. 2004). CGMs that showed the highest accuracy and reliability 

performances are those based on one of two types of technology: transcutaneous (or needle-

type) systems (Rice, Coursin, et Riou 2012), where the amperometric biosensor is situated on 

the tip of a thin needle directly implanted in the subcutaneous tissue (Wentholt et al. 2005) 

or microdialysis-based systems. In the latter, commercialized by Menarini the glucose is 

harvested from the interstitial fluid, by means of a constant flow of saline buffer, which passes 

through a subcutaneously implanted microdialysis probe, and leads to a biosensor flowcell 

placed downstream (Ricci et al. 2007). All of these systems have been designed to operate in 

the subcutis, rather than in the blood, due to its easy and safe accessibility, and for the 

possibility of frequent sensor replacement (Gerritsen 2000). The glucose concentration in the 

interstitial fluid (IFG) demonstrated to have an high correlation with the corresponding plasma 

glucose value, it is nevertheless known that the IFG differs from BG both in time, generally 
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presenting changes in delay in regard to the BG (physiological lag time), and in their absolute 

value of glucose concentration.  

Dealing with interstitial fluid means take into consideration three parameter : time gradient 

between BG and IFG, magnitude gradient between BG and IFG, and physiological outcomes 

that can affect these two parameters (Scuffi et al,. 2010). 

The time gradient definesthe delay, or lag time, observed between the variation of the BG 

value (usually referring to the venous plasma) and the corresponding change in IFG. The term 

‘lag time’ usually refers only to the physiological lag, and thus only to those physiological 

processes regulating the glucose exchange between blood and interstitium. In several studies, 

this also included the instrumental lag, specific to the device used for the IFG sampling and 

measurement. The instrumental lag time also comprises a sampling lag, corresponding to the 

time needed for glucose transport from the interstitial fluid to the biosensor and a 

computational lag, related to all the calculation algorithms applied (Scuffi et al,. 2010). The 

main and ongoing concerns related to the lag time are if it is either positive or negative, and 

thus if the IFG follows or precedes the BG, and if its value is constant or variable (Keenan et 

al. 2009). In the majority of studies it was observed that the IFG delayed with respect to the 

BG, independently of whether the BG is rising, falling or reaching nadirs/peaks, with a lag time 

value that ranged between 5 and 25 minutes (Bm et al. 1995), This confirms a kinetic 

equilibrium based on a ‘two-compartment’ model of glucose diffusion from blood to 

interstitium (Rebrin et al. 1999). In other studies, the IFG was found to anticipate the BG 

decrease during insulin-induced hypoglycaemia. This was explained by increased glucose 

uptake from the IF by the surrounding cells, which lead IFG to drop prior to BG, as described 

by the ‘push–pull’ model (Aussedat et al. 2000). 

Magnitude gradient is the difference in absolute glucose concentration between plasma and 

IF. This is related both to the glucose concentration value in the two compartments during the 

steady-states, and to the magnitude of the respective glucose concentration excursions (Kulcu 

et al. 2003). In some studies (Petersen 1999), involving mainly healthy subjects, the magnitude 

of the IFG and BG excursions and their values in their respective steady-states were found to 

be similar. However, a large group of studies agrees that both the glycaemic excursions and 

steady-state values of IFG and BG can show significant differences (Rebrin et al. 1999), but 

always maintaining a high correlation factor.  
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Physiological reactions after implantation of a needle or a probe of a device can also have an 

impact on IFG measurement. The main effect of these local reactions is transitory and limited 

to the few hours after the probe implantation, until a new physiological equilibrium at the 

tissue/probe interface is reached (Ratner 2007). However, some events of daily life can bias 

this equilibrium.  The occurrence of pressures or mechanical shocks on the implantation area 

can reactivate the local reactions and thus alter the equilibrium at the sensor–tissue interface, 

leading to another transitory period of lowered IFG versus BG correlation (Gilligan et al. 2004).  

Although even if a total consensus was not yet achieved on the BG/IFG relationship, a number 

of mathematical models for the BG versus IFG equilibrium description have been proposed. 

These models assume of a free diffusion of glucose molecule between blood and interstitium, 

and in its uptake 

from the IF by 

the surrounding 

cells (Steil et al. 

1996; Freeland 

et Bonnecaze 

2004). Rebrin 

and Steil 

proposed a ‘two-

compartments’ 

model, which 

described IF and 

blood as two 

independent 

compartments, separated by a diffusional barrier through which the glucose is free to diffuse 

based on its concentration gradient (Steil et al. 1996; Rebrin et Steil 2000) .  

 
Moreover, the glucose is cleared from the IF by the surrounding cells, depending from IFG. 

This Rebrin and Steil model provides an effective mathematical description of two important 

phenomena experimentally observed in several studies: the IFG follows the BG with a certain 

lag time; during the steady-states the glucose concentration in the two compartments can be 

significantly different. The only concern about this model is the assumption that both the 

 
Figure 28: Rebrin and Steil Model: Theoretical relation between the 
glucose concentration in plasma (C1) and in interstitial fluid (C2 ), based 
on diffusion (K12, K21) and clearance (K02) parameters. From (Scuffi et 
al, 2010). 
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diffusion across the IF/blood barrier and the clearance from the IF are related to BG and IFG 

values by constants (K12, K21 and K02 in the equation of Rebrin and Steil), while several 

evidences suggest that the dependence of these diffusion processes by BG and IFG is variable 

over the time. Another widely recognised model, based on the ‘push–pull’ effect, was 

proposed. This approach hypothesised that during the rising of BG the lag time between BG 

and IF is caused by the glucose diffusion (push) from blood to IF, while during the falling period 

of BG the IFG decreases in advance with respect of BG, due to the insulin-induced uptake (pull) 

of glucose by the surrounding cells (Aussedat et al. 2000). This model allows explanation how 

in some particular conditions (e.g. insulin-induced hypoglycaemia) the drop of IFG can 

anticipate that of BG (Schmidtke et al. 1998; Thomé-Duret et al. 1996). The previous 

approaches were further refined by Groenendaal et al., reporting a model where a specific 

equilibrium between IFG and BG was described for each skin layer (epidermis, dermis, adipose 

tissue) (Groenendaal et al. 2010). 

In conclusion, the experimental evidence in the literature suggests that BG and IFG are 

correlated by a kinetic equilibrium, which has as consequences a time and magnitude gradient 

in glucose concentration between blood and interstitium (Kulcu et al. 2003). For the 

development of a new extracorporeal islet-based biosensor interstitial fluid is the right 

localisation to do the glycaemia measurement. It’s a good compromise between easily access 

and precision of the measurement. 

 

How to measure glucose?  
 

The use of living cells in the sensor calls for caution and stringent procedures. For that 

reason, the use of  microdialysis and safety valves to provide the analysate instead of 

membranes separating cells from patient’s body upon implantation, although major progress 

has been made in the latter field (Schweicher, Nyitray, et Desai 2014). The microdialysis 

approach has been used previously in diabetes therapy and allows reliable separation 

between patient and biosensor (Heinemann 2003).  

 

Microdialysis was introduced by Ungerstedt and Pycock and has been used mainly in 

neuroscience research to quantify the metabolites present in cerebral spinal fluid (Ungerstedt 

1991). However, over the last decade it has been increasingly applied to various tissue studies 
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for in situ monitoring of different biomarkers in basic and clinical studies (Ungerstedt 1997; 

1991; MacLean, Sinoway, et Leuenberger 1998) . The basic principle of microdialysis is to 

reproduce the characteristics of a blood capillary.  Indeed, the capillaries and the semi-

permeable membrane are surrounded by substrates and metabolites in the extracellular fluid 

of the tissue (Müller 2002).  

 

 

Figure 29: Microdialysis principle, scheme of a microdialysis probe and details of the exanges 
at the level of the semi permeable membrane. Microdialysis membrane is depicted as a tip, 
which is connected via a shaft to the inlet and outlet tubings; The semipermeable membrane 
limits the diffusion of large molecules Adapted from Kalkhof et al,. 2014. 
 

These molecules diffuse through the membrane portion of the catheter and equilibrate with 

the perfusion fluid, which is pumped through the catheter at very low flow rates. Changes in 

the concentration of a substrate in the surrounding medium are reflected by subsequent 

changes in the dialysate (Lönnroth et Smith 1990). Rather than inserting an instrument into 

the tissue, the microdialysate is extracted and subsequently analysed in the laboratory or 

clinic at the patient's bedside. 

A typical setup for a microdialysis system requires a syringe pump, a microdialysis probe (also 

known as catheter), and connecting tubes (Kho et al. 2017). Among all the components 

required for microdialysis sampling, the microdialysis probe is the most important component 

(de Lange, de Boer, et Breimer 2000; Min et al. 2016) and will be in contact with the target 

site. Recovery of microdialysis sampling depends on the probe. Basic designs for microdialysis 

probes, linear, u-shaped or looped, OR concentric (Plock et Kloft 2005; Kit Lee 2013). Other 

popular designs for microdialysis probes include the shunt probe and the side-by-side probe, 
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as portrayed in (Plock et Kloft 2005; Kho et al. 2017). Microdialysis probe configuration mainly 

depends on the target site. For our utilization in subcutaneous compartment, a linear design 

of the probe is recommended (Baumann et al. 2019), indeed this kind of design is commonly 

used for sampling in soft peripheral tissues such as skin, lung, kidney, and muscle because it’s 

easy to implant, and can follow the movement of the tissue (Min et al. 2016). 

 

Figure 30: Schematic illustration of the more common microdialysis probe designs: a 
concentric, b loop, and c linear microdialysis probes. From (Kho et al. 2017) 
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Figure 31: Schematic illustrations of microdialysis probe designs: a side-by-side and b shunt. 

From (Kho et al. 2017). 

 

Recovery percentage depends on several factors, such as diffusion rate, flow rate, flux, 

membrane length, membrane type/pore size, and perfusion liquid. The best results require 

optimization of each factor (Kho et al. 2017). For example, the lowest flow rate, longest 

practical membrane, and maximum sampling time will yield samples with the highest 

concentration of the analyte. This is because the membrane is maximizing surface area for 

diffusion, while the slow flow rate is giving diffusion plenty of time to equilibrate; the sampling 

time determines the absolute content each sample will contain (Hammarlund-Udenaes 2017). 

This example is a simplified understanding of the factors that must be considered. 
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Diffusion: The diffusion rate is 

inversely proportional to the 

molecular size. This means that 

as the molecular weight of the 

analyte increases, the diffusion 

rate will decrease. If the diffusion 

rate decreases, then the 

recovery percent decreases. This 

essentially forces a lower flow 

rate for large molecules (Snyder 

et al. 2001). Next, 

hydrophobicity also plays a role 

in the diffusion rate and must be 

considered when analysing large 

molecules, such as 

neuropeptides. Hydrophobic 

molecules also exhibit characteristics which make monitoring of concentration changes 

(primarily decreases) difficult since these changes take significantly longer to equilibrate 

(Chefer et al. 2009). The concentration of the target analyte can be depleted from the area 

around the probe faster than it can be supplied by the cells or diffused from surrounding 

extracellular fluid; This is partly because of diffusion in tissue taking longer than in aqueous 

solutions due to limited extracellular fluid and indirect diffusion pathways between cells. 

Analytes may attach to cells along the way and slow down their diffusion. 

 

Flow Rate and Flux: Low flow rate creates low pressure in the probe; when using a perfusion 

liquid that mimics extracellular fluid besides the low pressure, there is a minimal ionic flux. 

The principle of flux can estimate extracellular concentrations of the target analyte (E. C. M. 

de Lange 2013). To do this, the perfusate is spiked with a known concentration of the target 

analyte and then pumped through the probe. The dialysate is analysed for differences in 

concentration; decreased analyte concentration in the dialysate shows that extracellular fluid 

has a lower concentration of the analyte, therefore, the analyte diffused from the perfusate 

to the extracellular fluid (Kit Lee 2013). If the concentration of the analyte in the dialysate was 

 
Figure 32: Diagram of the variation of the recovery in 
function of the perfusion flow rate. Formula of the 
recovery calculation. Cdialysate: dialysate concentration; 
CECF: concentration extracellular fluid ; Cperfusate : 
Perfusate concentration  Adapted from (Kho et al. 
2017). 
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found to be higher than its initial concentration, then it can be inferred that extracellular fluid 

is higher in analyte concentration, therefore, the analyte diffused from the extracellular fluid 

into the perfusate. 

 

Perfusion liquid: The perfusion liquid should be as close as possible in nature to the 

extracellular fluid but with a lower osmolarity in order to induce a diffusion gradient.  Usually 

Ringer’s solution (148 mM NaCl, 4 mM KCl, 3 mM CaCl2) (Khan et al. 2015) which has higher 

calcium and potassium levels than interstitial fluid (148 mM NaCl, 4 mM KCl, 1.2 mM CaCl2, 

0.85 mM MgCl2). Osmolarity is then adjusted with molecules like clinical grade Dextran 60 

(µdialysis). 

  

 

In conclusion, the use of microdialysis allows the use of live cells in the sensor in a safe manner, 

as the islets in the biosensor are separated from the patient's body, while allowing access to 

the interstitial fluid.  

However, the use of this technology requires working at very low perfusion rates in order to 

have an optimal recovery percentage. This can lead to long delays before the dialysate arrives 

in the biosensor, as well as the possible drying of the islets. To manage these constraints, the 

use of microfluidics allows to work with very low volumes of dialysate and micrometric 

workflows. 

 

 

5.4 Microfluidics: the flow management solution for the islets on 
chip biosensor 

 

The constant need for miniaturization and multiplexing of systems in different scientific fields 

requires microfluidics to control small volumes of fluid.  

Microfluidics is defined as the science and technology of systems that handle small volumes 

of fluids of less than a microlitre, using channels of the size of a few hundred or tens of 

micrometres (Whitesides 2006). Microfluidics can also be defined as a discipline dealing with 

the flow of simple or complex, single or multiphase fluids in artificial microsystems, i.e. 

manufactured using the new microfabrication techniques inherited from microelectronics 
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(Tabeling 2003). These definitions show that microfluidics is conceived as a science that 

encompasses the study of phenomena and fluid mechanics on a micrometric scale, but also 

as a technique that contains an applicative dimension. Microfluidics, although recent, derives 

from mechanisms that have been present in nature for millions of years. In the plant world, 

the tree, for example, is a complex microfluidic system. It drains sap to thousands of leaves in 

a homogeneous way, relying on a network of millions of small capillaries, whose diameters 

vary from hundreds of microns to about thirty nanometres. The tree manages this microfluidic 

network. It even manages to work under negative pressure, which, from a hydraulic 

engineering point of view, is an exceptional performance. Of course, bubbles nucleate 

permanently in the capillaries draining the sap. But there are thousands of built-in valves in 

the tree that prevent the formation of a general embolism (Tabeling 2003). 

In the animal kingdom, we can also mention the spider, which is a real expert in microfluidics. 

To weave its web, it manages micrometric flows of proteins, solidifies them, and produces a 

continuous flowing, hair-thin fibre whose adhesive properties are optimised for insect capture 

(Konwarh, Gupta, et Mandal 2016). In humans, our bodies manage hundreds of micrometric 

flows in a highly controlled manner. Over a wide range of scales, from a few nanometers (size 

of a protein such as aquaporin) (B.-J. Jin et Verkman 2017) to hundreds of microns (diameters 

of large blood capillaries) (Vedula et al. 2017).  

The field of microfluidics lies at the crossroads of four major fields: molecular analysis, 

biodefense, molecular biology and microelectronics (Lei et al., 2018; Daw et Finkelstein, 2006). 

Molecular analysis was the first to contribute to microfluidics, indeed the distant origins of 

microfluidics lie in microanalysis methods - gas chromatography (GC), high pressure liquid 

chromatography (HPLC) and capillary electrophoresis (CE) - which, in capillary format, 

revolutionised chemical analysis (Whitesides 2006). These methods have made it possible to 

achieve high sensitivity and high resolution simultaneously using very small amounts of 

sample. With the success of these micro-analytical methods, it seemed obvious to develop 

new, more compact and versatile formats and to look for further applications of microscale 

methods in chemistry and biochemistry.  

A second and very different factor that drove the development of microfluidic systems was 

the realisation after the end of the Cold War that chemical and biological weapons posed a 

major military and terrorist threat (Whitesides 2006). To counter these threats, the Defense 

Advanced Research Projects Agency (DARPA) of the US Department of Defense supported a 
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series of programmes in the 1990s to develop field-deployable microfluidic systems designed 

to serve as detectors of chemical and biological threats. These programmes were the main 

stimulus for the rapid growth of academic microfluidic technology.  

The third impetus for the development of microfluidics came from the field of molecular 

biology. The explosion of genomics in the 1980s, followed by the advent of other areas of 

microanalysis related to molecular biology, such as high-throughput DNA sequencing, 

necessitated analytical methods with much higher throughput, sensitivity and resolution than 

previously envisaged in biology. Microfluidics has offered approaches to overcome these 

problems. The fourth contribution has come from the development of photography and 

microelectronics (Whitesides 2006). The initial hope of microfluidics was that 

photolithography and associated technologies, which had been so successful in silicon 

microelectronics and microelectromechanical systems (MEMS), would be directly applicable 

to microfluidics (Tabeling 2003). 

More generally, everyday objects based on microfluidic techniques are now commonplace, 

from inkjet print heads to pregnancy tests. These technologies have thus become unavoidable 

and have undergone exponential development over the last 10 years. 

In the medical field, the use of microfluidics opens new doors, both in the clinical and research 

fields. It can push back the limits of the tools currently used in the drug development process, 

cell cultures and animal models, which have highlighted the need for a powerful new tool 

capable of reproducing human physiology in vitro to the maximum extent (Maschmeyer et 

Kakava 2020). Advances in microfluidics have brought the realisation of this tool closer than 

ever.  It is on this last point that we will discuss in the following chapter and think specifically 

about the microfluidic field of Organ-on-chip. 

 

Organ-On-Chip (OOC): 
 
For centuries, animal experiments have contributed greatly to our understanding of disease 

mechanisms, but their value in understanding the full pathophysiological mechanisms and in 

predicting the efficacy of drug treatments in the clinic has limitations (Kola et Landis 2004). 

Animal models, and even genetically modified models or models with experimentally induced 

pathologies, often do not accurately reflect human pathology (Bracken 2009) and therefore 

cannot predict with certainty what will happen in humans (Pun, Haney, et Barrile 2021). In 
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addition, the growing awareness of animal rights in our societies has led to measures to avoid 

the use of animals in research (Doke et Dhawale 2015). In 2018, for example, nearly two 

million animals were used in French laboratories according to a survey by the Ministry of 

Research (« Enquête statistique sur l’utilisation des animaux à des fins scientifiques » s. d.). Of 

these, 75% were involved in so-called "light" or "moderate" procedures. Only 18.7% were 

involved in 'severe' procedures, and 6.3% in 'no awakening' procedures. These figures, in the 

eyes of a growing proportion of the population, have become unacceptable and have led to a 

near unanimous vote in the European Parliament on 16 September 2021 to almost completely 

stop the use of animal models by 2030, except in a few studies on specific diseases such as 

cancer (« Texts Adopted - Plans and Actions to Accelerate a Transition to Innovation without 

the Use of Animals in Research, Regulatory Testing and Education - Thursday, 16 September 

2021 » s. d.) . 

It is on the basis of these findings, both scientific and ethical, that organ-on-a-chip (OOC) 

technology and bioengineered tissues have emerged as promising alternatives for a wide 

range of applications in biodefence, drug discovery (Pammolli et al. 2020) and development 

and precision medicine. Recent technological breakthroughs in stem cell and organoid 

biology, OOC technology and 3D bioprinting have all contributed to a significant advance in 

our ability to design, assemble and fabricate biomimetic living organ systems that more 

accurately reflect the structural and functional characteristics of human tissues in vitro (Bhatia 

et Ingber 2014), and allow for improved predictions of human responses to drugs and 

environmental stimuli. 

 

Islets-on-chip: 
 

A variety of microfluidic devices have been introduced to recreate native islet 

microenvironments and to understand pancreatic β-cell kinetics in vitro. This kind of platforms 

has been shown fundamental for the study of the islet function and to assess the quality of 

these islets for subsequent in vivo transplantation. However, islet physiological systems are 

still limited compared to other organs and tissues, evidencing the difficulty to study this 

“organ” and the need for further technological advances (Rodríguez-Comas et Ramón-Azcón 

2021).  
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The study of insulin secretion aimed at addressing islet functionality requires monitoring 

insulin release over time. However, the existing standard assays for islet functionality and 

viability present limited physiological relevance: usually, it involves numerous animals to 

assess the capacity of the pancreas to secrete insulin after a glucose challenge and/or static 

assay incubations of isolated islets subjected to low and high glucose concentrations in order 

to evaluate the insulin stimulation index (Rodríguez-Comas et Ramón-Azcón 2021). These 

experiments are laborious, require long processing time, and are usually followed by off-line 

quantification of insulin by an enzyme-linked immunosorbent assays (ELISA) or a 

radioimmunoassay (Shen, Prinyawiwatkul, et Xu 2019). Hence, its readout is not obtained in 

real-time, making it impossible to measure rapid spatiotemporal responses. Additionally, 

these measurements do not have the sufficient sensitivity to measure insulin released by a 

single islet, and consequently these measurements are usually performed using batches of 

islets. Culturing pancreatic islets from rodents or human donors is difficult. For this reason, 

minimizing the number of islets required for experiments is fundamental. Moreover, the 

release of hormones from pancreatic islets occurs within minutes in a pulsatile fashion in 

response to an appropriate stimulus. Thus, to resolve the secretion dynamics, methods able 

to quantify insulin secretion with high temporal resolution are required. New high-

technological advances have allowed the development of microfuidic organ-on-a-chip 

systems to recapitulate in vivo cellular models with a high level of control. Recently, they have 

been defined as “microfabricated cell culture devices designed to model the functional units 

of human organs in vitro” (Park, Georgescu, et Huh 2019). These new technological devices 

are emerging as a powerful tool for the study of multifactorial pathologies such as diabetes. 

Organ-on-chips are usually based on polymeric platforms where living microtissues can be 

cultured and, in combination with microfuidics, mimic specifc functions of one or multiple 

organs. 

 
The development of a biosensor using an islet on chip platform requires a precise specification 

of the characteristics and constraints of the device. Indeed, the use of microfluidics, although 

offering many advantages, also obliges us to face various difficulties inherent to the 

management of such small volumes of fluid. 

The design of any new microfluidic device involves a methodology common to all OOC 

development. The principles to manufacture all OOC based platforms are almost similar. 
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Basically, after considering various parameters to emulate the specifications of a specific 

organ, the desired design would be drawn with a design and drafting software (e.g., AutoCAD, 

CATIA) (Schmidt 1998; Kovacs, Maluf, et Petersen 1998). Later, an appropriate 

microfabrication technique (e.g., photolithography, stereolithography, soft lithography etc.) 

according to the aims of the device will be used to fabricate the device (Azizipour et al. 2020). 

Cell culture or tissue culture will be performed on the biochip in order to mimic the 

functionality of a specific organ and to perform biochemical or biophysical assays or drug 

testing  (Voldman 2003). 

 

Figure 33: General process of development of an OOC. Adapted from (Azizipour et al. 2020). 

 

The first point to consider is the evaluation of the specificities of the islet on chip. What are 

the specificities of the Langerhans islet culture for their use as a biosensor? The chip should 

contain a few islets (10 to 20), in a volume small enough to be compatible with the supply of 

dialysate through microdialysis but large enough to allow a good supply of nutrients and 

oxygen to the cell (Jaffredo et al. 2021). In addition, the design of the microfluidic chip must 

be compatible with an alignment on a commercial Multi-Channel System multielectrode array  

(Raoux et al. 2012a) and allow for long term use in order to limit the change of biosensor by 

the patient and thus promote patient acceptability. 

 

Long-term culture in microfluidics exposes two major difficulties common to the microfluidic 

field. Indeed, the first risk of working at low flow rates over a long period is the formation of 

bubbles (He et al. 2021). 

Gas bubbles present a frequent challenge to the on-chip investigation and culture of biological 

cells and, small organs. The presence of a single bubble can adversely impair biological 

function and often viability as it increases the wall shear stress in a liquid-perfused 

microchannel by at least one order of magnitude (Lochovsky, Yasotharan, et Günther 2012). 

Evaluate parameters 
to emulate the 

specifications of the 
organ

Draw desired design 
by the software

Choose appropriate 
microfabrication 

technique

Cell culture on the 
biochip
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Unwanted bubbles can also lead to severe cell damage by rupturing the cell membrane (Zheng 

et al. 2010; Lochovsky, Yasotharan, et Günther 2012) and device malfunction by disrupting the 

local electric field (Berthod et al. 2002).  

 

Different parameters must be considered in order to avoid the formation of bubbles: 

Chip design: At the design stage, certain parameters must be considered that can lead to 

bubble formation. Changes in geometry leading to sudden changes in shear stress and the 

implementation of angular structures are the main nucleating features within a design 

(Pereiro et al. 2019). 

Fluid switch: When changing the injected liquid during an experiment, the same phenomenon 

can appear. If you change the liquid inside the reservoir, you might need some time to 

eliminate the amount of air introduced into the microfluidic setup (Sung et Shuler 2009). 

Porous material: Porous and gaz-permeable material, such as PDMS, can induce air bubbles 

inside microfluidic chips, especially in long term experiments (Duffy et al. 1998). 

Dissolved gas: Gas contained in gaseous form in the liquids used during the experiment can 

cause air bubbles to form. It is especially the case when the liquids are heated during the 

experiments (Cheng et Lu 2014). 

 

Working with live cells within a device also requires care to avoid clogging the chip or tubing 

with cell debris or cell dislodgement during perfusion (Lochovsky, Yasotharan, et Günther 

2012). 

The development of a microfluidic chip in the laboratory also imposed constraints on the 

implementation of microfabrication. We will now outline the techniques used to build the 

chip, once the design has been thought out. 

 

Production of the chip: 
 
The ability to fabricate biocompatible constructs to model biomechanical forces was long 

limited to a small number of specialised research teams, the invention of an optically 

transparent and cost-effective silicon material, poly dimetyl siloxane (PDMS) in the late 1990s, 

combined with the use of soft lithography and precise mechanoactuators (Duffy et al. 1998), 
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was a revolution and thus enabled the implementation of dynamic culture to many fields of 

study.  

PDMS or dimethicone, is a polymer widely used in the manufacture and prototyping of 

microfluidic chips. It is an organo-mineral polymer (a structure containing carbon and silicon) 

of the siloxane family (a word derived from silicon, oxygen and alkane) (Walker et Naisbitt 

2019). Outside of microfluidics it is used as a food additive (E900), in shampoos, as an anti-

foaming agent in drinks or in lubricating oils (Becker et al. 2014). 

 

For the manufacture of microfluidic devices, PDMS (liquid) mixed with a cross-linking agent is 

poured onto a microstructured mould and heated to obtain a replica of the elastomer mould 

(cross-linked PDMS). 

 Formula of PDMS is : (C2H6OSi)n and CH3[Si(CH3)2O]nSi(CH3)3, where n is the number of repeats 

of the monomer .  Depending on the size of the monomer chain, the non-crosslinked PDMS 

can be almost liquid or semi-solid. The siloxane linkages provide a flexible polymer chain with 

a high level of viscoelasticity (Mata, Fleischman, et Roy 2005).  

 

After cross-linking, PDMS becomes a hydrophobic elastomer. Thus polar solvents such as 

water have difficulty wetting PDMS (water forms drops and does not spread) and leads to the 

adsorption of hydrophobic contaminants present in water on the PDMS surface (Lin et Chung 

2021). Oxidation of PDMS using a plasma, changes the surface chemistry of PDMS and 

produces silanol (SiOH) endings on its surface. This process also makes the surface resistant 

to adsorption of hydrophobic and negatively charged molecules. In addition, plasma oxidation 

of PDMS allows the PDMS surface to be functionalized with trichlorosilane or to be covalently 

bonded (on an atomic scale) to a glass surface that has also been oxidized through the creation 

of Si-O-Si bonds (Auner et al. 2019). 

 

The manufacture of a PDMS microfluidic chip basically consists of 6 steps (Velve-Casquillas et 

al. 2010): 

(1) The moulding step allows the microfluidic chips to be mass-produced from a mould. 

(2): A mixture of PDMS (liquid) and cross-linking agent (to harden the PDMS) is poured onto 

the mould and placed in an oven. 
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(3): Once the PDMS is cured, it can be peeled off the mould. A replica of the PDMS 

microchannels. 

 (4): To allow for fluid injection during future experiments, the inlets and outlets of the 

microfluidic device are pierced with a needle or punch the size of the future outer tubes. 

(5): Finally the face of the PDMS block with the microchannels and the glass substrate are 

treated with O2 

(6): The plasma treatment of the surface allows the PDMS and the glass substrate to be 

bonded to close the microfluidic chip. 

 

 

Figure 34: Protocols of the fabrication of a PDMS microfluidic chip. (1) Design and 
microfabrication of a wafer, (2) realization of PDMS step of reticulation and pouring, (3) 
demolding of the PDMS chip, (4) punching of the inlet and outlet for tubings connexion, (5) 
plasma treatment for activation of the surfaces,  (6) alignement of the PDMS chip. From 
(Velve-Casquillas et al. 2010) 
 

In conclusion, PDMS has many advantages for the manufacture of microfluidic chips in the 

laboratory. Its biocompatibility, ease of use and plasma activation capability, which allows 

alignment on glass surfaces such as MEAs, make it suitable for routine chip prototyping and 

production. In addition, it allows the construction of chips compatible with the islet on chip 

specifications outlined above in the previous paragraph and the gaz permeability of this 

material is very important for cell culture. 
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In this chapter we have discussed the various technical issues involved in the development of 

a new biosensor based on the use of islets of Langerhans as a blood glucose sensor. However, 

there is one last point of interest that needs to be addressed before moving on to the 

presentation of the thesis objectives. Are islets, although ideal glucostats, the only possible 

candidates as sensors? 

 

 

5.5 Sensor, which biological substrate to use?   

 

 
The use of primary cultured Langerhans islets has many advantages in terms of sensing. 

Indeed, in addition to being the body's natural glucostats (Rorsman et Ashcroft 2018), they 

are natural organoids, with a cohesive structure allowing for manipulation compatible with 

the loading of a microfluidic chip (Y. Wang et al. 2010). However, the use of native islets also 

raises logistical issues related to the difficulty of supply. 

The use of murine islets within an islet-based biosensor is complicated beyond the laboratory 

doors. This point raises many questions for the development of this device. Indeed, as we 

discussed in the section on therapeutics for the treatment of type 1 diabetes, the supply of 

human cadaveric islets involves many difficulties (Kulkarni et Stewart 2014). Only 70 centres 

worldwide practice the isolation of human islets from cadaveric donors, and there is a real 

lack of organ donations (Ng et al. 2019). Finally, it should be noted that there is great variability 

between the resulting preparations of the isolations (J.-C. Henquin 2019).  

 

In view of this, it is therefore useful to consider possible alternatives to the use of native islets 

and to explore possibilities such as the formation of artificial spheroids from clonal cell lines 

or stem cells. 

 

 

Rodent cell lines 
 
Research in the beta-cell field profited from the establishment of insulin-secreting cell lines. 

The first lines were generated from adult rats and hamsters. RIN lines (Gazdar et al. 1980) 
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have been derived from a rat insulinoma induced following sublethal irradiation (Chick et al. 

1977). Insulin gene expression decreased with passages and glucose-stimulated insulin 

secretion is limited. Following specific culture conditions, other cell lines were next derived 

from the same rat insulinoma, such as the widely used INS-1 cell line (Asfari et al. 1992). This 

line was found to be stable with time, insulin contents are high, and glucose induced insulin 

secretion. More than 20 years after its first publication, this line remains widely used by the 

scientific community.  

More recently, a number of independent mouse pancreatic beta-cell lines were established 

by targeted oncogenesis from transgenic mice expressing large-T antigen of simian virus 40 

(SV40T antigen) under the control of the insulin promoter. The basis of this approach was the 

demonstration that insulinomas develop in transgenic mice expressing SV40T under the 

control of the rat insulin promoter (Hanahan 1985). With this approach, S. Efrat and colleagues 

developed a number of lines named β-TCs (Knaack et al. 1994). A few years later, other lines 

such as MIN6 cells have been produced using the same approach (Miyazaki et al. 1990). Min6 

cells and its subclones, such as MIN6B1 (Lilla et al. 2003), have been shown to represent useful 

experimental tools to dissect the function of cell-cell contact in insulin secretion (Jaques et al. 

2008). 

 

Taken together, we have learned a lot during the past years on rodent beta cells. It is also clear 

that human beta cells are not identical to rodent beta cells. If the objective is to attempt to 

translate fundamental data to patients with diabetes or to develop a medical device based on 

islets, it is crucial to find ways to further study human beta cells. 

 

Human cell lines 

During the past 30 years, a number of β cell lines have been established from x-ray–induced 

insulinomas in adult rats (Asfari et al. 1992; Gazdar et al. 1980) or derived by simian virus 40 

transformation of adult hamster islet cells (Santerre et al. 1981). These lines have been 

extremely useful for detailed study of rodent β cells. Since many differences exist between 

rodent and human β cells, attempts have been made to generate human β cell lines from 

many human pancreatic sources, such as adult islets, fetal pancreases, or insulinomas. 

However, insulin production by these cells was extremely low or these cells were capable of 



114 
 
 

producing insulin only over a few passages (de la Tour et al. 2001). In 2005, Narushima et al. 

(Narushima et al. 2005) reported that they successfully established a functional human β cell 

line, NAKT-15. Although this particular human β cell line looked promising for cell therapy of 

diabetes mellitus and drug screening (Hohmeier and Newgard 2005), no new reports on the 

utility of this line have been published since 2005. Thus, developing a functional human β cell 

line still remains crucial. One way to create human cell line is to start from human fetal buds. 

Human fetal pancreatic buds are transduced with a lentiviral vector that expressed SV40LT 

under the control of the insulin promoter. The transduced buds are then grafted into SCID 

mice so that they could develop into mature pancreatic tissue (Ravassard et al. 2011). Upon 

differentiation, the newly formed SV40LT-expressing β cells proliferate and forme 

insulinomas. The resulting β cells are then transduced with human telomerase reverse 

transcriptase (hTERT), graft into other SCID mice, and finally expand in vitro to generate cell 

lines (Ravassard et al. 2011).  One of these cell line is  EndoC-βH1. EndoC-βH1 cells contained 

0.48 μg of insulin per million cells, were stable at least for 80 passages, and expressed many 

specific β cell markers, without any substantial expression of markers of other pancreatic cell 

types. EndoC-βH1 cells secrete insulin in response to glucose stimulation, and insulin secretion 

is enhanced by known secretagogues, such as exendin-4, glibenclamide, and leucine. Finally, 

transplantation of EndoC-βH1 cells into mice reversed chemically induced diabetes (Ravassard 

et al. 2011). 

 

Limitations of stem cells and cell lines 
 
Even if stem cells and cell line present advantages, native human islets also consist of non-β 

endocrine cells such as α, δ, γ, and ε cells. These cells interact with each other and with β cells 

in feedback loops that determine islet function. Cell lines of these non-β endocrine cells could 

help us reconstruct and dissect the interactions between the different endocrine cells within 

human pancreatic islets (Caicedo 2013; van der Meulen et al. 2017). Such cell lines are not 

available for human and are very limited for rodent. In rodents, few α cell lines have been 

described and used. An early one, In-R1-G9, was derived from a transplantable hamster 

insulinoma (Takaki et al. 1986; Drucker, Philippe, et Mojsov 1988). A second example is 

represented by the αTC cell line that was derived from a glucagonoma generated in transgenic 
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mice expressing SV40 early region under the control of the glucagon promoter (Efrat et al. 

1988; Powers et al. 1990). It is thus evident that more lines are needed from both rodents and 

humans. 

In the development of an islet-based biosensor, the diversity of cell types in native islets is a 

key element to provide optimal information on insulin requirements by considering all the 

information derived from the composition of glucose, nutrients, hormones and amino acids 

in the patient's interstitial fluid. 
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Biological substrate characterisation:  
Manuscript n°1 

 

In our quest for a suitable biological substrate for the sensor, available at a large scale, we 

explored whether 3D spheroids may enhance clonal -cell function using human EndoC-H1 

and rodent INS-1 cells. Recording with micro-electrode arrays (MEA) allows dynamic 

monitoring of electrical activity and the multicellular slow potentials (SP) provide insight in the 

degree of physiological important cell-cell coupling.  

 

Our results indicate that spheroids of human EndoC-H1 cells show a higher degree of cell-

cell coupling in terms of frequency and amplitude, the latter reflecting the number of cells 

coupled. This is accompanied by a considerable improvement in the glucose-stimulated 

secretion index. In term of electrical activity, we observed an increase in frequencies and 

amplitudes in 3D versus 2D cultures correlated well with an increase in insulin secretion. The 

improvement in insulin secretion observed here was comparable to published data and is 

likely to be a consequence of improved coupling though other factors may be involved. In our 

hands 2D cultures of primary islet cells resulted in higher frequency and amplitudes as 

compared to reaggregated 3D islets. As islets contain different cells types and especially a-

cells are important for -cell activity, this may indicate that islet structure in terms of cell type 

topology was not restored during aggregation.  

We also tried whether another frequently used cell line, ie. rat insulinoma derived INS-1 cells, 

may be capable of spheroid formation. However, those spheroids proved to be unstable to 

repetitive pipetting and even when handled with considerable care, spheroids rapidly 

disaggregated when cultured on MEAs precluding their use in 3D conformation (data not 

shown). Moreover, in 2D cultures a considerable number of cells or cell clusters did not 

respond in terms of measurable electrical activity upon increases of glucose. We therefore 

tested whether an increase in the expression of CX36, required for intercellular coupling, may 

improve their electrical responses.  

To this end INS-1 cells were transduced with viral particles encoding either GFP as a 

control or human connexin 36 (CX36).  We compared the electrical responses in terms of SP 

frequency and amplitude of GFP- and of CX36-transduced cells in response to 3 or 11 mM 

glucose and a mix of stimulatory drugs in the presence of 11 mM glucose. We observed a 
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considerable difference in their reactivity in terms of electrodes covered with cells which 

recorded changes in electrical activity. Whereas in GFP-transduced cells only a minority of cells 

responded to an increase in glucose, more than a half were active in the case of connexin-36 

transduced cells. In fact, most of the GFP-transduced cells did not respond to glucose or 

glucose and stimulatory drugs. 

Instability of spheroid formation may be a property inherent to INS-1 cells. It is also of note 

that these previously reported INS-1 spheroids showed either a considerable right shift of 

glucose dependency or a stark reduction in glucose induced insulin secretion and looked in 

general fragile. CX36 overexpression induced a coherent pattern in electrical activity and 

insulin secretion: an increase in glucose-sensitive cells, reduced basal electrical and secretory 

activity and consequently almost doubling in GSIS.  These observations are in line with the 

general function of CX36 in islets and more specifically with previous observations in INS-1 

cells upon decreased CX36 expression.   

In conclusion, EndoC-H1 spheroids provide a model to test the effect of different variables 

on physiological cell-cell coupling by MEA analysis in line with the advocated utility in drug 

testing. In the same vein CX-36 transduced cells may be suitable, but obviously restricted to 

rodents. These models may also be of interest as biological substrate for organs on chips and 

micro-organ-based sensors for continuous nutrient sensing. 
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ABSTRACT 

Pancreatic islets are important in nutrient homeostasis and improved cellular models of clonal 

origin may provide useful approaches especially in view of relatively scarce primary material. 

Close contact and coupling between -cells are a hallmark of physiological function providing 

reduced signal/noise ratios. Recording with micro-electrode arrays (MEA) allow dynamic 

monitoring of electrical activity and the multicellular slow potentials (SP) provide insight in the 

degree of cell-cell coupling. We have therefore explored whether 3D spheroids may enhance 

clonal -cell function using human EndoC-H1 and rodent INS-1 cells. 3D EndoC-H1 

exhibited increased signals in terms of SP frequency or amplitude as to compared to monolayers 

and even single cell action potentials were quantifiable. The enhanced electrical signature was 

accompanied by an increase in the glucose stimulated insulin secretion (GSIS) index. In 

contrast, INS-1 cells did not form stable spheroids, but overexpression of connexin 36, required 

for cell-cell coupling, increased glucose responsiveness, dampened basal activity and 

consequently augmented GSIS. In conclusion, these models may provide surrogates for primary 

islets in extracellular electrophysiology. 
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INTRODUCTION 

Pancreatic islets are important in nutrient homeostasis and their dysfunction leads to a major 

metabolic disease, diabetes [1, 2]. Studies on primary islet cells are hampered by the relative 

scarceness of native material, especially in the case of human origin which moreover differ in 

several important aspects from rodent islet cells [3]. In Europe human islets are obtained from 

organ donors and provided to researchers only when of insufficient quality or lack of possibility 

to transplant. Consequently, clonal -cell lines still provide useful models. This approach has 

been considerably improved by the establishment of a human -cell line, EndoC-H1 cells and 

their derivatives [4-6]. 

In contrast to 2D monolayer cells in culture, islets are native organoids and considerable 

effort has been spent to assemble clonal -cells in 3D aggregates or spheroids. Such an 

assembly should increase contacts between -cells and physical coupling between -cells are 

known to be of importance for physiological response and are mediated by connexin 36 

(CX36)[7, 8]. Connexins form hexameric arrays or hemichannels, termed connexons, in the 

plasma membrane and dock end-to-end with a connexon in the membrane of closely opposed 

cells [9]. These gap junctional channels provide electrical coupling between -cells [10-12] 

with subsequent synchronisation. In contrast to primary -cells, connexin 36 expression is 

generally low in -cell lines [13]. Connexin mediated coupling not only entrains cells upon 

arrival of a stimulus, but also dampens hyperactive cells and thus reduce spontaneous activity 

[14-16]. This results in an improved signal/noise ratio, which is also a prominent feature of 

native islets as compared to 2D primary or clonal -cell cultures. 

A number of approaches have been used to generate spheroids from clonal -cells [17, 18] 

such as specific media and plating in proprietary wells or microgravity (hanging drop) for 

human EndoC- cells [19-22] or rodent -cell lines [23-26]. Although a number of parameters 

such as ultrastructure, electrophysiology, survival and secretion has been tested, the question 

of -cell coupling had not been addressed and the functional equivalent for enhanced function 

in spheroids thus remains unknown.  

Coupling between cells can be determined by biophysical methods such as dye exchange 

and patch clamp or indirectly been deduced from measuring of calcium dynamics and their 

synchronisation [27-29]. Extracellular electrophysiology such as micro-electrode arrays (MEA) 

offers a more direct and unbiased approach as the so-called slow potentials (SP) [30, 31] are 
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multicellular events strictly depending on gap junction coupling by CX36 in islet cells  and their 

amplitude reflects to a certain degree the number of coupled cells [30, 32]. Moreover, electrical 

activity as determined by MEAs is coupled to secretion and its glucose concentration 

dependency allows to distinguish small increases in glucose in human or mouse islets [30, 32].  

Obviously coupling spheroids to MEAs requires electrical contact and precludes certain 

methods of spheroid formation such as coculture with endothelial cells [33] or encapsulation 

[34]. Using electrical activity as output offers certain advantages as compared to optical or 

immunological approaches such as absence of bleaching or destructive analytical methods. It 

is also easier to miniaturize and to multiplex, and signals can even be analysed online [35].  

Using 3D spheroids and MEAs we have now determined coupling in EndoC-H1 cells. Our 

data indicate that stimulus-dependent coupling is considerably enhanced in 3D spheroids thus 

providing a base for their improved activity. In contrast, a widely used rat clonal -cell line, 

INS-1, did not form stable spheroids but expression of CX36 were able to considerably improve 

their responsiveness and activity. Both cell models may provide paradigms to test effects that 

depend on physiological -cell coupling. 

 

 

MATERIALS AND METHODS 

1. Materials 

EndoC-H1 cells [4] were kindly provided by Human Cell Design (Toulouse, France). IBMX, 

forskolin and glibenclamide were purchased from Sigma, GlP-1 from Bachem (Bubendorf, 

Switzerland). The following primary antibodies were used (Invitrogen): CX36 mouse anti-

Human (clone 1E5H5), rabbit recombinant ANTI-FLAG M2 antibody (Invitrogen 710662), 

guinea pig anti bovine insulin (Linco, St. Charles, MO, USA) and monoclonal anti-GFP. The 

following secondary antibodies were used: anti-mouse or anti-rabbit HRP (dilution1/2000; GE 

Healthcare); anti-mouse or anti-rabbit alexa568 (dilution 1/300; Invitrogen A11012 and 

A11031), donkey anti-guinea pig (Jackson Laboratories, Bar Harbour, ME, USA). Note that 

two other primary polyclonal antibodies did not provide any reliable signal in islets or brain for 

CX36 (Invitrogen 701194 and 516300). pLenti-C-Myc-DDK (RC210158L1; carrying the ORF 

of human CX36; GJD2; NM_020660) was obtained from Origene (Rockville, Md, USA).  
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2. Methods 

2.1.  Cell Culture, spheroid formation and viral transduction 

EndoC-H1 cells [4] were cultured according to the manufacturers protocol in OPTI1 (Human 

Cell Design, Toulouse, France). INS-1E and INS-813 cells were cultured as described 

previously [36, 37] and primary mouse islets were prepared and cultured as published [31, 32, 

38].  Spheroids were formed complete medium either by hanging drop for 5 days in 30 µl 

containing 500 islet cells or using a commercial plate (Sphericalplate 5D, Kugelmeiers; 

Erlenbach, Switzerland) with indicated cell concentrations. Physical stability was tested by 10 

times pipetting trough 100 µl cones and visual inspection with a microscope. Spheroid 

dimensions were determined on microscopic images using ImageJ v1.53. Lentiviral vector 

production was done by Vect’UB of the Bordeaux University. Lentiviral vector was produced 

by transient transfection of 293T cells according to standard protocols. In brief, subconfluent 

293T cells were cotransfected with lentiviral genome (psPAX2) [39], with an envelope coding 

plasmid (pMD2G-VSVG) and with vector constructs. Viral titers of pLV lentivectors were 

determined by transducing 293T cells with serial dilutions of viral supernatant and EGFP 

expression was quantified 5 days later by flow cytometry analysis. For transduction of INS-1 

cells, 750.000 cells were incubated in 500 µl of RPMI and 5 MOI of corresponding viral 

particles overnight, washed and placed in complete RPMI medium for 5 days prior to plating. 

 

2.2.  Secretion assays and immunocytochemistry 

Static secretion assays were performed as described [40] using Krebs-Ringer bicarbonate 

HEPES buffer (KRBH, concentrations in mM, 135 NaCl, 3.6 KCl, 5 NaHCO3, 0.5 NaH2PO4, 

0.5 MgCl2, 1.5 CaCl2, 10 HEPES, 0.1% w/v BSA, pH 7.4) and commercial ELISAs (Mercodia, 

Uppsala, Sweden). Immunocytochemistry was performed as described [41] and images 

acquired with a CAMSCOP CMOS camera (SCOP-Pro, Ballancourt, France) linked to an 

inverted fluorescent microscope (TS100, Nikkon; Champigny, France). 

 

2.3.  Electrophysiology 

MEA recordings (60Pedot-MEA200/30iR-Au-gr, Ø30 µm, 200 µm inter-electrode distance; 

MCS, Tübingen, Germany) were performed at 37°C in solutions containing (in mM) NaCl 135, 

KCl 4.8, MgCl2 1.2, CaCl2 1.2 or 2.5 in the case of INS cells HEPES 10 mmol/l and glucose as 

indicated (pH 7.4 adjusted with NaOH) [32, 42, 43]. MEAs were coated with Matrigel (2% v/v) 

(BD Biosciences, San Diego, CA) prior to seeding of cells, spheroids or islets. Electrodes with 

noise levels >30 µV peak-to-peak were regarded as artefacts, connected to the ground and not 
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analysed. Extracellular field potentials were acquired at 10 kHz, amplified and band-pass 

filtered at 0.1-3000 Hz with a USB-MEA60-Inv-System-E amplifier (MCS; gain: 1200) or a 

MEA1060-Inv-BC-Standard amplifier (MCS; gain: 1100) both controlled by MC_Rack 

software (v4.6.2, MCS) [31, 32]. 

 

2.4. Statistics  

Graphics, quantifications, and statistics were performed with Prism software (v7; GraphPad, 

La Jolla, CA). Data are presented as means and SEM. The minimal value of mean SP frequency 

after the first peak (corresponding to the nadir) was taken as the limit between phases [32]. 

Gaussian distributions were tested by Shapiro-Wilk test and comparison of two groups with 

paired data by two-tailed unpaired t-tests or nonparametric Mann-Whitney tests. For more than 

two, groups, one-way ANOVA with Tukey post hoc or nonparametric Dunn tests were used. 
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RESULTS 

Spheroids of human EndoC-H1 cells were generated using micro-structured plastic 

wells for culture and we tested first the assembly and growth properties. As given in Fig. 1A.i, 

EndoC-H1 cells formed round and regular spheroids with a rather homogenous staining for 

insulin.  Based on our experience with the culture of islets, which are native spheroids, we opted 

for an intermediate diameter of 100 µm (Fig. 1 A.ii) and used the corresponding protocol for 

all further experiments. These spheroids were mechanical stable after repetitive pipetting and 

conserved their spheroid form during culture on microelectrode arrays (Fig. 1 A.iii). 

We next examined their electrical activity by comparing 2D monolayer culture of EndoC-

H1 versus spheroids on microelectrode arrays. The observed slow potentials (SP) reflect 

activity of electrically coupled cells [30], a hallmark of physiological -cell behaviour [7, 44]. 

Their amplitude is related to the numbers of cells coupled [30, 32]. Raising glucose from 3 to 

11 mM significantly increased SP frequency and amplitude in 2D culture and in spheroids and 

the effect was considerably more pronounced in the latter (Fig. 2A, B). The further addition of 

the incretin GLP-1 at the physiological concentration of 50 pM provoked a slight further 

increase in both cases which did not reach significance. Increasing cellular cAMP levels by the 

direct adenylate cyclase activator forskolin and the phosphodiesterase inhibitor IBMX, in the 

presence of 11 mM glucose, significantly increased frequencies as compared to 11 mM glucose 

alone in 2D culture and spheroids. Similar results were observed for amplitudes, and again the 

effects were considerably more pronounced in spheroids as compared to 2D cultures (Fig. 2A, 

B).  

In contrast to the very robust SP signals, single cell action potentials are considerably 

more difficult to detect in conventional MEAs and their amplitudes cannot be reliably 

determined. [42]. Moreover, as only the frequency but not the amplitude of APs varies with 

glucose stimulation [31], we only analysed their frequency. In 2D cultures were not able to 

identify APs with certainty, probably due to their extremely low amplitude. In contrast, 

recordings of spheroids clearly showed APs which varied with an increase in glucose 

concentration and significant effects of GLP-1 as well as effects of IBMX/forskolin were 

observed as compared to elevated glucose alone. As a comparison to EndoC-H1 cells we 

examined also mouse islets, either as dispersed single cell 2D culture or after reaggregation in 

spheroids (Fig. 2 C, D). In both cases, large effects were present in terms of frequency and 

amplitude when increasing glucose from 3 to 11 mM and a small but significant effect was 

observed for GLP-1 (50 pM) in the presence of 11 mM glucose.  
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Finally, we measured insulin secretion from 2D cultures and 3D EndoC-H1 spheroids 

(Fig. 2 E). Glucose-induced stimulation was clearly apparent as well as further potentiation by 

IBMX/forskolin. Similar to electrical activity, basal release and stimulated insulin secretion 

was more pronounced in spheroids as compared to 2D cultures and glucose-induced insulin 

secretion (GSIS) increased from 2.6 in monolayers to 4.5 in spheroids. 

 

We also tried whether another frequently used cell line, ie. rat insulinoma derived INS-1 

cells [45], may be capable of spheroid formation. However, those spheroids proved to be 

unstable to repetitive pipetting and even when handled with considerable care, spheroids rapidly 

disaggregated when cultured on MEAs precluding their use in 3D conformation (data not 

shown). Moreover, in 2D cultures a considerable number of cells or cell clusters did not respond 

in terms of measurable electrical activity upon increases of glucose. We therefore tested 

whether an increase in the expression of CX36, required for intercellular coupling, may improve 

their electrical responses.  

To this end INS-1 cells were transduced with viral particles encoding either GFP as a 

control or human connexin 36 (CX36). Human connexin was expressed, intracellularly and also 

fine rims could be observed compatible with location at the plasma membrane (Fig. 3 A). In 

contrast, incubation with the anti-connexin antibody did not reveal any staining in GFP-

transduced cells (Fig. 2 A). Immunoblot analysis of non-transduced cells and cells transduced 

with GFP or CX36 revealed expression of GFP or of CX36 only in the correspondingly 

transduced cells as bands appearing at approximately 25 kDa (GFP) or around 36 kDa (CX36) 

upon co-staining with GFP- and CX36 antibodies (Fig. 3B). 

We subsequently compared the electrical responses in terms of SP frequency and 

amplitude of GFP- and of CX36-transduced cells in response to 3 or 11 mM glucose and a mix 

of stimulatory drugs in the presence of 11 mM glucose (Fig. 4). We first observed a considerable 

difference in their reactivity in terms of electrodes covered with cells which recorded changes 

in electrical activity (Fig. 4B). Whereas in GFP-transduced cells only a minority of cells 

responded to an increase in glucose, more than a half were active in the case of connexin-36 

transduced cells. In fact, most of the GFP-transduced cells did not respond to glucose or glucose 

and stimulatory drugs (glibenclamide, Bay K8644, forskolin) in line with observations from 

cultures of native INS-1 cells (data not shown). We subsequently analysed in detail the 

recordings from those electrodes covered with cells that responded at least to an increase in 

glucose from 3 to 11 mM (Fig. 4, C-F). In both, GFP- or CX36-transduced cells, the change 

from complete culture medium to 3 mM glucose reduced activity in terms of frequency and 
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amplitudes. Note that complete culture medium contains 11 mM glucose and amino acids, the 

latter are known to enhance glucose effects [46]. Subsequent change from 3 to 11 mM glucose 

increased slightly but not significantly frequency and amplitude in GFP-transduced cells 

whereas a significant effect was observed in CX36-transduced cells. Further exposure to 

stimulatory drugs significantly increased responses in CX36-transduced cells, whereas only 

amplitude but not frequency was enhanced in GFP-transduced cells. Finally, we determined 

insulin secretion in non-transduced and GFP- or CX36-transduced cells. Under all three 

conditions (non-transduced, GFP-transduced or CX-36 transduced cells) insulin content did not 

vary. Clearly, CX-36 expression reduced basal secretion (at 3 mM glucose) in CX-36 

transduced cells as compared to the two other conditions.  

In all three cell types, an increase in glucose stimulated secretion was observed. GSIS 

amounted to 1,9 in non-transduced and GFP transduced cells, but increased to 5,7 in CX36 

transduced cells. Although CX36-transduced cells secreted 20% more insulin than GFP-

transduced cells at 15 mM glucose, the increase in GSIS was mainly due to an approximately 

60% reduction in basal secretion at 3 mM glucose in CX36-transduced cells. Forskolin in the 

presence of 15 mM glucose further enhanced insulin secretion and again to a greater degree 

extent (20%) in CX-36 transduced cells as compared to GFP-transduced or non-transduced 

cells. 

 

 

DISCUSSION 

Our results indicate that spheroids of human EndoC-H1 cells show a higher degree of cell-

cell coupling in terms of frequency and amplitude, the latter reflecting the number of cells 

coupled. This is accompanied by a considerable improvement in the glucose-stimulated 

secretion index. The lack of stable spheroid formation in rat clonal INS-1 -cells may be 

overcome by the enhanced expression of connexin 36, which also improves GSIS index mainly 

by lowering basal secretion. 

3D spheroids of human EndoC-H1 or -H3 were generated previously using microgravity 

(“hanging drop”) or co-culture on human umbilical vein or islet-derived endothelial cells [19-

21]. These spheroids exhibited a GSIS index similar to that observed in our study whereas 

spheroid formation by culture on non-adherent plastic did not improve GSIS to the same extent 

[22]. The method employed here by us has the advantage of simplicity as well as controlled and 
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reproducible spheroid size. Reproducible size is an important factor in standardisation as large 

spheroids may undergo core necrosis [47], whereas variation in size may lead to differences in 

cell-cell coupling [48, 49] and insulin secretion [50]. We have not tested systematically another 

approach, ie. agarose moulds? but clearly these moulds or the proprietary Sphericalplates 

provide the most reproducible morphology with the least hand-on time [51]. Microgravity, as 

used here for reaggregation of islets, is an option when cells are scarce but was in our hands 

plagued by bacterial contamination. An attractive alternative, especially when using 

extracellular electrophysiology, may be given by cell electrophoresis [43]. 

Clearly spheroid formation provided far more robust electrophysiological data and even 

permitted to reliably detect action potentials which are difficult to monitor in monolayers even 

when using electrodes coated with a conducting polymer [43]. The increase in frequencies and 

amplitudes in 3D versus 2D cultures correlated well with an increase in insulin secretion. The 

improvement in insulin secretion observed here was comparable to published data [5, 20] and 

is likely to be a consequence of improved coupling though other factors may be involved. In 

contrast to other studies, we did not observe any significant effect by activating the GLP-1 

receptor. However, we used here physiological concentrations of GLP-1, which were active 

according to the electrophysiological date of mouse islets in line with our previous data [32], in 

contrast to the use of the incretin mimetic peptide exendin-4 in other studies, which is always 

more potent [5, 20].  In our hands 2D cultures of primary islet cells resulted in higher frequency 

and amplitudes as compared to reaggregated 3D islets. As islets contain different cells types 

and especially -cells are important for -cell activity [52], this may indicate that islet structure 

in terms of cell type topology was not restored during aggregation.  

We were not able to form stable spheroids using rat insulinoma INS-1 cells [45], a widely 

used and relevant clonal -cell model. Spheroids of these cells have been published but were 

overall of variable sizes and poorly defined borders although the methods used for spheroid 

formation provided useful spheroids in another -cell lines such as MIN6 [23, 53-55]. Thus, 

non-satisfactory spheroid formation may be a property inherent to INS-1 cells. It is also of note 

that these previously reported INS-1 spheroids showed either a considerable right shift of 

glucose dependency or a stark reduction in glucose induced insulin secretion [53, 54]. CX36 

overexpression induced a coherent pattern in electrical activity and insulin secretion: an 

increase in glucose-sensitive cells, reduced basal electrical and secretory activity and 

consequently almost doubling in GSIS.  These observations are in line with the general function 
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of CX36 in islets [9] and more specifically with previous observations in INS-1 cells upon 

decreased CX36 expression [56].   

In conclusion, EndoC-H1 spheroids provide a model to test the effect of different variables 

on physiological cell-cell coupling by MEA analysis in line with the advocated utility in drug 

testing [5]. In the same vein CX-36 transduced cells may be suitable, but obviously restricted 

to rodents. These models may also be of interest as biological substrate for organs on chips and 

micro-organ based sensors for continuous nutrient sensing [35, 57, 58]. 
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FIGURE LEGENDS 

Figure 1: Generation of Spheroids. A: Generation of EndoC-βH1 3D spheroids. i, image of 

spheroid formed and staining for insulin (red) and with DAPI (blue); ii, time course of spheroid 

formation and size at different cell numbers; iii, EndoC-βH1 3D spheroids on a micro-electrode 

array. B, formation of islet spheroids. i petri with hanging drops; ii, 3D islets formed; iii, 

staining for insulin, glucagon and with DAPI. 

Figure 2: Functional characterisation of spheroids from EndoC-βH1 cells or primary 

mouse islets. A: Recording of monolayer (2D) or spheroids (3D) of EndoC-βH1 cells seeded 

on micro-electrode arrays and exposed to Glucose (3 mM, G3; 11 mM, G11), GLP-1 (50 pM) 

in the presence of 11 mM glucose (GLP1) or IBMX (100 µM) and Forskolin (1 µM) in the 

presence of 11 mM glucose (I/F). Mean traces of slow potential (SP) frequency and amplitudes 

as well as action potential (AP) frequency bare given; mean, black, SEM grey. Time bars equal 

20 min (in all traces). B: Statistical evaluations of area under the curves of A (AUC; for 30 min, 

given as value/min). C: Recording of monolayer (2D) or reassembled spheroids (3D) of primary 

mouse seeded on micro-electrode arrays. Abbreviations for conditions and statistical tests as in 

A. D: Statistical evaluations of area under the curves of C (AUC; for 30 min, given as 

value/min). E: Insulin secretion (static incubations) of monolayer (2D) or spheroids (3D) of 

EndoC-βH1 cells during 1h incubation, abbreviations as in A. insulin contents were comparable 

between monolayers and spheroids (479,8+42 ng/100.000 cells monolayers vs. 444,5+69,2 

ng/100.000 cells spheroid). *, 2p<0.05; **, 2p <0.01; ***, 2p <0.001; ANOVA and Tukey 

posthoc test.  ++, 2p<0.01; +++, 2p<0.001 in paired Tukey posthoc test; n, given in corresponding 

figures. 

Figure 3: CX36 expression in transduced INS-1 cells. A, immunofluorescence images of 

INS-1 cells transduced either with eGFP or with CX36 encoding viral particles which were 

stained either for insulin or for CX36 as indicated. Bars, 10 µm. B, immunoblot of control (non-

transduced) or transduced cells with either eGFP or connexin-36 tagged with a myc-epitope. 

Left panel, protein transfer; right panel, corresponding blot co-incubated with anti-eGFP and 

anti-myc. Molecular weight markers are given in kDa. 

Figure 4: Electrophysiological analysis and insulin secretion of GFP or CX36 expressing 

transduced INS-1 cells. A, Scheme of static incubation of INS-1 cells with culture medium 

(CM), 3 or 11 mM glucose (G3, G11) or 11 mM glucose in the presence of diazoxide (G11D). 

B, relative responsivity of GFP- or CX36 (CX36) transduced cells expressed as absence of 
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effect, stimulation by 11 mM glucose (versus 3 mM) or only stimulated by drugs (no effect of 

G11 alone; increase versus G3 by glibenclamide 200 nM, Bay K8644, forskolin 1 µM). Note 

that glucose-sensitive cells were always also drug sensitive. For further analysis (C-F) only 

those electrodes covered by cells were analysed were an increase in glucose increased electrical 

activity. C, Mean SP frequencies (+SEM) in GFP- or CX36 transduced cells. D, statistics of C. 

E, Mean SP amplitudes (+SEM) in GFP- or CX36 transduced cells. F, statistics of E. G, Insulin 

content and insulin secretion from non-transduced cells (CON) or GFP- (GFP) or CX36 (CX36) 

transduced cells incubated at 3 mM glucose (G3), 15 mM glucose (G15) or 15 mM glucose and 

1 µM forskolin (G15 F), n=6. Statistics: Tukey or Dunn post-hoc tests; *, 2p<0.05; **, 2p<0.01; 

***, 2p<0.001; n as indicated. 
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Development of an islets on chip microfluidic device 
: Manuscript n°2 

 

Biphasic secretion is a characteristic found in many endocrine microorganisms. This particular 

kinetics is adapted to physiological needs and does not require a feedback loop. Although this 

phenomenon is common in neuroendocrine cells and has been widely described, the origin of 

these biphasic kinetics as well as the transition between the first and second phase have not 

yet been fully identified. The aim of this study is to elucidate the role of cellular and 

multicellular β-cell signalling in this biphasic kinetics in both a physiological and 

pathophysiological context. Alterations in this kinetics are observed under the pathological 

conditions of type 2 diabetes but also in a physiological setting during ageing. As already 

developed in part four of the introduction, electrophysiological recordings by MEAs constitute 

a non-invasive approach allowing investigations over several hours, such as the digestive 

process, with a high temporal resolution (kHz).  

Protocols mimicking physiology and pathophysiology, using several types of MEAs (Titanium, 

PEDOT, high density), and combining MEAs with microfluidics to follow in parallel electrical 

signals and insulin secretion, have allowed to determine the major role of multicellular signals 

(SPs) in both secretory phases and their alteration under pathophysiological conditions in mice 

and humans. 

 The data in this article allow us to draw a new multicellular model of biphasic islet activation. 

The biphasic secretion is encoded, upstream of the vesicle pools, at the level of the 

microorganism by a dynamic change of single-cell (APs) and multicellular (SPs) electrical 

signals. In the first phase, small groups of highly active but desynchronised cells dominate 

(high-frequency, low-amplitude SPs, desynchronised between different regions of the same 

islet) to respond rapidly and extensively to increased blood glucose. In the second phase, the 

overall activity slows down and these functional units expand due to increased electrical 

couplings between β-cells (lower frequency, high amplitude SPs synchronised between 

different regions of the islet). The couplings allow to decrease the electrical and secretory 

activity in the second phase, as shown by the correlations between the amplitude and 

frequency of SPs and insulin secretion obtained with microfluidic MEAs. These couplings 

certainly allow the installation of an "economic" mode of islet activity to cope with the 

relatively long duration of digestion. This dynamic organisation is modulated by the incretin 
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hormone GLP-1 which, at picomolar postprandial concentrations, acts only on the second 

phase by increasing the couplings (SPs) without effect on the individual cell activity (APs). 

Finally, ageing or diabetogenic conditions (glucotoxicity) alter the multicellular activity in both 

phases. These results show that, although the organisation into vesicle pools plays a role, it is 

rather an adaptation following the electrical changes and modulations of the couplings in the 

islets. 

It was essential to develop a technique to correlate the electrical activity of the islets with 

insulin secretion. 

For this manuscript, I was responsible for the development of the microfluidic system. I 

established the specifications for the development of microfluidic MEAs that allow the 

recording of islet electrical activity while being able to collect insulin secretion in order to 

establish the correlation between these two parameters. I modelled, developed the protocols 

for the fabrication of the devices, developed protocols for seeding and culturing the islets 

within the microfluidic MEAs. I also carried out the experiments that gave rise to the results 

presented in figure 2 of this article. Thanks to this device, we were able to establish, together 

with the microelectronics experts, the relationship allowing us to predict insulin secretion 

from the electrical activity of the islets.  

 

This article was an essential step in my project, as it allowed me to develop and validate the 

microfluidic MEAs device that I was able to use for the proof of concept of the islet-based 

biosensor. In addition, we determined the predictive power of the electrical activity of the 

islets for the determination of insulin requirements. This element is fundamental to use the 

algorithms of the islets as control of an insulin pump in the framework of the development of 

a new medical device. 

  



Dynamic Uni- and Multicellular Patterns Encode Biphasic
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Biphasic secretion is an autonomous feature of many
endocrine micro-organs to fulfill physiological demands.
The biphasic activity of islet b-cells maintains glucose
homeostasis and is altered in type 2 diabetes. Neverthe-
less, underlying cellular or multicellular functional organi-
zations are only partially understood. High-resolution
noninvasive multielectrode array recordings permit si-
multaneous analysis of recruitment, of single-cell, and of
coupling activity within entire islets in long-time experi-
ments. Using this unbiased approach, we addressed the
organizational modes of both first and second phase in
mouse and human islets under physiological and patho-
physiological conditions. Our data provide a new uni- and
multicellular model of islet b-cell activation: during the
first phase, small but highly active b-cell clusters are dom-
inant, whereas during the second phase, electrical coupling
generates large functional clusters via multicellular slow
potentials to favor an economic sustained activity. Post-
prandial levels of glucagon-like peptide 1 favor coupling only
in the second phase, whereas aging and glucotoxicity alter
coupledactivity inbothphases. In summary,biphasicactivity is
encodedupstreamof vesicle pools at themicro-organ level by
multicellular electrical signals and their dynamic synchroniza-
tion between b-cells. The profound alteration of the electrical
organization of islets in pathophysiological conditions may
contribute to functional deficits in type 2 diabetes.

Biphasic secretion is a common physiological feature in
a number of hormone and neuro-hormone–secreting

micro-organs (1–4). Pancreatic islets represent a well-
described model of biphasic secretion (4,5): a first peak
phase (5–15 min) is followed by a decrease in the secretion
rate, called nadir, and a subsequent second long-lasting
plateau phase (6,7) and installation of pulsatility (8).
Insulin secreted during the first phase immediately rea-
ches the liver to rapidly regulate blood glucose levels. The
second phase targets more distant organs as long as
glycemia remains elevated (9). This optimized kinetic is
strongly altered during aging and in type 2 diabetes
(10–14). As biphasic insulin profiles persist ex vivo (6),
multiorgan feedback loops are not required, and patterns
are encoded at the micro-organ level.

Although the phenomenon per se has been extensively
described, it is still not understood how this phasic orga-
nization is achieved and what drives the progression from
first to second phase. b-Cell metabolism has been mo-
nitored via mitochondrial membrane potential, oxygen
consumption, or metabolic coupling factors. Metabolism
increases upon glucose stimulation, with, often (15,16) but
not always (17,18), a discrete and brief peak of 1–2 min
during the first phase before raising again during the nadir
while secretion decreases; thus, these metabolic profiles do
not explain secretion patterns. The organization of insulin-
secreting vesicles in distinct functional pools in b-cells has
been widely invoked to explain biphasic secretion (19–21).
Interestingly, biphasic activation is a multicellular process
since it is profoundly altered in dissociated islets and
connexin-36 knockout mice (22,23). Hence, vesicle pool
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organization may not represent the main determinator of
biphasic activation in islets.

Different approaches have been used to investigate
multicellular processes in islets. Analysis of intraislet
connectivity by dynamic imaging has provided an elegant
model of highly active leader cells (24,25), in line with
b-cell heterogeneity (26), but requires complex ma-
thematical offline reconstruction and may potentially
introduce bias (24,27). In addition, the existence of such
hub cells is still debated (28), and inherent restrictions
have limited such experiments to short periods. Conse-
quently, they do not inform about the dynamic evolu-
tion of the entire micro-organ.

We have therefore sought for a more direct approach
endowed with high temporal resolution (kHz) and useable
throughout the hours of postprandial islet activation,
a situation in which rundown in optical and classical
electrophysiological approaches may occur. Analysis of
extracellular electrical field potentials with multielectrode
arrays (MEAs) of intact islets avoids such drawbacks
(29,30). Both unicellular and multicellular signals can be
observed in the form of single-cell action potentials
(APs) (29,31) and multicellular slow potentials (SPs)
for hours or even days (30,32). SPs represent robust
and specific signals propagated among b-cells via connexin-
36 in both rodent and human islets (32). Hence, this
approach provides a dynamic, direct, and unbiased mea-
surement of unicellular and of micro-organ behavior via
APs and SPs.

We have therefore addressed the question how biphasic
activity of pancreatic islet micro-organs is encoded in
terms of single-cell and coupled electrical activity through-
out a physiological time span and how this is disrupted in
pathophysiological states.

RESEARCH DESIGN AND METHODS

Mouse Islets
Adult male C57BL/6J mice (10–20 weeks of age, except for
Fig. 7A and B: 12–45 weeks) were sacrificed by cervical
dislocation according to University of Bordeaux ethics
committee guidelines. Islets were obtained by enzymatic
digestion and handpicking (29,30,32). MEAs were
coated with Matrigel (2% v/v) (BD Biosciences, San
Diego, CA), and intact islets were seeded (one pancreas
per MEA) and cultured at 37°C (5% CO2, .90% relative
humidity) in RPMI medium (11 mmol/L glucose, except
for glucotoxic conditions: 20 mmol/L in Fig. 7C and D)
(Thermo Fisher Scientific, Waltham, MA) as described
(29,30,32).

Human Islets
Human islets (healthy donors; for details, see Supplemen-
tary Material) were isolated at the Geneva Cell Isolation
and Transplantation Center (29,32), distributed through
the European Consortium for Islet Transplantation, and
authorized by the ethical committee (Comités de Pro-
tection des Personnes; 16-RNI-10). Human islets were

cultured on MEAs under the same conditions as mouse
islets but using CMRL-1066 medium (5.6 mmol/L glucose,
except for glucotoxic conditions) (Thermo Fisher Scientific)
(29,32).

MEAs
Different MEAs (Multi Channel Systems GmbH [MCS],
Reuttlingen, Germany) were used to address specific ques-
tions. StandardMEAs (60MEA200/30iR-Ti-gr, 59 titanium
nitride electrodes [TiN], Ø 30 mm, 200 mm interelectrode
distance) permitted the recording of SPs of ;1 islet/
electrode (1.0 6 0.1 islets/electrode, n 5 49 islets, N 5
3 independent preparations). Recordings of different
intraislet regions were performed using high-density
MEAs (HD-MEAs) (60HexaMEA40/10iR-ITO-gr, 59 TiN
electrodes, Ø 10 mm, 40 mm interelectrode due to the flow).
Both MEAs were continuously perifused at 0.5 mL/min
(Reglo ICC; Ismatec, Glattbrugg, Switzerland).

To measure simultaneously electrical parameters and
insulin secretion (ELISA 80-INSMSU-E01; ALPCO, Salem,
NH), microfluidic MEAs (mMEAs) were developed using
MEA200/30iR-Ti-gr with a microfluidic channel (Ø 0.8 mm)
in polydimethylsiloxane and perfused at 8 mL/min (MFCS-
EZ; Fluigent, Villejuif, France). Kinetics of medium changes
were determined as published (30).

Finally, poly(3,4-ethylenedioxythiophene) (PEDOT) and
carbon nanotube–covered MEAs (PEDOT-MEAs) (60Pedot-
MEA200/30iR-Au-gr, electrode arrangement as in stan-
dard MEAs) were used to detect APs, which are hardly
discernable otherwise (29), and solutions were replaced by
pipetting to avoid mechanical artifacts.

Extracellular Electrophysiological Recordings
MEA recordings were performed at 37°C, pH 7.4 (29,32),
in solutions containing 1.2 mmol/L CaCl2 for mouse islets
(2.5 mmol/L in Supplementary Fig. 5B–D) or 1.8 mmol/L
for human islets as published previously (29,32), which is
close to physiological levels and provides sufficient driving
force for SP quantification. When specified, a solution
without CaCl2 was applied to evaluate basal activity. Glucagon-
like peptide 1 (GLP-1) solutions (Bachem Bio-Science Inc,
King of Prussia, PA) were prepared ex tempore. Electrodes
with noise levels .30 mV peak-to-peak were regarded as
artifacts, connected to the ground, and not analyzed (3.6
6 1.7% of electrodes; N5 5). Extracellular field potentials
were acquired at 10 kHz, amplified, and band-pass filtered
at 0.1–3,000 Hz with a USB-MEA60-Inv-System-E ampli-
fier (MCS; gain: 1,200) or an MEA1060-Inv-BC-Standard
amplifier (MCS; gain: 1,100), both controlled by MC_Rack
software (v4.6.2, MCS).

Intracellular Recordings
Intracellular recordings were performed simultaneously
with extracellular recordings on standard MEAs. Intracel-
lular potentials of islet cells were measured by current-
clamp (10 kHz sampling rate, 10 kHz low-pass filter) with
sharp glass Clark micropipette microelectrodes (Harvard
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Apparatus, Les Ulis, France) filled with 3 mmol/L KCl (966
18 MegaV; n 5 17) and coupled to an Axoclamp-2B
amplifier (Molecular Devices, San Jose, CA) controlled by
Spike2 software (v7.01; Cambridge Electronic Design Ltd,
Cambridge, U.K.). A common reference electrode was used
for both recordings. An electrical artifact observable on both
recordings was used to synchronize intra- and extracellular
traces.

Quantifications
Images of islets on MEAs were taken before and after each
experiment to localize electrodes covered with islets (44.1
6 7.4% of electrodes; N 5 5 independent preparations).
Islet cell monolayer surfaces were quantified with ImageJ
software (v1.52d; National Institutes of Health, Bethesda,
MD). Electrophysiological data were analyzed with
MC_Rack software. SPs and APs were isolated using
a 2-Hz low-pass filter or a 3–700-Hz band-pass filter,
respectively, and frequencies were determined using the
threshold module of MC_Rack with a dead time (min-
imal period between two events) of 300 ms (SPs) and
10 ms (APs). The peak-to-peak amplitude module of
MC_Rack was used to determine SP amplitudes. Simul-
taneous extra- and intracellular recordings were ana-
lyzed with Spike2 software.

Analysis of Intraislet Synchrony
After filtering at 2 Hz, SPs were detected using the peak
detection module of Spike2 with a threshold of 215 mV.
The degree of synchrony between SPs on electrodes was
computed with MATLAB (vR2012B; MathWorks, Natick,
MA) following a method based on Schreiber et al. (33),
originally used to compute synchronization between trains
of neuronal spikes (Supplementary Methods and Supple-
mentary Fig. 1).

Data Presentation and Statistical Analysis
Experiments were replicated on at least three independent
biological preparations, except when indicated. If not
stated otherwise, N represents the number of indepen-
dent preparations and n the number of electrodes an-
alyzed. Graphics, quantifications, and statistics were
performed with Prism software (v7; GraphPad, La Jolla,
CA). Data are presented as means and SEM or whiskers
boxes (box, 25th to 75th percentiles; line in the middle
of the box, median;1 or ■, mean; and whiskers, 10–90th
percentiles). The minimal value of mean SP frequency
after the first peak (corresponding to the nadir) was
taken as the limit between phases.

Gaussian distributions were tested by D’Agostino-Pearson
test and comparison of two groups with paired data by two-
tailed paired t tests or nonparametric t tests with Wilcoxon
matched-pairs signed-rank test. Two groups with unpaired
data were compared using two-tailed unpaired t tests or
nonparametric Mann-Whitney tests. For more than two
groups, one-way ANOVA with Tukey post hoc or nonpara-
metric Dunn tests were used.

Data and Resource Availability
Data sets generated and/or analyzed during the current
study are available from the corresponding author upon
reasonable request.

RESULTS

Biphasic Glucose-Induced Insulin Secretion Is
Encoded by Multicellular SPs
Intact mouse islets were cultured on MEAs (Fig. 1A) to
record noninvasively extracellular field potentials. As pre-
viously described, two types of signals were observed (Fig.
1B): the well-known unicellular APs and the more recently
described SPs (29,30), which are of multicellular origin and
require b-cell coupling via connexin-36 (32). We first
monitored the frequency and amplitude of SPs in islets
to determine whether they correlate to well-known bi-
phasic secretion patterns. When islets were stimulated by
an increase in glucose from 3 mmol/L to the moderate
concentration of 8.2 mmol/L (Fig. 1C), a clear biphasic
electrical profile of SPs was triggered, in terms of both
frequencies and amplitudes (Fig. 1C). Each phase owned
a specific electrical “signature”: SPs of high frequencies but
small amplitudes in the first phase and lower frequencies
but increasing amplitudes during the second phase (Fig.
1D). Hence, electrical coupling modes of islet b-cells are
biphasic and develop in a dynamic fashion.

Another known insulin secretagogue, L-leucine, bypasses
glycolysis. Stimulating the same islets with either glucose or
leucine (Fig. 1E), the first electrical phase was comparable
between the two molecules in terms of peak of SP frequen-
cies. However, in the case of leucine, SPs were largely
reduced in the second phase (Fig. 1E and F). Thus, the
metabolism of the main stimulator (i.e., glucose) triggers
a full second electrical phase, while leucine may require
coactivation of additional metabolic pathways, such as by
glutamine (34).

By introducing microfluidics in mMEAs (Fig. 2A and B),
we simultaneously recorded SPs and insulin secretion (Fig.
2C). Biphasic kinetics of SP frequencies were highly cor-
related with biphasic insulin secretion (Fig. 2C). Moreover,
maximal correlation was obtained when both SP frequen-
cies and amplitudes were taken into account (Fig. 2C and
D), supporting the view that multicellular SPs, upstream of
secretory pools, constitute the main regulator of biphasic
insulin secretion.

Intraislet Electrical Coupling Enlarges Considerably in
the Second Phase
The magnitude of extracellular electrical signals often
mirrors the degree of cell synchrony, at least in the brain
(35). We hypothesized that the increase of SP amplitude
during the second phase was due to an increase in b-cell
synchrony within an islet. Since standard MEAs do not
offer spatial resolution below the dimensions of a single
islet (Supplementary Fig. 2A), we used HD-MEAs pro-
viding ;10 times more electrodes per islet, which permit-
ted multisite analysis of single islets without affecting the
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signal-to-noise ratio (Supplementary Fig. 2B). The two
electrical phases of SPs were again clearly observable re-
garding frequencies and amplitudes (Supplementary Fig.
2C and D) and pulsatility appeared after 40–60 min with
a mean pulse period of;4min (Supplementary Fig. 2D–F),
similar to insulin secretion data (8,36). Note that islet
inactivation following glucose decrease was rapid (,5min)
and not phasic (Supplementary Fig. 2C and D). In the
representative HD-MEA illustrated in Fig. 3, two electro-
des covered by the same islet were compared with each
other (intraislet) and to a third electrode contacting an-
other islet (interislets) (Fig. 3A). All three electrodes
revealed SPs of high frequencies and small amplitudes
during the first phase and the inverse during the second
phase (Fig. 3B). The increase in SP amplitudes in the
second phase was concomitant with a clear synchroniza-
tion of SPs within a given islet, but not between different
islets (Fig. 3B). Such absence of interislets synchrony
suggests that extraislet mechanisms are involved in the
whole pancreas synchrony during pulsatile secretion
(8,36). A dynamic MATLAB code was then developed to
quantify the degree of interelectrode synchrony during the
biphasic activation (Supplementary Methods and Supple-
mentary Fig. 1). At 3 mmol/L glucose, islets rarely gener-
ated SPs, and consequently, intraislet synchronies were
absent (Fig. 3C, left). When islets were stimulated by
8.2 mmol/L glucose, the different regions within the
same islet partially synchronized in the first phase (Fig.
3C, middle), and this intraislet synchrony considerably
increased during the second phase (Fig. 3C, right). Statis-
tical comparisons confirmed specific electrical coupling
modes for each phase, and SP synchrony was positively
correlated with amplitude and negatively correlated with
frequency (Fig. 3D). Thus, SP amplitude represents a direct,
nonbiased, and continuous measurement of intraislet con-
nectivity, and synchrony is accompanied by the generation
of larger functional clusters of lesser activity.

We further addressed the nature of the SPs and islet
b-cell coupling by simultaneous extracellular and intracel-
lular recordings. To that end, standard MEAs were used:
SPs were measured on a microelectrode at steady state
during the second phase, while membrane potentials were
recorded with sharp microelectrodes introduced into cells
located at different positions within the same islet (Fig.
3E). Single-cell recordings showed slow and regular plateau
depolarizations (Fig. 3E), also known as slow Ca21 waves
(18,37). Up to four cells within the same islet were in-
vestigated: regardless of their position, intracellular pla-
teau depolarizations were always synchronized with SPs
captured via the MEA-electrode located at the bottom of
the islet (Fig. 3E). Glucose responses were observed in the
majority of cells (63.6%), and 85.7% of them were syn-
chronized with extracellular SPs (Fig. 3F). Hence, multi-
cellular SPs represent summations of synchronized
intracellular slow plateau depolarizations of b-cells. These
data also indicate that electrical coupling concerns almost
the entire islet during the second phase.

Figure 1—A physiological increase in glucose induces a biphasic
electrical profile of SPs. A: Mouse islet (dotted line) on an extra-
cellular electrode of a MEA. Scale bar: 100 mm. B: Recording from
one MEA-electrode when islets are maintained at 8.2 mmol/L
glucose shows two types of electrical signals: multicellular SPs
and unicellular APs.C: Mouse islets were stimulated by an increase
in glucose from 3 to 8.2 mmol/L. As in all figures, ➊ and ➋ indicate
the first and the second phase, respectively, and glucose concen-
trations are indicated as G followed by the concentration in milli-
moles per liter (e.g., G8.2 for 8.2 mmol/L glucose in this figure).
Means 1 SEM of SP frequencies (Freq.) and amplitudes (Ampl.)
were reported (N 5 7, n 5 104). See RESEARCH DESIGN AND METHODS

for the optical determination of the kinetics of changes in glucose
concentrations (black line at the top). D: Statistics on data inC. Top
panel: peak frequency of SPs during the first phase and mean
frequency during the second phase (.25min after glucose change)
were determined for each electrode. Bottom panel: mean ampli-
tude during the two phases. E: Islets were first stimulated with
glucose (red, 3–8.2 mmol/L). Then, .100 min later, the same islets
were stimulated with L-leucine (blue, 20 mmol/L in the presence of
G3) and kinetics of SP frequencies and amplitudes were compared.
Note that, under these conditions, two consecutive electrical
responses to G8.2 were similar (N 5 5). F: Statistics on data in
E (N 5 2, n 5 29). Left: peak frequencies and mean amplitudes
during the first phase. Right: AUCs of SP frequencies and ampli-
tudes during the second phase normalized over time. *2P , 0.05;
***2P , 0.001.
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Multicellular SPs Drive the Biphasic Electrical Encoding
We next addressed the relationship between single-cell APs
and multicellular SPs and their respective contribution to

the biphasic encoding. Low signal-to-noise ratio of metal
electrodes at high frequencies prevents the analysis of APs
(29). Therefore, we switched to PEDOT-MEAs with elec-
troactive polymer-covered electrodes (Fig. 4A), which opti-
mizes AP detection (29) (Fig. 4B). The duration of
extracellular APs was ;100 ms (Fig. 4C), as expected
(38). Islets were stimulated by glucose within the narrow
physiological range (5.5–8.2 mmol/L), different from
supraphysiological levels used in our previous studies
(29–32). A measurement of 5.5 mmol/L glucose appeared
to be the threshold concentration since a small biphasic
response was observed for SPs but not for APs, whereas
6 and 8.2 mmol/L glucose triggered strong biphasic activ-
ities for both SPs and APs (Fig. 4D) in ;90% of islets
(Supplementary Fig. 3A) after a short delay (Supplemen-
tary Fig. 3B). At 5.5 mmol/L glucose, 45% of islets
responded (Supplementary Fig. 3A) with a longer delay
(Supplementary Fig. 3B). At this threshold concentration,
the presence of SPs, but of small amplitudes and with few
APs (Fig. 4D and E), is in line with intracellular recordings
in intact islets (39) and may be explained by some b-cells
with some KATP channel activity at 5.5 mmol/L glucose
sufficient to restrain signal propagation.

We also observed further differences in glucose con-
centration dependency (Fig. 4E). SP amplitudes increased
during the first and second phase between 5.5 and 6 mmol/L
glucose but remained stable upon a further increase in
glucose. In contrast, frequencies of SPs and APs continued
to augment until 8.2 mmol/L glucose mainly in the second
phase. As maximal SP amplitude represents the size of the
functional cell clusters, clusters increase significantly be-
tween the two phases for all tested concentrations (Sup-
plementary Fig. 3C). Collectively, these data suggest that
increasing glucose from 3 to 8.2 mmol/L recruits more
islets and generate more active cell clusters (SP frequency),
whereas maximal cluster size is reached already at 6mmol/L
glucose (SP amplitude).

To understand the relative contribution of multicellular
and unicellular signals during the transition between
first and second phase, SP and AP kinetics were normal-
ized. SP and AP kinetics were similar for the first phase at
5.5 and 6 mmol/L glucose (Fig. 4F, left and middle). Major
differences were evident in the second phase at these two
concentrations: the small second phase at 5.5 mmol/L
glucose involved mainly SPs. Although biphasic patterns of
APs started to appear at 6 mmol/L, SPs were still more
pronounced especially at the beginning of the second
phase as evidenced by differences in the area under the
curve (ΔAUC) of the respective signals. Moreover, even at
8.2 mmol/L, SPs were far more prominent than APs during
the nadir and beginning of the second phase (Fig. 4F,
right), a period when insulin secretion persists, albeit at
a lower level (Fig. 2). The subsequent development of SPs
during the second phase indicates that b-cells synchronize,
probably once they are in a metabolic steady state with
KATP channels blocked to a similar extent. Hence, SP
dynamics accurately mirror insulin secretion patterns as

Figure 2—Combination of SP frequencies and amplitudes is highly
correlated with biphasic insulin secretion, as shown with mMEAs. A:
Image of a mMEA loaded with a phenol red solution showing the
microfluidic channel at the center. Scale bar: 0.5 cm. B: Mouse islets
cultured in the microfluidic chamber. Scale bar: 200 mm. C: Simul-
taneous measurements of SP frequency (Freq.), SP amplitude
(Ampl.), and insulin secretion inmMEAs provide correlations between
SP and insulin biphasic kinetics. C, top: islets were stimulated by an
increase in glucose from G3 to G8.2, and kinetics of SP Freq. and
Ampl. (means1SEM)weremonitored during the first (➊) and second
(➋) phase (n 5 18 islets from N 5 4 independent experiments). C,
middle: SP Freq. and Ampl. (means 6 SEM) were normalized and
resampled to match insulin sampling periods. C, bottom: “Real
Insulin” in black is the normalized insulin secretion (means 6
SEM; N 5 4 independent experiments). In green, “SP-predicted
Insulin” represents the optimal combination of SP Freq. and Ampl.
with the formula: SP-predicted Insulin5 a3 Freq.1 b3 Ampl.1 c,
where a5 1.156 0.14, b520.676 0.14, and c5 0.236 0.05 (SD;
R2 5 0.88). D: Spearman correlation coefficients (R2) show that
insulin secretion data are poorly correlated with SP Ampl. (left),
significantly correlated with SP Freq. (middle), and that the combi-
nation of both Freq. and Ampl. (see the formula detailed above) fully
predicts insulin secretion (N 5 4 independent experiments).
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compared with APs, confirming that they represent the
master electrical signal encoding biphasic secretion.

The Three-Dimensional Structure of Islets and
Physiological Levels of Ca21 Are Required for Optimal
Connectivity and Biphasic Responses
To ascertain that not only signals from the outer layer of
islet cells contribute, we also performed experiments in
two-dimensional (2D) monolayers of islet cells (Supple-
mentary Fig. 4). Biphasic behavior was observed in this
configuration, but SPs were reduced in the second phase, in
line with a 2D coupling in monolayers versus a three-
dimensional connectivity in islets (Supplementary Fig. 4A
and B). Furthermore, SPs were of higher amplitudes in
large monolayers than in medium and small ones, which
confirms that SP amplitudes reflect the size of functional
b-cell clusters (Supplementary Fig. 4C and D). We would
also like to stress that our recordings were performed
with physiological glucose and extracellular Ca21 concen-
trations. Indeed, supraphysiological Ca21 levels exceeding
twice the normal concentrations are often used (5,18,37),
but create artifactual coupling patterns altering SP and AP
dynamics (Supplementary Fig. 5).

Physiological Postprandial Levels of GLP-1 Act Only on
the Second Phase by Enhancing Multicellular Coupling
Signals (SPs) in Mouse and Human Islets
Intestinal incretin hormones such as GLP-1 are major
modulators of insulin secretion. Effects of postprandial
levels of GLP-1 on the two phases of islets activation have
never been assessed. Moreover, GLP-1 has rarely been used
at physiological picomolar concentrations (32,40), and
different pathways may be activated at pharmacological
nanomolar concentrations (40). We therefore stimulated
the same mouse islets with different glucose concentra-
tions in the absence or presence of 50 pmol/L GLP-1
during both phases. At 5.5 mmol/L glucose, only very
weak responses were observed (Fig. 5A) in few islets
(Fig. 5C, top), but in the presence of GLP-1, a far greater
number of islets became glucose responsive (Fig. 5C, top),
and the hormone considerably amplified the second phase
(Fig. 5A and D). To confirm that the effect is restricted to
the second phase, we examined the effect of picomolar
GLP-1 at 8.2 mmol/L glucose. Islets generated two elec-
trical phases for SPs and APs (Fig. 5B), and GLP-1 did not
recruit more active islets at this glucose concentration (Fig.
5C, bottom). Again, GLP-1 specifically increased only the
second phase and concerned only multicellular coupling

Figure 3—Intraislet coupling increases in the second phase as
revealed by HD-MEAs and by simultaneous extracellular and in-
tracellular recordings. A: Two mouse islets on an HD-MEA. Circled
electrodes contacting the same islet (intraislet) or different islets
(interislets) are presented in B and C. Scale bar: 100 mm. B: SPs on
the three electrodes presented in A during the two phases (➊ and➋)
at G8.2. Red dotted lines indicate synchrony between intraislet
electrodes. This intraislet synchrony increases from the first to the
second phase. No synchrony was observed between interislet
electrodes (green dotted lines). Scale bars: 2 s (horizontal) and
100 mV (vertical). C: Representative correlation matrices obtained
at different time points (G3; G8.2 first and second phase) comparing
the SP synchrony between intra- and interislet electrodes (see
Supplementary Methods and Supplementary Fig. 1 for the genera-
tion of correlation matrices). The color code is given on the left with
arbitrary units (AU): 11, complete synchrony (e.g., when one elec-
trode is compared with itself such as b vs. b); 0, no synchrony or no
SPs; and 21, opposition of phases). Correlations between electro-
des depicted in A and B are given as examples. D: Seven islets (N5
7, n5 2–13 electrodes each) were analyzed on HD-MEAs. Left three
panels: means (6 SEM) of frequency (Freq.), amplitude (Ampl.), and
intraislet synchrony of SPs for the two phases at G8.2. Each symbol
corresponds to one islet. Black horizontal lines indicate means of all
islets. *2P , 0.05; ***2P , 0.001. Right panel: synchrony of SPs is
correlated with SP amplitude (Spearman correlation test: R2 5 0.77;
***2P 5 0.0003; n 5 12) and inversely correlated with SP frequency
(R2 5 0.56; **2P 5 0.0062; N 5 6 islets, n 5 12). E: Simultaneous
extracellular and intracellular recordings of a mouse islet. Glucose-
evoked SPs generated by an islet were recorded extracellularly with
an MEA-electrode (red). At the same time, an intracellular sharp

microelectrode was introduced into different cells of the same islet.
Intracellular plateau depolarizations (blue) were systematically syn-
chronized with SPs. F: Proportions of: 1) cells with plateau depola-
rizations in synchrony with SPs as in E, 2) cells with continuous
single AP patterns instead of plateau depolarizations, and 3) cells
without glucose response. In parentheses are the numbers of cells
(recorded on five different MEAs).
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signal (SPs) without affecting single-cell activities (APs)
(Fig. 4B and E). Note that the activity of islets exhibited
oscillations after ;40 min in G8.2 that disappeared upon
GLP-1 (Fig. 5B and Supplementary Fig. 6), confirming
a previous observation that the incretin triggers continu-
ous electrical activity in b-cells (40). Moreover, fitting of SP
frequencies showed that picomolar GLP-1 accelerated the
appearance of the second phase (Supplementary Fig. 6).
Thus, postprandial levels of GLP-1 act only on the second
phase by enhancing b-cell cluster activity and coupling.

Figure 4—Glucose dependency of multicellular (SP) and unicellular
(AP) signal kinetics analyzed with polymer-covered MEA electrodes
(PEDOT). A: Image (scale bar: 100 mm) and scheme of an islet on
a PEDOT-electrode. Metal electrodes are covered with a conductive
polymer composed of PEDOT and carbon nanotubes to optimally
detect both SPs and APs. B: Comparison of metal (TiN) and PEDOT-
electrodes regarding the proportion of electrodes with detectable
APs (TiN: N5 21MEAs; PEDOT: N5 7 MEAs). **2P, 0.01.C, left: 2D
density histogram generated from 21,824 APs (N 5 18 islets).
Sample densities are represented according to the color code in
the 2Dmatrix (time, amplitude).C, right: overlay of 21,824 APs (black)
and mean 6 SD (red) showing extracellular AP duration and ampli-
tude. D: Kinetics of SP and AP frequencies (Freq.) (means 1 SEM)
during the two phases evoked by an increase in glucose from G3 to
G5.5 (black), G6 (orange), and G8.2 mmol/L (red) (N 5 3–6, n 5 38–
114). E: Statistics. Gray dotted lines: best fitting curves. Top and
middle left: peak frequencies of SPs and APs during the first phase
(➊) were determined for each electrode. SPs: ***P , 0.001 for G5.5
vs. G6; §§P, 0.01 for G6 vs. G8.2. APs: ***P, 0.001 for G5.5 vs. G6
and G8.2. Top and middle right: AUCs of SP and AP frequencies
during the second phase (➋) normalized over time. ***P , 0.001 for
G5.5 vs. G6; §§§P , 0.001 for G6 vs. G8.2. Bottom: maximal
amplitudes of SPs (means of the 10th biggest SPs for each elec-
trode) during the two phases. ***P, 0.001 for G5.5 vs. G6; §P, 0.05
for G5.5 vs. G8.2; **P , 0.01 for G5.5 vs. G6 and G8.2. See also
Supplementary Fig. 3 for complementary analysis. F: Comparisons
of normalized SP and AP frequency kinetics show that SPs are
necessary for the transition between phases. For each glucose

concentrations,DAUC is given as the difference between normalized
AUCs of SP and AP frequencies. AU, arbitrary units.

Figure 5—Postprandial levels of GLP-1 act only on the second
phase by enhancing multicellular coupling (SP) in mouse islets. A
and B: Mouse islets on PEDOT-MEAs were stimulated by an increase
in glucose from G3 to G5.5 (A) or to G8.2 (B) (black curves).
At .100 min later, the same islets were glucose stimulated in the
same way but in the presence of 50 pmol/L of GLP-1 applied 5 min
before glucose increase (red curves). Kinetics of SP and AP fre-
quency (Freq.) and SP amplitude (Ampl.) (means 1 SEM) are given.
C: Proportion of islets responding electrically to G5.5 or G8.2 with or
without GLP-1. D and E: Statistics on data given in A (N 5 3; n 5
49 for SPs and n5 38 for APs) and B (N5 4; n5 64 for SPs and n5
41 for APs). Peak frequency and mean amplitude of SPs and peak
frequency of APs during the first phase were determined for each
electrode. AUCs of SP frequency, SP amplitude, and AP frequency
during the second phase were normalized over time. ***2P , 0.001.
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GLP-1 action was also examined in human islets. An
increase in glucose provoked SPs with a biphasic profile
as in mice, which was less pronounced for APs (Fig. 6A).
The data confirmed the specific action of GLP-1 in human
islets on the second phase of SPs, but not on APs (Fig. 6B).

Aging and Glucotoxicity Impair Biphasic Activity
Aging and type 2 diabetes impair not only the overall
quantity of insulin secreted, but also the kinetics (10,13,14).
The comparison of SP kinetics between young adult and
middle-aged mice revealed that both electrical phases were
altered by aging (Fig. 7A): the reactivity of clusters (SP
frequencies) was affected without changes in the extent of
coupling (SP amplitudes) (Fig. 7B).

Glucotoxicity recapitulates parts of the diabetic state
(41). Mouse islets were exposed to a glucotoxic medium
(20 mmol/L glucose for 64 h). In these conditions, islets
exhibited increased basal SP activities at low glucose (Fig.
7C and D) in line with the increase in basal secretion in
glucotoxicity (41). Upon glucose stimulation, the first
phase (i.e., high SP frequencies and low SP amplitudes)

was considerably altered (Fig. 7D), with a second phase
mode starting very early (Fig. 7C). Alterations of biphasic
activity were confirmed in human islets exposed to gluco-
toxicity, and these effects were partially reversible, mainly
in terms of coupling signals, as indicated by SPs, but not in
regard to single-cell activity (APs) (Fig. 8A and B).

DISCUSSION

Our data provide a new model for the origin of biphasic
islet activation based on analysis of single-cell and of
micro-organ electrical activity with high spatiotemporal

Figure 6—Postprandial levels of GLP-1 act only on the second
phase by enhancing multicellular coupling (SP) but not single-cell
activities (AP) in human islets. A: Human islets on a PEDOT-MEA were
stimulated by an increase in glucose from 1 mmol/L (low glucose
[LG]) to 11 mmol/L (high glucose [HG]) (black). Then,.100 min later,
the same islets were stimulated in the same way by glucose but in
the presence of 50 pmol/L of GLP-1 applied 5 min before HG (red).
Note that, under these conditions, two consecutive electrical
responses to G11 only were similar. Kinetics of SP frequencies
(Freq.) and amplitudes (Ampl.) and of AP frequencies before and
during the two phases are given (means 1 SEM). Note that first
phases were less marked for APs than for SPs. At the end of the
protocol, a solution depleted in Ca21 (Ca0) was applied to determine
the basal activity. B: Statistics (n5 4–10). ➊: peak frequency of SPs
and APs and mean amplitude of SPs during the first phase were
determined for each electrode. ➋: AUCs of SP frequency, SP
amplitude, and AP frequency during the second phase normalized
over time. *2P , 0.05; **2P , 0.01.

Figure 7—Aging and glucotoxicity alter the biphasic electrical profile
of SPs in mouse islets. A: Islets from young adult (12–13 weeks,
black) or middle-aged mice (39–45 weeks, red) on standard MEAs
(metal electrodes) were stimulated by an increase in glucose fromG3
to G8.2. Kinetics of SP frequency (Freq.) and amplitude (Ampl.) are
given for the two phases (mean 1 SEM). B: Statistics on data in A
(N5 3–5; n5 46–58). B, left: peak frequency and mean amplitude of
SPs during the first phase were determined for each electrode. B,
right: AUCs of SP frequencies and amplitudes of the second phase
normalized over time. ***2P, 0.001. C: Islets from young adult mice
cultured on standard MEAs were stimulated as in A, and kinetics of
SP frequency and amplitude (means 1 SEM) were determined as in
A for the same islets exposed to two conditions: before (culture at
11 mmol/L glucose, Control, black) and 64 h after subsequent
culture at 20 mmol/L (Glucotox, red). D: Statistics on data in C
(N 5 3, n 5 43). G3: means of SP frequencies and amplitudes over
10 min preceding G8.2. G8.2➊: peak frequencies and mean ampli-
tude of SP during the first phase were determined for each electrode.
G8.2➋: AUCs of SP and frequencies and amplitudes of the second
phase normalized over time. For G8.2➊ and G8.2➋, basal activities
at G3 were subtracted for both control and glucotoxic conditions.
***2P , 0.001.
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resolution. Our protocols mimicked relevant physiological
characteristics in terms of time spans, concentrations of
glucose, GLP-1 (42), as well as Ca21 levels, as the supra-
physiological concentrations often used of this cation
(5,18,37) considerably distort islet activity.

Our data indicate that progressive multicellular orga-
nization establishes the physiological biphasic pattern in
both mouse and human islets. Upon glucose stimulation,
the first phase originates from a multitude of small b-cell
clusters, highly active but poorly coordinated, whereas
during the subsequent second phase, clusters enlarge
and contain less active but highly synchronized b-cells
(Supplementary Fig. 7A and B), in accordance with pre-
vious observations using Ca21 imaging in pancreas slices
(27). Parallel monitoring of SPs and insulin secretion
shows that the overall activity of b-cell clusters in terms
of frequency contributes far more than the extent of
coupling (given by the amplitude) to biphasic secretion,
while the combination of both frequency and coupling is
most closely correlated with the biphasic insulin pattern.

The effects of postprandial levels of GLP-1 on both
phases were also investigated in this study for the first
time. Physiological levels of incretin promote only the
second phase by enhancing multicellular signals but not
single-cell activities (Supplementary Fig. 7A and B). GLP-1

increases the size of clusters (SP amplitude), their level of
activity (SP frequency), and the time spent in active
periods. Moreover, GLP-1 also accelerates the installation
of the second phase. As the second phase coupling mode
constitutes an economic mode, it is certainly more favor-
able for prolonged activity during the digestion. Its further
prominence in the presence of GLP-1 may contribute to
protective effects of the incretin on b-cells (43) and
certainly underlies its specific secretory effects in vivo
on the second phase in humans (44,45). In contrast, aging
reduces the reactivity, but not the size, of b-cell clusters,
similar to glucotoxicity, for which, in addition, an in-
creased basal activity is observed (Supplementary Fig. 7A
and C).

Biphasic hormone secretion has generally been
explained by distinct granule pools (19–21). Differential
Ca21 sensitivities and kinetics have been observed by
intracellular electrophysiology (46), which records, how-
ever, only a fraction of the phases. Interestingly, imaging
vesicle movements does not unambiguously provide sup-
port for distinct vesicle pools as a base for biphasic
hormone release (19,47). In addition, biphasic b-cell ac-
tivity requires multicellular processes (22,23). Multicellu-
lar SPs drive the transition between phases, and their
profiles clearly mirror the biphasic and monophasic insulin

Figure 8—Glucotoxicity in human islets alters basal activity and biphasic electrical profiles. Human islets cultured on PEDOT-MEAs were
stimulated by an increase in glucose from 1 mmol/L (low glucose [LG]) to a high concentration triggering a biphasic electrical response (high
glucose [HG], 7 or 11 mmol/L, depending on the donor). A: Kinetics of SP and AP frequencies (Freq.) (means1 SEM) before and during the
two phases were determined for the same islets of the same donors in three consecutive conditions: before (culture at 5.6 mmol/L glucose,
Control, black), 64 h after subsequent culture at 20 mmol/L (Glucotox, red), and 69 h after further subsequent culture at 5.6 mmol/L
(Reversion, blue).B: Statistics (N5 2, n5 10–15). LG:means of SP and AP frequency before HG. HG➊: peak frequencies of SP and AP during
the first phase were determined for each electrode. HG➋: AUCs of SP and AP frequencies of the second phase normalized over time. For
HG➊ and HG➋, the basal activity at LG was subtracted in the three conditions. *P , 0.05; **P , 0.01; ***P , 0.001.
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secretions evoked by glucose and leucine, respectively (34).
Since electrical SPs occur upstream of exocytosis, our data
support the view that SPs propagating across islet b-cells
constitute the master regulator of biphasic organization.
The other biphasic mechanisms observed downstream at
the cytoskeleton and insulin granule levels (5,19–21) may
represent a precise adaptation contributing to the ampli-
fication of biphasic secretion kinetics.

This dynamic organization appears well adapted to
physiological and metabolic requirements. Indeed, the
high but poorly synchronized activity of the first phase
(Supplementary Fig. 7A and B) provides a rapid and
prominent homeostatic response but is rather energy
consuming and potentially toxic due to the cytosolic
accumulation of Ca21. In the second phase, an increase
in coupling concomitant with a reduction of the overall
activity prevents such excesses (Supplementary Fig. 7A
and B) and may constitute a more economical long-term
activity.

The considerable reduction of the first electrical phase
upon aging and glucotoxicity (Supplementary Fig. 7A and
B) is in line with the clinical data (10–14). Westacott et al.
(48) reported that aging alters coupling in mouse and
human islets, but the impact on each phase has not
been addressed. In the present study, the reduction in
SP frequency in the first phase suggests that the basic
organizational mode in clusters is not changed per se
during this period, but the overall activity of clusters is
decreased. Moreover, increase in basal activity blunted the
net increment in second-phase activity contributing to the
well-known phenomenon of glucose insensitivity (49).

The unbiased long-term approach used in this study
provides a new model of islet activation and its derange-
ments. The methodology may be of considerable value to
evaluate disease models and maturation; for example, in
the setting of normal or patient-obtained stem cell–derived
surrogate islets. Finally, better understanding of islet
endogenous algorithms as presented in this study may
also improve development of new commands driving in-
sulin pumps for the therapy of diabetes (50).
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SUPPLEMENTARY MATERIAL 

 

The MATLAB script used for intra-islet synchrony analysis (related to Fig. 3A-D and 

Supplementary Fig. 1) is detailed bellow. 

 

- evt_correlation.m ------------------------------------------------------------------

--- 

 
function [correlation_matrix,gauss_sig] = 

evt_correlation(timestamps_in,Fs,sigma_s,varargin) 
% evt_correlation.m 

% - Computes time correlation between events across N channels. Yields an NxN 

correlation matrix and a representation of all events and their region of influence. 

% 

% Outputs 

% - correlation_matrix : Correlation matrix (shows correlation index for channels 

(i,j)) 
% - gauss_sig          : Smooth event signal for every channel 

%  

% Inputs 

% - timestamps_in      : Input timestamps. Cell of vectors (one vector of timestamps 

per channel). No unit (Nbr of samples). 
% - Fs                 : Sampling frequency (Hz) 

% - sigma_s            : width of the gaussian (temporal tolerance for event 

correlation) 

% - varargin           : additional arguments (‘nv’ makes the function non-verbose) 
 

% Parse additional arguments 

if ~isempty(varargin) 
    for i=1:length(varargin) 
        if isequal(varargin{i},'nv') 
   % Non-verbose flag 
            VERBOSE = 0; 
        end 
    end 
end 

 

 

% Verbose flag check 

if ~exist('VERBOSE') 
    VERBOSE = 1; 
end 

 

 

% Check all signals for largest timestamp and preallocate memory for event signals 

Nsignals = length(timestamps_in); 
Lmax = 0; 
for i=1:Nsignals 
    sp_timestamps = timestamps_in{i}; 
    sp_timestamps = sort(sp_timestamps(:)); 
    tmpmax = max(sp_timestamps); 
    if ~isempty(tmpmax) 
        Lmax = max(Lmax,tmpmax); 



 

 

2 

 

    end 
end 

 

events = zeros(Nsignals,Lmax); 
 

 

% Generate gaussian waveform 

gauss_width_s = 5*sigma_s; 
x = -gauss_width_s:1/Fs:gauss_width_s; 
sigma = sigma_s; 
H = gaussmf(x,[sigma 0]); 

 

 
% Generate smooth events (convolve event signal with gaussian) 

gauss_sig = zeros(Nsignals,Lmax-1); % Preallocate 
for i=1:Nsignals 
 % Generate event signal 
    sp_timestamps = timestamps_in{i}; 
    sp_timestamps = sort(sp_timestamps(:)); 
    events(i,sp_timestamps) = 1; 
 % Smooth it out 
    gauss_sig(i,:) = fastconv(events(i,:),H,0); % Fast convolution (fft, product, 

ifft) 
end 

 

 

% Generate correlation matrix 

correlation_matrix = zeros(Nsignals,Nsignals); 
if ~isempty(gauss_sig) 
    k = 0; % Counter to keep track of how many correlations have been computed 
    for i=1:Nsignals 
        for j=1:Nsignals 
            correlation_matrix(i,j) = corr(gauss_sig(i,:)',gauss_sig(j,:)'); % Compute 

correlation index for channel couple (i,j) 
            k = k+1; 
            if VERBOSE % Print progress every 100 correlations computed 
                if mod(k,100) == 0 
                    disp(['Event correlation: ' num2str(k) ' out of ' 

num2str(Nsignals*Nsignals) ' done.']) 
                end 
            end 
        end  
    end 
    if VERBOSE % Success message 
        disp(['Event correlation: all done.']) 
    end 
    correlation_matrix(isnan(correlation_matrix))=0; % Nullify NaN (Not A Number) 

values 
end 

 

end  

 

- fastconv.m -------------------------------------------------------------------------

--- 

function [y]=fastconv(x, h, dim) 

 

Ly=length(x)+length(h)-1;    
Ly2=pow2(nextpow2(Ly)); 
 

X=fft(x, Ly2); % Fast Fourier transform 
H=fft(h, Ly2); % Fast Fourier transform 



 

 

3 

 

if size(X) ~= size(H) 
    H=H'; 
end 
Y=X.*H; % Multiply ffts  
y=real(ifft(Y, Ly2)); % Inverse fast Fourier transform 
 

if dim==0 % Yield only center part (preserve signal length, time-aligned) 
    y=y(round(length(h)/2):1:Ly-round(length(h)/2)); 
elseif dim==1 % Real time (preserve signal length, delayed) 
    y=y(1:1:length(x));  
elseif dim==2 % Full size 
    y=y(1:1:Ly); 
end 
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SUPPLEMENTARY FIGURES & LEGENDS 

 

Supplementary Fig. 1. Simulations in MATLAB illustrating the method used to compute 

temporal event correlations and their matrix representation. To quantify the degree of SP 

synchrony between electrodes during the biphasic activation, a dynamic code was developed, 

inspired from works in neurons by Schreiber and colleagues (33). (A) Temporal detection of events 

(vertical lines) and continuous signals constructed by correlating events with Gaussian curves on 

5 electrodes (E1 to E5). The time axis is as in (B). E1 and E2 are identical trains of regular events. 

E3 is a regular train of events, at 95% of the speed of E1. E4 is a regular train of events, at 90% of 

the speed of E1. E5 is a random train of events. (B) Time-dependent correlation measurements 

(synchrony; AU, arbitrary units) between E1 and E2-E5. Colors indicate with which electrode E1 

is compared, following the color indicated in (A). (C) Matrix representations of correlation at the 

two time points indicated in (B). Each square represents the degree of synchrony (color code on 

the left), between -1 and 1, of the couple of electrodes given by its coordinates (hence the unitary 

diagonal). The degree of synchrony varies between -1 and +1: +1 representing SPs perfectly 

synchronized, 0 representing the absence of SP or SPs without any synchrony, and -1 representing 

SPs in opposition of phases.  
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Supplementary Fig. 2. Monitoring of SPs in different regions of an islet with high-density 

(HD) MEAs. (A) Comparison of a standard MEA (4/59 electrodes shown) and a HD-MEA (59/59 

electrodes shown). An islet is delimited by green dots. Note the difference between the size of the 

electrodes (images at identical scales): ø 30 µm for standard MEAs and 10 µm for HD-MEAs. 

Data from encircled electrodes (orange and light blue) are shown as examples in (C) and (E) (B) 

HD-MEAs increased the number of electrodes per islets (left panel; N=3-4 MEAs, n=8-49 islets). 

The smaller electrode diameter increased the noise level (middle panel; root mean square - RMS - 

noise level, N=3 MEAs, n=12 uncovered electrodes) without affecting the signal-to-noise ratio 

(SNR) of the very robust SPs (right panel, N=3 MEAs, n=26-30). The RMS noise level was 

measured with Spike2 on unfiltered traces with a time constant of 5 s and the SNR was taken as 

the ratio of RMS noise levels between covered and uncovered electrodes when islets were 

stimulated by glucose ≥8.2 mM for >20 min. ** 2p<0.01, *** 2p<0.001. (C) Top traces: 
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representative recordings of SPs from the 2 electrodes indicated in orange and light blue in (A) 

during the 1st () and the 2nd () phases induced by G8.2 and during the decrease of glucose level 

to G3. See methods for the optical determination of the kinetics of changes in glucose 

concentrations (black line at the top). Bottom traces: portions of top traces with higher temporal 

resolution at the timestamps indicated by a, b and c. (D) Kinetics of SP frequency (red) and 

amplitude (blue) measured in a mouse islet on a HD-MEA (means +SEM, n=13 electrodes) during 

the 1st () and the 2nd () phases induced by G8.2 and during the decrease of glucose level to G3. 

(E) Portions of top traces shown in (C) with higher temporal resolution at the timestamp d showing 

the appearance of SP pulsatility during the 2nd phase. (D) Period of the pulsatility (number of 

pulses per min) measured after 40 min at G8.2 and during 40 min (N=7 islets). 
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Supplementary Fig. 3. SP and AP analysis in response to glucose. Concentration-dependencies 

to glucose (G) of the electrical responses generated by mouse islets were analyzed with polymer-

coated MEA-electrodes. (A) Proportion of islets (means ±SEM) responding electrically to G5.5, 

G6 and G8.2. * p<0.01 for G8.2 vs. G5.5. (B) Delays (means ±SEM) between the change in 

concentration and the first SPs (top) and APs (bottom). * p<0.05 for G5.5 vs. G6 and §§§ p<0.001 

for G8.2 vs. G5.5 and G6. Gray dotted lines are the best fitting curves. (C) Statistics comparing 

maximal amplitude of SPs (means of the 10th biggest SPs for each electrode) during the 1st () vs. 

the 2nd () phase for each glucose concentration. *** 2p<0.001. (N=3-6, n=29-114). 
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Supplementary Fig. 4. SP and AP analysis of islets versus islet cell monolayers on polymer-

coated MEA-electrodes. (A and B) Comparison of glucose-induced electrical responses of native 

islets and islet cell monolayers. (A) Mouse entire islets (black) or mouse islet cells in monolayers 

(red) cultured on PEDOT-MEAs were stimulated by an increase in glucose from G3 to G8.2. 

Kinetics of SP frequency and amplitude as well as AP frequency during the two phases were 

evaluated (means +SEM). (B) Statistics on data in (A) (N=3, n=40-80). Left: peak frequency and 

mean amplitude of SPs and peak frequency of APs during the 1st phase were determined for each 

electrode. Right: AUCs of SP frequency, SP amplitude and AP frequency during the 2nd phase 

normalized over time. (C) Influence of the size of islet cell monolayers on the maximal amplitude 

of SPs. Left: representative images (scale bars 200 µm) of an islet (surrounded in black) and a 

small (<0.1 mm2), a medium (0.1-0.5 mm2) and a large (>0.5 mm2) islet-cell monolayer 

(surrounded in red). Right: maximal amplitudes of SPs (means of the 10th biggest SPs during the 

2nd phase) of islets, small (S), medium (M) and large (L) islet-cell monolayers (n=6-46). * 2p<0.05, 

** 2p<0.01, *** 2p<0.001, **** 2p<0.0001. 
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Supplementary Fig. 5. Supraphysiological extracellular Ca2+ levels considerably alter SP and 

AP dynamics. (A and B) Top traces: representative recordings of the electrical activity of the same 

mouse islet stimulated by an increase in glucose from G3 to G8.2 in the presence of two different 

concentrations of extracellular Ca2+ ([Ca2+]o) as indicated (PEDOT-MEA; Bandpass: 0.1-700 Hz). 

Bottom traces: portions of top traces at higher temporal resolution (representative of n=26 

recordings from N=3 independent biological preparations). (C) Kinetics of SP frequency and 

amplitude as well as AP frequency during the two phases in the two Ca2+ conditions (means 

+SEM). Similar results were obtained regardless of the concentration of Ca2+ tested first (N=3). 

(D) Statistics (N=3; n=26 for SPs and n=20 for APs). Left: peak frequency and mean amplitude of 

SPs and peak frequency of APs during the 1st phase were determined for each electrode. Right: 

AUCs of SP frequency, SP amplitude and AP frequency during the 2nd phase normalized over 

time. ** 2p<0.01, *** 2p<0.001. 
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Supplementary Fig. 6. Physiological (picomolar) levels of GLP-1 increase and promote the 

passage from the 1st to the 2nd phase. (A) SP frequency kinetics and best fits (green) of the 2nd 

phase obtained on mouse islets stimulated by increasing glucose from G3 to G8.2 in the absence 

(black) and in the presence of GLP-1. GLP-1 was applied 5 min before changing glucose 

concentrations and was present during the stimulation by G8.2 (means +SEM; N=4-6, n=64). (B) 

Details of the fitting curve parameters for the stimulation with G8.2 alone (Ctr) and with G8.2 and 

GLP-1. 
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Supplementary Fig. 7. Proposed functional model. (A) Biphasic insulin secretion induced by 

glucose and corresponding multicellular electrical behavior of islets in terms of activity (i.e. SP 

frequency) and of cluster sizes (i.e. SP amplitude). Modulations of phases in physiological and 

pathophysiological conditions are indicated on top. (B and C) Representation of the multicellular 

behavior of an islet during glucose-induced phases in different physiological and 

pathophysiological conditions. Unfilled and filled circles represent β and non-β-cells, respectively. 

Intra-islet clusters are represented by colored areas. Relative sizes of clusters are represented, as 

well as their level of activity with the color code on the right. (B) Model in physiological 

conditions: upon glucose stimulation, the 1st phase originates from a multitude of highly active 

small β-cell clusters, but poorly coordinated together, whereas during the subsequent 2nd phase, 

clusters enlarge and contain less active but highly synchronized β-cell clusters. Physiological 

levels of GLP-1 promote only the 2nd phase by enhancing multicellular signals (size and activity 

of clusters). (C) Model in aging and glucotoxicity (glucotox). Aging reduces the reactivity, but not 

the size, of β-cell clusters, similarly to glucotoxicity for which in addition an increased basal 

activity is observed. 
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Proof of concept of the islet-based biosensor in 
rodents: Manuscript n°3 

 

Continuous glucose monitoring has considerably improved insulin delivery. However, 

currently used electrochemical sensors react to glucose only. The ideal sensor, ie islets, 

captures various nutrients and hormonal regulators, reacts in a biphasic manner and is 

differentially modulated by non -islet cells. We have previously demonstrated in-vitro that 

islet electrical activity, measured extracellularly as slow potentials (SP) by micro-electrode 

arrays (MEA), faithfully reflects biphasic activation and hormone secretion. As a subsequent 

step towards a bio-inspired artificial pancreas we have now set out to test this approach as 

open loop in rodent in-vivo. 

In order to successfully establish the proof of concept of this new device, we worked step by 

step in order to successfully assemble in the animal the different elements essential for the 

implementation of the sensor together. The first step was to collect serum from the rat and 

apply it to the islets seeded on a PDMS microwell static MEA in order to work on a small 

volume. Following this step, and the observation that the electrical response of the islets was 

consistent in terms of frequency and amplitude variation with the different glucose variations, 

we implanted the animals with a microdialysis device in order to recover the dialysate during 

the glucose tolerance test IPGTT. During the IPGTT, the blood glucose level of the animal is 

monitored by caudal blood measurement and the glucose concentration of the dialysate is 

determined after the experiment by glucose determination in the samples with glucose 

oxidase.  The microdialysis recovery had been characterised in vitro and led to a choice of 

work flow rate of 1 µl/min, which offered the best compromise between glucose recovery and 

flow rate compatible with the subsequent implementation of microfluidics. The dialysate 

collected during the IPGTT was then applied to the islets seeded in microwells on MEA. Again, 

we were able to observe electrical activity consistent in frequency and amplitude with the 

dialysate concentrations. In a final step, we were able to link the microdialysis implanted on 

the anaesthetised animal to a microfluidic circuit allowing the dialysate to be delivered in real 

time to the seeded islets in a microfluidic chip that we developed compatible with a 

commercial MEA. During the experiment, the animal is anaesthetised, the catheter is 

implanted, and after the pump is switched on, the catheter is connected to the microfluidic 
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circuit, the electrical activity of the islets is then recorded in real time. A blood glucose 

measurement is performed in the animal at the caudal level every 15 minutes and the 

dialysate is collected for 15 minutes every 15 minutes at the exit of the microfluidic circuit 

after the passage on the islets in order to determine after the experiment to which average 

concentration of glucose the islets were exposed over this period of time. At the end of these 

experiments we were able to establish a correlation between the blood glucose variation 

profile, the variation of glucose within the dialysate and the variation of the electrical activity 

of the islets in terms of frequency and amplitude.  

 

In conclusion, we were able to establish the feasibility of a device in-vivo based on the 

electrical activity of the islets of Langerhans, by establishing a high correlation between 

electrical activity of the islets and glycaemic variations in the animal. The biosensor was able 

to follow the dynamics of blood glucose variations. The next step in the development of the 

sensor would be to optimise the microfluidic circuit to reduce the different delays between 

the animal and the islets on the MEA. 
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ABSTRACT 

Continuous monitoring of physiological parameters has numerous applications and is used in 

diabetes therapy. Current approaches to detect glucose rely on enzyme-linked electrochemical 

probes. In contrast, monitoring of a few electrogenic pancreatic islets in a biosensor may 

harness the computational power of the micro-organ made for nutrient detection and provide a 

more appropriate read-out. Moreover, this sensor also integrates information from the whole 

organism. Extracellular electrophysiology captures slow potentials (SPs), which reflect coupled 

islet -cell activity and is a method of choice for non-destructive long-term monitoring of islet 

activity in-vitro. We have now developed a microfluidic microelectrode chip containing a few 

islets and linked to interstitial fluids in live rats by subcutaneous microdialysis. Blood and 

dialysate glucose were determined concomitantly with islet electrical activity either off-line or 

on-line during an intraperitoneal glucose or insulin challenge. The electrical activity in terms 

of slow potentials monitored by this biosensor reacts proportionally to glucose levels off-line 

in serum or dialysed interstitial fluid.  On-line monitoring reveals an excellent correlation 

between islet slow potential frequency and to a slightly lesser degree to slow potential 

amplitudes. Statistical analysis reveals a robust signal highly correlated to glucose 

concentrations with little variation between animals. Micro-organ based biosensors in general 

harness multiple parameters. They provide a read-out closer to physiology and may be of use 

also in the therapy of diabetes.  
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INTRODUCTION 

Pancreatic islets are at the centre of nutritional homeostasis and their demise cause the 

most common metabolic disease, that is type 1 or type 2 diabetes which both are characterized 

by increased blood glucose (Ashcroft and Rorsman, 2012; Charles and Leslie, 2021; Pigeyre et 

al., 2022).  Within the islet micro-organ, the insulin-containing -cells function as actuator, 

which secrete insulin, the only glucose lowering hormone, as well as sensors, that measure the 

amount of nutrients available in the blood and thus turn food into a command for insulin release. 

An increase in ambient nutrient levels leads to an increase in -cell metabolism and 

subsequently a change in ion channel activity and thus transmembrane ion fluxes (Rorsman and 

Braun, 2012).  The ensuing depolarisation and calcium influx via voltage dependent ion 

channels induces highly regulated insulin release. The changes in ion channel activities are 

further regulated by hormones, eg the stress hormone adrenalin or enteric peptide hormones 

(De Marinis et al., 2010). Thus, transmembrane ion fluxes provide an integrative read-out 

according to nutritional status and to the state of the organism.  

Type 1 diabetes is an autoimmune disease characterized by a large or complete loss of 

islet -cells and this requires hormone replacement therapy (Atkinson et al., 2014). As insulin, 

like most peptide hormones, exerts a powerful action in the picomolar range, its concentration 

has to be carefully titrated to achieve therapeutic levels and avoid life-threatening 

hypoglycaemia. Previously this was achieved via repetitive daily determinations of blood 

glucose levels by finger pricks. Recent technological advancements permit continuous blood 

glucose monitoring (CGM) via a subcutaneous electrochemical electrode (Lee et al., 2021; Teo 

et al., 2022). The use of CGMs has considerably reduced the pain for the patients and increased 

therapeutic precision as compared with previous discontinuous surveillance of glucose levels. 

This has led to the concept of an artificial pancreas as a closed loop system where a 

subcutaneous sensor measures glucose in the interstitial fluid and commands a small insulin 

injecting pump as actuator via appropriate algorithms (Cobelli et al., 2011). Despite the progress 

achieved during the last 50 years, the system still requires announcements of meals or physical 

activity and can provoke hypoglycaemia (Lee et al., 2021; Teo et al., 2022). Other therapeutical 

approaches such as transplantation of donor islets or of -like cells are either reserved for severe 

unstable diabetes or still not sufficiently advanced for therapy  
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As pancreatic islets have been developed by half a billion years of evolution (Falkmer, 

1979; Youson and Al-Mahrouki, 1999), they provide a fairly optimal sensor. In contrast to 

CGM they do not measure glucose but rather a demand in insulin. In addition, they contain 

internal inhibitory and stimulatory circuits given by the presence of the different cell types 

present in addition to -cells (Campbell and Newgard, 2021). Moreover, in terms of activity 

they react stronger to a decrease in glucose than to an increase and this endogenous algorithm 

provides a clinical safety mechanism against hypoglycaemia (Keenan et al., 2012 ; Lebreton et 

al., 2015). Using these micro-organs as biosensor could offer considerable advantages in 

monitoring the nutritional state including glucose. 

The capture of electrical cellular signals as signatures of activity offers a number of 

advantages as compared to other approaches, such as on-line signal analysis (Perrier et al., 

2018; Pirog et al., 2018), no gene transfer or chemical probes are required for signal generation 

and electronics are well suited for miniaturization. We have previously studied and analysed in 

detail the electrical responses of human and rodent islets in-vitro using extracellular 

electrophysiology with multielectrode arrays, a non-invasive method that allows recording over 

long time periods (Abarkan et al., 2019; Abarkan et al., 2022; Jaffredo et al., 2021; Lebreton et 

al., 2015). These electrical signatures of islet activity, as recorded in-vitro by MEAs, can be 

introduced in a simulator of human metabolism in T1D patients, called UVA/Padova (Cobelli 

and Dalla Man, 2021). This computer model simulates the glucose-insulin dynamics in T1D 

patients, and is approved by the US Food and Drug Administration (FDA) as an alternative for 

pre-clinical testing of insulin therapies, including closed-loop algorithms. Within this in-silico 

model, an islet biosensor-based artificial pancreas was as efficient as standard CGMs and even 

outperformed them under challenging conditions (Olçomendy et al., submitted; Olcomendy et 

al., 2021). 

We therefore asked now whether monitoring the electrical activity of a few islets may 

provide a sensor for continuous glucose measurements in live animals. To this end we 

developed stepwise microfluidic micro-electrode arrays containing a few islets and interfaced 

with the interstitial fluid via microdialysis. Our data and their analysis indicate faithful 

monitoring of glucose levels in rats during glucose tolerance tests and subsequent to insulin 

injections.   
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MATERIALS AND METHODS 

Animals, surgery and islet preparation. Animal experiences were conducted along ethical 

guidelines and authorized (APAFIS#25037-2020040917179466). Male Wistar rats (Charles 

River, Lyon, France), mean age 10.4 weeks and with a mean weight of 384 g were placed on a 

heated pad and anaesthetized with isoflurane (starting with 3.5%, 2l/min; maintenance by 1.5%) 

and for analgesia meloxicam was given subcutaneously (1mg/kg) 30 min before implantation 

of the catheter as well as a local anesthetic was applied (lidocaine 2,5 % and prilocaine 2,5 % 

cream)., To insert the microdialysis catheter a small incision was placed on the right 

interscapular area after shaving and disinfection. The incision site was subsequently closed by 

small sutures. For the preparation of islets, adult male C57BL/6J mice (10–20 weeks of age) 

were sacrificed by cervical dislocation according to University of Bordeaux ethics committee 

guidelines. Islets were obtained by enzymatic digestion and handpicking. MEAs were coated 

with Matrigel (2% v/v) (BD Biosciences, San Diego, CA) as described (Abarkan et al., 2022; 

Jaffredo et al., 2021; Lebreton et al., 2015). Islets were seeded on MEAs and cultured for 3 days 

at 37°C. 

Microfluidic MEA chips. For dynamic experiments, a microchannel was fabricated with 

PDMS-based elastomer Sylgard 184 (Dow Corning, St Denis, France) and the channel mould 

was fabricated by using a Siu-8 wafer with a channel of 0.8 mm in diameter. PDMS on the 

wafer was cured by 2 h of heating at 70 °C. The microchannels where subsequently then aligned 

on the MEA by O2-plasma activated MEAs under a microscope in a cleanroom. For static 

incubations, the chip consisted of a PDMS microwell of 3 mm in diameter and in height. Fluid 

shear stress was simulated using Autodesk Fusion 360® (Autodesk, Inc., San Raphael, CA), for 

multiphysical simulations and COMSOL 5.3 (COMSOL, Inc., Burlington, MA) for fluid 

dynamics computation. First a 3D simulation was carried out where the flow in the 

microfluidics channel is simulated following Navier Stokes equations, with a laminar flow 

boundary condition at the inlet. The inlet is defined in a flow rate manner, with several values: 

0.2 µl/min, 1 µl/min, 5 µl/min. Subsequently a stationary study was carried out. The shear stress 

is deduced from the results of the study using the following definition: 𝜏 = 𝜇∆𝑢⃗  where 𝜇 is the 

dynamic viscosity of water at 37°C and 𝑢⃗  is the velocity field. 

Analysis of delays in fluid transport. The delay between recording sites introduced by the 

transit of dialysate through the microfluidic chip and tubes was determined through analysis of 

videos taken with a binocular camera Moticam 5+ (Motic, Hong Kong, HK) during phenol red 
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perfusions (stepwise gradient) under conditions identical to experimental conditions, i.e. from 

microdialysis to dialysate collection (see Fig. 1). Phenol red solution was passed through 

microdialysis and the microfluidic MEA of 1 µl/min and images were taken (at 25 Hz) of the 

microfluidic channel and the outlet of the microfluidic MEA where later in experiments the 

dialysate was collected. Video files were analysed with an ad hoc program written in Python 

(Python 3.7, imageio 2.6.1, numpy 1.18.1, pandas 1.0.4) that measured a differential rate of 

change in colour for each zone of interest. The program functions as follows: the video is first 

down-sampled to 10 Hz (no interpolation) and cropped to a 51x51pixels region of interest 

(ROI). The pixels in the ROI are spatially averaged which yields a single vector of red, green, 

and blue components indicating the average colour in the ROI for every frame and the red 

component is filtered out. The same operations are performed in a 51 × 51 pixels region of 

reference (ROR) where the variations in red, green and blue components are deduced from 

those of the ROI to produce a differential measurement that compensates for changes in ambient 

light. The red, green, and blue components of the differential measurement are then merged 

(unweighted sum) and differentiated. Finally, a moving average is applied (10 samples) for de-

noising and the data are normalized (fold of maximum value). The delay from the microdialysis 

pump to the zone of interest was measured as the peak of the calculated rate of colour change. 

Data from different recording sites were synchronized to compensate for the lag 

introduced by the transit of dialysate through the microfluidic chip and tubes. All data were 

synchronized assuming 𝑡 =  0 corresponds to the IP injection of glucose. The delay between 

blood glucose measurements and dialysate measurements due to the diffusion of glucose in the 

animal’s subcutaneous space (tSQ) was estimated with cross-correlation analyses on 

experimental data.  

The corrected time vector 𝑡metric
𝑐  for each recorded metric is therefore, in relation to its 

original tmetric : t
c
BG = tG - tSQ;  t

c
DG = tG - (trat-outlet + tSQ); tc

frequency SP = tfrequency SP - (trat-

electrodes + t0
ephy); t

c
amplitude SP = tamplitude SP - (trat-electrodes + t0

ephy). Datasets with corrected time 

vectors were generated with a Python script (Python 3.7, pandas 1.0.4). 

Electrophysiology: MEAs (60 PedotMEA200/30i R-Au-gr, Ø 30 mm, 200 mm interelectrode 

distance) were purchased from Multi Channel Systems GmbH (MCS, Reutlingen, Germany). 

As described previously (Abarkan et al., 2022; Jaffredo et al., 2021; Perrier et al., 2018), 

extracellular field potentials were acquired at 10 kHz, amplified, and band-pass filtered at 0.1–
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3,000 Hz with a USB-MEA60-Inv-System-E amplifier (MCS; gain: 1,200) or an MEA1060-

Inv-BC-Standard amplifier (MCS; gain: 1,100), both controlled by MC_Rack software (v4.6.2, 

MCS). Electrophysiological data were analysed with MC_Rack software. SPs were isolated 

using a 2-Hz low-pass filter and frequencies were determined using the threshold module of 

MC_Rack with a dead time (minimal period between two events) of 300 ms (SPs). The peak-

to-peak amplitude module of MC_Rack was used to determine SP amplitudes.  

Microdialysis, glucose injections and measurements. Linear interscapular subcutaneous 

catheter (30 mm membrane, 20 kDa cut off; Microdialysis AB) were inserted under anaesthesia 

(1.5% isoflurane, 1 mg/kg meloxicam). For dialysis, Ringer dextran-60 was used (pump 107, 

Microdialysis AB, Kista, Sweden). For glucose or insulin tests, 2 g/kg of glucose or 2.5 U/kg 

of insulin were injected intraperitoneally. Blood glucose was measured after droplet collected 

at the caudal vein with a freestyle papillon glucometer (Abbott, Rungis, France). Glucose in the 

dialysate was determined using a glucose oxidase-based kit (Biolabo, Maizy, France). 

Human male plasma was obtained from Sigma (H4522; Sigma-Aldrich, Saint Louis, MO, 

USA) and contained 6 mM glucose.  

Respiration rate. The respiration rate of anaesthetised rats was measured through analysis of 

video files, using an ad hoc program written in Python (Python 3.7, imageio 2.6.1, numpy 

1.18.1, scipy 1.6.2, pandas 1.0.4) that detects oscillating movement on the rat’s fur. The 

program functions as follows: the video is cropped to a region of interest where movement 

caused by breathing is clearly visible. The video is converted to greyscale and differentiated to 

highlight movement. A quantity of movement is estimated for each frame by measuring the 

standard deviation of the differentiated pixels in the region of interest. A 0.1-2.0 Hz filter is the 

applied to this signal and its frequency components are analysed in a spectrogram (Fast Fourier 

Transform, 10 s rectangular window, 0.1 s overlap). The breathing rate is retrieved by 

measuring the frequency of the main peak at each instant in the spectrogram through peak 

detection. 

Statistics: Correlations between electrophysiological data (SP frequencies and SP amplitudes) 

and glucose measurements (capillary and dialysate) were calculated using Spearman correlation 

in Python (Python 3.7, scipy 1.3.0). Electrophysiological data were resampled using windowed 

AUCs (see below) prior to correlation, in order to match glucose measurements. For correlation 

the AUC of electrophysiological data (SP frequencies and SP amplitudes) were calculated using 

the trapezoidal rule in time windows surrounding each glucose measurement (capillary or 
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dialysate) : AUCs used for correlation with BG measurements were calculated in a 

[−90 𝑠; +90 𝑠] time window around each BG data point ; AUCs used for correlation with DG 

measurements were calculated in a [+0 𝑠;  +900 𝑠] time window following each DG data point, 

identical to the window of dialysate collection for the corresponding DG measurement. The 

distinction between time windows was made because capillary blood glucose measurements 

were punctual (representative of a short time window), whereas the collection of dialysate 

samples spanned over 15 min each (representative of a 15 min time window). The diffusion 

delay Δ𝑡𝑆𝑄 was estimated using cross-correlation between electrophysiological data and 

windowed AUCs of DG measurements. Δ𝑡𝑆𝑄 was measured at peak correlation for each 

experiment individually, as it was assumed to be animal-dependent. Other statistical analyses 

of electrophysiological date were performed using GraphPad PRISM v7.00 (San Diego, CA, 

USA) with ANOVA and posthoc tests (Dunn or Tukey) as given in the Figure legends. In the 

case of repetitive measurements, Geisser-Greenhouse correction was applied in the case of 

normal distribution. 

 

 

 

RESULTS 

A biosensor using heterologous live cells, such as pancreatic islets, has to be conceived as an 

extracorporeal device and microdialysis can provide continuous access to bodily fluids such as 

interstitial liquids. As the amount of interstitial fluid that can continuously be retrieved is 

limited, miniaturisation is required. To test an islet-based biosensor for continuous nutrient 

monitoring, interfacing of the animal with the sensor has to developed as given in Figure 1. 

Interstitial fluid is obtained via a microfluidic pump and a subcutaneous microdialysis catheter 

which is linked to a chip consisting of the sensor, a microelectrode array with islets attached to 

its electrodes and the microfluidic system to pass the dialysate to these islets (Fig 1A). To assess 

the biosensors’ characteristics, recordings have to be compared with blood glucose, which can 

be measured after repetitive small incisions at the rat’s tail vein and dialysate was also sampled 

after passage through the chip to determine its glucose concentration. This configuration has to 

deal with a number of delays between blood glucose and the sensor. First, diffusion of glucose 

in the interstitial space requires some 10 minutes in man (Basu et al., 2013) and rat (Aussedat 
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et al., 2000). Second, in this laboratory set-up a certain length of tubing is required to link the 

component introducing additional delays between the point of dialysis and the microfluidic 

MEA (µMEA) as well from the µMEA to the point of glucose measuring in the dialysate at the 

outlet (Fig. 1B). We have tested these delays using phenol red as dye in the fluids (Fig. 1B, see 

also Methods) and the resulting delay time was used throughout when comparing different 

parameters on a time scale. Fig. 1 C to E shows the actual set-up on the bench with a video-

microscope to potential formation of bubbles in the microfluidic channels (Fig. 1C) and the 

configuration while monitoring the rats with implanted interscapular catheter (Fig. 1D) and the 

recording unit protected from surrounding noise in Fig. 1E. 

The final device was interfaced gradually. Previous work had used defined electrophysiological 

buffers and revealed the presence of two different electrical islet cell signals that can be 

recorded by extracellular physiology; single cell action potentials that are difficult to capture 

due to their minute amplitude, and robust slow potentials (SP) that are generated by cell to cell 

coupling. Their amplitude depends on the degree of coupling between -cells, which is 

hallmark of physiological islet function (Bosco et al., 2011; Lebreton et al., 2015).  We first 

tested the response to human or rat serum containing different glucose concentrations in static 

incubation in MEAs with home-made PDMS microwells to allow assaying of a few microliters 

of analyte.  As shown in Figure 2A and B, islets exhibit strong responses in the presence of 

culture medium containing 11 mM glucose and rich in amino-acids. Replacing medium by 

human serum (6 mM glucose) induces a rapid decrease in electrical responses. Subsequently 

islets were exposed sequentially to human serum which glucose levels were adapted to 9, 12 or 

15 mM glucose. Statistical evaluation of the corresponding areas under the curve (AUCs) 

revealed significant differences in activity between all the glucose ramps from 6 to 15 mM and 

a high correlation between glucose concentrations in human serum and recorded responses 

suggesting a good discrimination power of the biosensor. In a next step, we performed an 

intraperitoneal glucose tolerance test in a rat with a basal glucose level of 9.4 mM. Injection of 

2mg/kg of glucose lead to a transient increase in blood glucose (Fig. 2F) to 22.9 mM followed 

by a slow decrease to 11.9 and 8.6 Mm. At each determination of blood glucose, sera were 

preparade and added ex tempore to MEAs equipped with PDMS microwells. The change from 

9.4 to 22.9 mM glucose induced a strong response in the biosensor in terms of SP frequency 

and amplitude. Means were clearly distinct among the conditions but they became significantly 

different among all conditions for SP frequencies.  
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Having thus validated that the islet-based biosensor can be used with serum and provides 

discrimination between glucose levels differing by a few millimoles/liter, we tested rat 

microdialysis off-line with the MEA biosensor (Fig. 3). A small range of flow rates provided 

sufficient glucose recovery from a test sample and the rate of 1 µl/min was chosen for all 

subsequent experiments (Fig. 3A) and provided 78% recovery of glucose levels by 

microdialysis during a glucose tolerance test in rat (Fig. 2 B). Testing the two dialysates in the 

biosensor resulted in a strong increase in activity when changing from 5.8 to 15 mM glucose in 

terms of frequencies (Fig. 2C, D) and of amplitudes (Fig. 2 E, F). Notably a first and second 

phase was visible especially in terms of frequencies and amplitudes (Fig. 2C, E), which is due 

to differences in the organisation of islet -cell responses (Jaffredo et al., 2021).  

To accommodate the small flow rates of microdialysis we developed initially explored more 

complex configurations allowing single islet trapping and incorporation of metal electrodes. 

Although such a set-up worked satisfactorily in-vitro, this was not the case when interfacing 

this with microdialysis and a live animal despite all diligence and bubble traps. We therefore 

opted for a simpler and more robust approach (Fig. 4) consisting of a PDMS block with a single 

channel, inlet and outlet (Fig. 4A) that we can align on half of the 60 electrodes of a commercial 

MEAs in a cleanroom under a binocular microscope as shown in Fig. 4B. The microfluidic 

channel is charged with islets that cover a reasonable number of electrodes and stay in good 

shape (Fig. 4C). Simulations of flow dynamics revealed shear stress mainly at the bottom of the 

channel where islets are adhering but the maximal value of 250 µPa predicted at a flow of 1 

µl/min remains still below values that have been reported as critical (Glieberman et al., 2019; 

Silva et al., 2013).  

We coupled this optimized µMEA to microdialysis to compare electrical activity profiles of the 

biosensor with blood and dialysate glucose values as an indicator for its potential usefulness in 

continuous nutrient monitoring. As an independent control of the condition of the animal we 

controlled respiration rates as breathing may influence the performance of the interscapular 

microdialysis catheter and also introduce mechanical artefacts on the bio sensor device. As 

given in Fig. 5A, respiration rate was stable and in a normal range of 1 Hz throughout the entire 

procedure. After a first glucose injection, we observed a rapid increase in blood glucose which 

reached its maximum after 40 to 60 min, whereas dialysate glucose was retarded by around 10 

min. Both measures were discontinuous and their frequency could not be increased in the 

absence of an intravascular catheter and the low microdialysis flow rate requires a minimal 
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collection time for subsequent glucose determination. We can therefore not precisely determine 

the delay time du to interstitial glucose diffusion. The increase in glucose was mirrored by an 

increase in electrical activity in terms of slow potential frequency and amplitude and a peak 

was attained at 60 to 70 min followed by a decrease in line with glucose concentrations. Note 

that the slow physiological increase in glucose here did not induce a biphasic electrical response 

in contrast to the clear presence of biphasic pattern after stepwise increases in glucose (Fig. 2B 

and 3C). To test the reactivity of the system, insulin was injected and as expected blood as well 

as dialysate blood glucose levels decreased correspondingly. Subsequently to both injections of 

insulin a marked decrease in electrical activity was apparent (Fig. 5C, D). 

In contrast to in-vitro systems, where precise concentrations can be imposed, the absolute 

changes and kinetics in glycemia vary among animals. Moreover, the electrical activity of the 

biosensor islets is monitored at a microsecond scale, whereas blood or interstitial glucose is 

measured at far greater intervals. To obtain insight about the correlation between blood glucose 

or interstitial glucose and biosensor responses we calculated the AUCs of electrical responses 

over the same time span as the fluid collection span for four (dialysate glucose) or five (blood 

glucose) independent experiments to compare equal time spans. Linear regression analysis for 

each independent experiment provided a set of graphs that were highly parallel in the case of 

SP frequencies whereas more different slopes were observed for amplitudes (Fig. 6A, B). Each 

of these regressions for a given experiment were highly significant. Analyses for dialysate 

glucose are given in Suppl. Fig. 1. A comprehensive view of R2 values is provided in Fig. 6C. 

The biosensor response in terms of frequencies versus amplitudes was highly correlated as were 

electrical activities versus blood glucose levels with means around 0.9. The correlation between 

electrical responses and dialysate were more scattered which may be due to its measurement 

after passage through the microfluidic MEA and potential diffusion phenomena especially at 

low flow rates was highly significative for association with R2 mean values between 0.8 and 

0.9 (Fig. 6C). The scatter plot in Fig. 6D shows the coefficient of determination of linear 

regressions and the identified slopes, which measure the linearly dependent nature of the studied 

metrics regardless of basal values. The spread of values on either axis helps visualize the 

homogeneity of the results across experiments. As such, the clustering of our experimental 

values in the scatter plot reflects the repeatability of the fold increases in the studied metric 

relative to basal conditions.  
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DISCUSSION 

Continuous monitoring of nutrient levels remains a major challenge in diabetes therapy 

and despite a remarkable progress over the last 50 years, an autonomous closed loop system is 

not available (Cobelli et al., 2011; Lee et al., 2021; Teo et al., 2022). Our work here 

demonstrates the feasibility of a label free microorgan-based biosensor and its precise recording 

of vital parameters.  

Regression analysis over a number of in-vivo experiments indicates a remarkable 

homogeneity in terms of sensor responses to different glucose levels despite the variability in 

biological systems. In each experiment different animals as well as different preparation of 

islets for the biosensor were used and intrastrain variation in metabolic responses is well known 

(Rose et al., 2013; Rothwell and Stock, 1980). As frequency and amplitudes of slow potentials 

were analysed, the question arises whether one or the other quality is closer related to glucose 

levels. Previous in-vitro experiments suggested that slow potential frequencies reflect more 

closely insulin secretion and is further refined when taking also amplitudes into account 

(Jaffredo et al., 2021). However, in-vitro experiments use strong square shaped stimulation by 

sudden increase in glucose and provoke a biphasic response. Such a biphasic response was also 

apparent here upon sudden increase by externally applied 2 mM glucose but not during slow 

increases when coupled to microdialysis. The existence of biphasic activity and secretion in-

vivo in man is debated and may be absent during absorption of a meal (Rorsman and Ashcroft, 

2018). Our data suggest that a frequency-based analysis may be more robust during in-vivo 

applications. Interestingly, the biosensor reacted strongly to insulin injection despite minor 

concomitant decreases in blood and dialysate glucose. It is known that glucose dependency of 

insulin secretion displays a hysteresis when comparing increases versus decreases in glucose 

levels (Keenan et al., 2012). This serves as a kind of safety break to avoid hypoglycaemia and 

is also found in isolated islets in-vivo (Lebreton et al., 2015). Although we have not investigated 

the existence of a hysteresis here, one may speculate that the considerable decrease upon insulin 

injection observed here may be due to such an islet mechanism.  

We have also projected a possible packaging of an islet-based biosensor (see 

Supplemental Figure 2) including microdialysis and an insulin reservoir. Although the qualities 

of a micro-organ biosensor are evident, there are also limitations and obstacles. In contrast to 

enzyme-based electrochemical sensors, microdialysis is necessary with concomitant space 

requirements and device duration. Note, however, that an electrochemical sensor linked to 
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microdialysis had been commercialized and successfully used in humans (Ricci et al., 2007; 

Ricci et al., 2005). As islet encapsulation techniques are constantly evolving, direct 

implantation of such a device may eventually be possible in the future (Yang et al., 2021). A 

clear limitation is given by the type of islets to be used in the sensor. Reaggregated human 

donor islets exhibit excellent function (Sachs et al., 2020) but may raise ethical issues by 

diverting islets from use in transplantation. Alternatively, a new human -cell line has shown 

promising functional characteristics and can be arranged in spheroids although such an 

approach would lose inherent islet characteristics conferred by other cell types in the micro-

organ (Szczerbinska et al., 2022).  

A large number of biosensors have been developed in the past relying on electrodes, 

enzymes, genetically encoded fluorescent probes or genetically modified micro-organisms 

(Faheem and Cinti, 2022; Reddy et al., 2016). To the best of our knowledge our work presents 

the first attempt to use a micro-organ as biosensor. Cells receive enormous amounts of 

information from their environment, compute the appropriate output almost instantaneously on 

a millisecond scale and the complexity of the regulatory is further enhanced by the presence of 

distinct cell types. Astonishingly in the wide array of applications envisaged for the rapidly 

expanding field of organoid biology, harnessing the resulting sensory and computational power 

of these assemblies has not been envisaged. 
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FIGURES AND LEGENDS 

 

Figure 1: Experiment design. A: Anaesthetized rats were subjected to an intraperitoneal 

glucose tolerance test and blood glucose determined. In off-line experiments, serum samples 

were added directly to the microfluidic MEA; in on-line experiments, interstitial fluids were 

dialyzed at 1µl/min and fed to the microfluidic MEA. Glucose concentrations in the dialysate 

were determined off-line from an outflow channel of the microfluidic MEA. B: Full set-up and 

work flow for on-line experiments. Time points in the experiment and delays introduced by 

tubings between microdialysis and the different recording sites are given. trat-electrodes was equal 

750 s, trat-outlet (collection of dialysate) was 2460 s as determined by video films using a dye 

(see Methods). C, MEA setup with microscope video camera to inspect flow; insert, enlarged 

view of the MEA itself and microfluidic inlet/outlet. D: anesthetized rat with dorsal 

subcutaneous catheter inserted. E, set-up during the experiment, the MEA is covered with 

aluminium to shield external noise. 
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Figure 2:  Ex-vivo monitoring of human or rat serum glucose. A:  Different stimuli used; 

CM, culture medium containing amino acids and 11 mM glucose; G6, human serum containing 

6 mM glucose; G9 to G15, human serum adjusted to 9, 12 or 15 mM glucose; G 0, buffer 

containing no glucose; G0, 0 Ca2+, buffer containing no glucose or calcium. B:  Frequencies of 

slow potentials as recorded by MEAs under the different conditions given in A.  C: left panel, 

Areas under the curve from B determined during the first 10 min of each stimulus and expressed 

as AUC/minute. Right panel, correlation analysis. D: Amplitudes of slow potentials recorded 

by MEAs under the different conditions given in A.  E: left panel, Areas under the curve from 

B determined during the first 10 min of each stimulus and expressed as AUC/minute.  Right 

panel, correlation analysis.  F: Intraperitoneal glucose tolerance test in an anaesthetized rat and 

blood samples were collected at indicated time points, sera prepared and glucose concentrations 

determined. G: Left panel, effect of rat sera in microfluidic MEAs on slow potential 

frequencies. Glucose concentrations in the sera are given. Right panel, statistical analysis of 

AUCs determined as in C.  H: Left panel, effect of rat sera on microfluidic MEAs on slow 

potential amplitudes during same recordings as in G. Right panel, statistical analysis of AUCs 

determined as in C. *, 2p<0.05;   **, 2p<0.01; ***, 2p<0.001; +++, 2p<0.001 as compared to the 

presence of different glucose concentration. ANOVA and paired Tukey post-hoc tests, n as 

given in the corresponding panels.   
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Fig. 3 Characterization of subcutaneous microdialysis and dialysate effect on islet 

electrical activity. A: Recovery rates for glucose in saline buffer at different flow rates per 

minute. B: Glucose concentrations in rat capillary blood and in dialysate (flow rate 1µl/min) 

after intraperitoneal injection of glucose (ip). C:  Effect of corresponding dialysates (at 5.8 or 

15 mM glucose) on islet slow potential frequencies. D:  Statistics of areas under the curve (G 

5.8, 0-14 min; 1st phase 14-18 min; 2nd phase 20-43 min; G15 14-43 min; expressed as 

AUC/min). E: Effect of corresponding dialysates (at 5.8 or 15 mM glucose) on islet slow 

potential amplitudes. D:  Statistics of areas under the curve (details see D). **, 2p <0.01; ***, 

2p<0.001; Tukey post-hoc test). 
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Figure 4: Characterization of microfluidic micro-electrode arrays. A: Layout of 

microfluidic MEA. B: View of a microfluidic PDMS device on a MEA, inlet and outlet are 

visible. Arrows, border of the PDMS device. Zoom on the electrodes aligned in the microfluidic 

channel of the chip.  C: View of the microfluidic channel with electrodes and islets attached. 

CAD view of the channel on the electrode layout of the MEA. Arrows, lateral borders of the 

channel. D. Multiphysics simulations provide a rainbow view of the shear stress as z axis 

repartition over the channel at a flow-rate of 0.2, 1 or 5 µl/min. Scales on the right show the 

color codes of the values reached for the different flow rates simulated (color codes were 

adapted scaled here for different flow rates to apply all for the simulation shown on the left).  
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Figure 5: In-vivo monitoring of blood or interstitial glucose concentrations and dialysate 

evoked islet cell activity in the microfluidic MEA device. The time scales given here take 

into account the determined delays between microdialysis and microfluidic MEA (electrical 

recordings) as well as MEA outlets where glucose was determined in the dialysate (see Fig. 1). 

A: Respiration rate of anaesthetized rat. B: Blood glucose levels, arrows indicate intraperitoneal 

glucose injection or subcutaneous insulin injections. C: Dialysate glucose levels as measured 

after its passage through the microfluidic MEA. D: Islet electrical activity in terms of slow 

potential frequencies. Arrows indicate time of insulin injection. E: Islet electrical activity in 

terms of slow potential amplitudes. 
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Figure 6: Correlation between electrical signal and blood glucose levels. A: Linear 

regressions between glucose levels and slow potential frequencies. Each color represents one 

experiment (animal) and corresponding Spearman R2 values are indicated. Data points 

represents AUCs for a given blood glucose value and regression curves are given.  B: Linear 

regressions between blood glucose levels slow potential amplitudes. Color codes as in A, 

corresponding R2 values are indicated. C: Coefficient of determination R2 for slow potential 

frequencies vs amplitudes over the blood glucose range during experiments (grey) as well as 

“for frequency or amplitudes versus glucose values either in dialysate (blue) or blood (black). 

Each data point represents one experiment (animal), mean and SEMs are given. C and D: 

Distribution of slopes vs R2 values for slow potential frequencies or amplitudes. R2 and slope 

values are from regression analyses between electrical signals and blood glucose levels, each 

point represents one experiment (animal). 
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1: Correlation analysis of electrical activity of islets versus 

dialysate glucose. A: Correlation analysis blood glucose levels slow potential frequencies. 

Each color represents one experiment (animal) and corresponding Spearman R2 values are 

indicated. Data points represents AUCs for a given blood glucose value and regression curves 

are given.  B: Correlation analysis blood glucose levels slow potential amplitudes. Color codes 

as in A, corresponding R2 values are indicated. C: Correlation factor of slow potential 

frequencies versus amplitudes ate a given dialysate glucose concentration.  
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Supplemental Figure 2: Packaging of an extracorporeal islet-based glucose monitor. 

Blow-up presentation of a possible packaging of the microfluidic microelectrode device for 

extracorporeal use as a islet-based sensor of the demand in insulin in humans. 
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Evolution and development of microfluidics during 
the thesis 

 

In the context of the development of a microfluidic chip adapted to the islet-based biosensor, 

a series of microfluidic systems have been designed and tested in collaboration with several 

partners. In this part of the manuscript I will discuss the different approaches that led to the 

validation and use of a simple and linear microfluidic system. 

 

Microfluidic chip for trapping of individual islets on a custom MEA: 

I started in a collaboration with the IES (Institut d’électronique, Montpellier) which has 

experience in microfluidics and in collaboration with IMS (Intégration du Matériau au 

Système; Talence; Renaud group). First a PDMS chip was designed with a complex design. In 

parallel, we designed a custom multi-electrode array with electrodes matching the 

microfluidic pattern. The purpose of the chip was to trap an individual islet on a specific 

electrode surrounded by a basket of PDMS pillars (Figure 1C). A corresponding PDMS block 

comprising several patterns was aligned on the MEA (Fig 1A). During the initial tests, we noted 

various problems. First, only one pattern was perfused, the other electrodes were not 

immersed and generated considerable noise. Based on this observation, I cut out and aligned 

a single pattern on the MEAs. Thus, we could immerse the other electrodes in a working 

solution bath during the experiment. Note that the electrode array in this case was homemade 

and not from a commercial source. and presented problems of signal stability. Indeed, starting 

the microfluidic perfusion we observed a slow noise which obscured the specific signals and 

thus did not permit of SP frequencies and amplitudes. 
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Figure 1: IES device for trapping single islets. A) a photograph of the multi-patterned PDMS 
chip, aligned to a homemade IES MEA. B) 3D model of the device tested on a commercial MEA, 
only one pattern is aligned to the electrodes so that the other electrodes not used during the 
electrophysiological recording can be immersed in the working solution. C) a photograph of 
the basket design used on a commercial MEA.  

 

I therefore chose to continue the characterisation of the microfluidic chip by aligning the 

basket design with a commercial MEA (60MEA200/30iR-Ti-gr, MultiChannel System, 

Reutlingen, Germany).  Despite the fact that the chip design did not perfectly coincide with 

the design of the MEA electrodes, we were able to achieve an alignment that allowed us to 

load the islets and obtain a first electrophysiological recording. 

A B 

C 
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Figure 2: Alignment of a microfluidic IES pattern on a commercial MCS MEA: A) 2D modelling 
of the basket pattern FI: Flow inlet, IL: Islet loading, FO: Flow outlet. B) binocular photograph 
of the chip aligned on the MCS MEA. C) photograph of islet trapping on the electrodes during 
the experiment. D) screen capture of the electrophysiological trace observed in the MCRack 
software, appearance of the first SPs after 3h of adhesion within the device. 

 

The use of the improved device allowed the recording of SPs, but still had a number of 

constraints that were incompatible with its further use in the development of our islet-based 

biosensor. This system required a very complex scheme for loading the islets into the device 

as long-term culture could not be performed. Indeed, we had to load the islets on the day of 

the experiment by titrating the flow rate in order to trap the islets in the baskets, then wait 3 

hours at low flow (<5µl/min) to obtain adhesion of the islets. Although we had reckoned that 

that baskets would trap them, sufficient physical contact with the electrodes was required to 

observe electrical signals, which were in fact of weak amplitudes. This additional 3 hours delay 

for loading and adhesion under constant flow increased considerably the appearance of 

bubble formation.  

FI 

FO 

IL 

A B 

C D 
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Figure 3: Simulation of the pressure gradient in the chip. Pressure gradient is given by a color 
code, from high pressure in red to low pressure in dark blue. 

 

Clearly such a risk would not have been compatible with experiments in living animals and the 

duration of anaesthesia tolerated by the animals. This design, moreover, was particularly 

susceptible to bubble formation, so-called nucleation problems. The passage from a narrow 

channel to a large cavity containing the trapping baskets leads to reduction in pressure and 

flow, which in turn favours the formation of small bubbles at the exit of the channel. These 

bubbles subsequently expanded within the cavity, and completely blocked the baskets. 

In view of these observations, we decided to design less complex devices. 

Development of a simple microfluidic chip: 

Following the experiences with the previous microfluidic chip, I was able to draw up a 

specification of the essential criteria for the development of a suitable chip for the further 

development of the islet-based biosensor. 

These criteria are: 

- A design compatible with the outlay of commercially available MEAs  
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- In-chip loading of the islets (easy to load with a pipet) and off-chip microfluidic culture 

- Simple, constant size design, not subject to bubble formation 

- Low dead volume  

- Compatible with a flow rate between 1µl/min and 10 µl/min 

To develop this chip, I chose to opt for a linear configuration– and a design that can be used 

by means of my lab, the Lang group to this end, I started by moulding 0.8 cm long pieces of 

tubing in PDMS. By demoulding these pieces of tubing, I obtained a channel in the PDMS, and 

I subsequently punched a inlet and a outlet with a 1 mm diameter puncher. To align on the 

MEA I then did an oxygen plasma activation. 
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Figure 4: Single linear microfluidic chip. A)  Binocular photograph of the aligned pattern on a 
commercial MEA (MCS, Reutingen, Germany). B) Binocular photograph of electrodes within 
the microfluidic channel (0.8 mm diameter). C) Photograph of the microfluidic MEA placed 
into the commercial amplifier (MCS, Reutingen, Germany), Med in and out connected, during 
characterisation of kinetics and dead volumes using the dye phenol red. D) microscopic 
photograph of islets loaded into the microfluidic chip and adhering to the electrodes. 

 

I first used this design for the experiments in the publication by my colleague,  Manon Jaffredo 

(Jaffredo et al. 2021), as well as for the development of the microdialysis biosensor in in vivo  

experiments. This design, although simple, is compatible with long-term experiments that per 

se increase the risk of bubble formation. In this design, bubbles may form, but they can pass 

through the channel without blocking the flow. Since the first microfabrication of this chip, I 

have optimised the system by developing a silicium wafer, which facilitates the casting and 

demoulding of the PDMS and allows for standardised channels. 

In parallel with these microfluidic developments, I also worked on another device that 

combines the advantages of both devices. 

 

Modelling and design of a linear microfluidic chip allowing individual islet trapping on an 

electrode: 

Successfully combining a linear pattern with the possibility of individually recording the 

electrical activity of an islet on an electrode would open up numerous possibilities both in 

terms of fundamental research for the study of islets and for the industrial development of a 

medical device. Indeed, this would allow the number of islets on a chip to be reduced.  

With this idea in mind, and by reviewing the literature, we looked at a design developed by a 

team from Berkeley. 
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Figure 5: Original device developed by Lee and colleagues at UC Berkeley. a) Cross sectional 
view of the MAP.  b) Micrograph of the microfluidic spheroid culture device. c) Enlarged brigt field 
image of the culture area. d) Enlarged brightfield and fluorescent images of the perfusion barrier. e) 
Scanning electron microscope images of the islet on a chip showing the endothelial like perfusion. 
Adapted from (Lee et al. 2018) 

 

In the design developed by Lee and colleagues (Lee et al. 2018), a PMMA  chip has a series of 

half domes with a central channel through which the chip can be loaded and a secondary 

perfusion network on either side of the dome, allowing a gentle flow, thus avoiding significant 

shear stress to the spheroids. PMMA is for polymethyl methacrylate which is a transparent 

thermoplastic polymer obtained by polyaddition whose monomer is methyl methacrylate. 

This polymer is better known by its first commercial name of Plexiglas. The use of such a 

polymer allows for solid, long-lasting chips, and it is often used in the development of medical 

devices due to its high biocompatibility. Using single cells instead of organoids considerably 

eases loading and may be of considerable interest also when using stem-cell derived pseudo-

beta cells. Indeed, such a design could be coupled to continuous flow and cell culture and 

thereby permit to monitor differentiation of such stem-cell derived pseudo-islets. Indeed, 

Lee’s group completely dissociated the islets after their purification and loaded the chip with 

a solution of dissociated islet cells and endothelial cells. After loading, the cells will sediment 
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to the bottom of the domes and the gentle flow around the top of the domes will contribute 

to the formation of spheroids. 

Based on this design, I was interested in how we could adapt this system with our use of MEAs 

for electrophysiological studies. 

 

Figure 6: Schematic of dome design adaptation to electrodes. 

 

To adapt this device to MEAs, we would have to propose a design where the domes would be 

open at the bottom in order to accommodate the electrodes at the bottom of the cupola. Such 

a chip adapted to our MEAs is complex to machine and required us to call on specialist 

microfabrication providers. It is with this in mind that we have put together a 2D and 3D 

modelling file in collaboration with Thomas Bennetton (Centre de recherche Paul Pascal, 

Pessac) in order to contact one of the leading companies in the industrial microfluidic chip 

manufacturing market, Micronite (Enschede, Netherland).  
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Figure 7: 2D representation and scaling of the device on an MEA. Left panel 2D representation 
of the chip aligned on a 10x6 MCS electrode array. Right panel showing the chip scaled to the 
MEA and showing 2 possible ring sizes. In green ring height 6 mm, inner diameter 19 mm and 
outer diameter 24 mm. In blue ring height 6 mm, inner diameter 26.5 mm, outer diameter 30 
mm. 

 

We first represented the desired design in 2D and made a scale representation of the MEA 

design. Then, once this scaling was validated, we would be able to move on to a 3D wireframe 

representation. 
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Figure 8: Wireframe representation of the microfluidic chip optimised to be compatible with 
a 10x6 MEA MCS electrodes. A first layer comprises the inlets and outlets of fluids and the 
channels. In this example, its thickness is 6 mm. The height of the channels is 300 microns. A 
second layer which includes the traps. Its thickness here is 0.8 mm. It is necessary at this level 
to see with the manufacturer what thickness is achievable, knowing that it defines the depth 
of the traps. 

 

To finalise the representation of the chip, we made an extruded representation of the device 

and modelled how to assemble the different parts of the device. 
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Figure 9: 3D view of the chip. The two layers are sandwiched together. We have placed 

markers so that the layers line up as they fit together. 

 

After the completion of this design work, we discussed with a commercial service (Micronit, 

Netherland). The project is feasible; however, costs would surpass 50 kEuros because of the 

small quantity of chips to be machined. 

Currently in the laboratory, one of my colleagues, Marie Monchablon, is working on the 

possibility of making MEAs with a layer of silicium cast on top of the MEA to obtain domes 

that can trap islets.  This project is being developed in collaboration with the IES. 

Conclusion: 

During these three years of development of a microfluidic chip adapted to the islet-based 

biosensor, we have explored different approaches. The use of a complex design, such as the 

one developed by IES, is not compatible with the constraints imposed by the experimental 

time required to carry out the proof of concept in vivo in rats. Following these observations, 

we have developed a simple microfluidic system, allowing the loading of a group of islets, and 

a culture outside any microfluidic perfusion. Although this design is suitable for the proof of 

concept of the biosensor, we can however imagine for the future a chip model that would 

take the strong points of the IES and simple linear devices, inspired by the design developed 

by Lee's team in Berkeley. This linear design, with open domes on the MEA electrodes, would 
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allow for simple loading, isolated islet trapping in the open domes on the electrodes, while 

presenting low shear stress and low risk of bubble blockage 
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Validation of a homemade acquisition system SYAM: 
Manuscript n°4 

 

Islet biosignals are recorded on 60-channel MEAs. With amplitudes as low as only a few 

hundreds of microvolts, multichannel low-noise amplifiers are necessary to record relevant 

electrical signatures. Meanwhile, to ensure true-to-life response of islets, the MEA must be 

kept at body temperature and fluids must be channelled continuously with microfluidic 

systems. 

During the development of the biosensor in DIABLO project, these functions were performed 

by proprietary systems from Multichannel Systems (MCS, Reutlingen, Germany): the MCS 

MEA1060-Inv preamplifier, the MCS USB-ME64 acquisition system, and the MCS TC01 

temperature controller. With the objective of incorporating the biosensor in a closed-loop, 

The microelectronic team from the IMS developed a custom electronic system, SYAM (System 

for Acquisition with Microfluidics), which integrates the three functions of the MCS 

equipment. The system was validated during static and microfluidic experiment where murine 

islets were recorded in a 60-electrode MEA with PEDOT electrodes for static recording and 

Titan electrodes for microfluidic recording. In these different experiments we observed a clear 

islet activity, consistent with is observed with the MCS system. For these experiments, I 

realised the culture and the recordings for the biological validation of the device. 

With this system, the DIABLO consortium eliminates the dependence on proprietary material 

in the acquisition chain, and provide grounds for further integration.  

  



Introduction 
The biosensor developed in DIABLO measures the extracellular electrical activity of live 

pancreatic islets with planar Micro-Electrode Arrays (MEAs). Recording of such biosignals is 

delicate, as they range only a few hundreds of microvolts, with some electrical signatures 

rarely exceeding tens of microvolts. Because of this, proper acquisition is strongly dependent 

on appropriate electronics that will amplify signals with minimal added noise, while 

maintaining cells in a noise-free, temperature-controlled environment. Then, electrical 

signatures such as action potentials and slow potentials are extracted with dedicated 

processing electronics with multichannel capabilities and minimal latency. 

This deliverable describes the development of custom electronics for the acquisition and real-

time processing of biosignals of pancreatic islets, as recorded on planar MEAs.  

I Signal acquisition 

I.1 Context 

Islet biosignals are recorded on 60-channel MEAs. With amplitudes as low as only a few 

hundreds of microvolts, multichannel low-noise amplifiers are necessary to record relevant 

electrical signatures. Meanwhile, to ensure true-to-life response of islets, the MEA must be 

kept at body temperature and fluids must be channelled continuously with microfluidic 

systems. 

During the development of the biosensor in DIABLO, these functions were performed by 

proprietary systems from Multichannel Systems (MCS, Reutlingen, Germany): the MCS 

MEA1060-Inv preamplifier, the MCS USB-ME64 acquisition system, and the MCS TC01 

temperature controller. With the objective of incorporating the biosensor in a closed-loop, we 

developed a custom electronic system, SYAM (System for Acquisition with Microfluidics), 

which integrates the three functions of this MCS equipment. With this system, we eliminate 

the dependence on proprietary material in the acquisition chain, and provide grounds for 

further integration.  

I.2 Specifications 

SYAM is designed according to the following specifications and constraints: 

• 60-channel, 16-bit, 10 kHz data acquisition1 

• Temperature control at 37°C 

• Easy access to the MEA for insertion and manipulation of microfluidic tubing 

• Must include a Faraday cage 

The system is powered by a 12 V, 5.42 A power supply. 

I.3 Construction 

SYAM was designed to fit acquisition and thermal control in a single device, in contrast with 

MCS equipment that achieves the same function with three separate pieces of equipment. An 

exploded view of the system is shown in Fig. 1, with a list of all its components. It is composed 

of two main sub-systems: the main body (elements 7-25 in Fig. 1), which includes electronics 

                                                 
1 Legacy from the MCS equipment, which has identical specifications 



for thermal control, backlighting, user controls, and shielding, and an acquisition stage 

(elements 1-6 in Fig. 1). Relevant system dimensions are shown in Table 1. In the following 

descriptions, numbers between parentheses refer to the numbered elements in Fig. 1. 

 

 
 

 
Fig. 1. Exploded view of the system. Screws, nuts and washers are left unnumbered. 1. 2x Intan 

RHD2132 amplifiers. 2. Electronic board for routing signals from standard 2.54 mm connectors 

to Omnetics nano-strip. 3. MEA clamp. 4. Electronic board for routing signals from pogo-pins to 

standard 2.54 mm connectors. 5. MEA. 6. MEA socket. 7. Heat plate. 8. Power resistors (heating 

element). 9. Backlighting board. 10. Thermal controller board. 11. LCD display. 12. Front panel. 

13. Control buttons. 14. Front panel casing. 15. Metal casing (bottom). 16. Metal casing (top). 

17. Plug for microcontroller access. 18. Internal structure (top). 19. Temperature sensor. 20. 

Temperature sensor casing. 21. Backlighting diffuser. 22. Internal structure (bottom) 23. 

Backlighting ON/OFF switch. 24. Backlighting dimmer knob. 25. Temperature controller 

ON/OFF switch. 26. Power input (12 V DC) 



  

Table 1: SYAM dimensions 

Whole system 178 × 160 × 60 mm3 

Top opening (MEA access area) 32 × 32 mm² 

Distance from top of the lid to the MEA 29 mm 

Supported MEA dimensions 49 × 49 mm² (1 mm 

thick) 

Heat plate opening (backlighting area) 24 × 24 mm² 

 



I.3.a Main body 

The main body of the systems consists of a 161×100×61 mm3 Hammond (ref. 1550Z117BK) 

aluminium casing (15-16) that houses all sensitive electronics, and a custom-made plastic 

casing (12, 14) with user controls and LCD display. The aluminium casing (15) was machined 

to accommodate knobs, switches, and power supply for temperature control and backlighting 

(23-26). The casing lid (16) was also machined to leave openings on the sides for cables, and a 

32×32 mm² opening on the top for MEA access. Except for the metallic parts (i.e. the metal 

casing, the aluminium heating plate, and all screws, nuts and washers), all parts of the main 

body’s structure were 3D-printed from PLA. 

Acting as a Faraday case, the painted aluminium casing was sanded off to the bare 

metal on select surfaces in order to guarantee electrical contact between elements of the 

electromagnetic shielding (e.g. Between the casing and its lid), and to allow external ground 

connections in the existing screw holes. Concerning the 3D-printed parts, surfaces where 

electromagnetic shielding was required were covered with conductive copper tape.  

 

Inside the casing, the temperature control board (10) 

and backlighting board and diffuser (9, 21) are housed in 

the internal structure (18, 22). The upper part of this 

complex structure (18) has a pluggable (17) opening to 

access the thermal controller’s configuration port, and a 

large central opening that accommodates the heat plate 

(7) and the acquisition stage, with resting surfaces for 

both the MEA socket (6) and the preamplifiers (1) (see 

I.3.b). 

The heat plate, shown in Fig. 2, is a 70×76×2 mm3 piece 

of aluminium (7). Underneath it, the heating element (8) 

is glued with thermal paste, and the temperature sensor 

(19) is pressed with a screwed casing (20). A ground wire 

is run from one of the screws to reduce noise from the 

heating circuit. A 24 × 24 mm² opening is machined out from the centre of the plate, for 

backlighting of a large surface area. Even though the active area of most MEAs is considerably 

smaller, such a large opening accommodates a wide variety of possible MEA layouts, and helps 

with microscopy and MEA manipulation while the system is closed. 

 
Fig. 2. Heat plate. Top view, 

with transparency. Notations 

consistent with Fig. 1. 7. Heat 

plate. 8. Power resistors (heating 

element). 19. Temperature 

sensor. 20. Temperature sensor 

casing. 



I.3.b Acquisition stage 

The main purpose of the acquisition stage’s 

mechanical assembly is to secure the contact 

between spring-loaded connectors (pogo pins) 

and the MEA. To that end, a clamping system was 

fabricated, in which the MEA (5) is secured in 

place between two pieces (3,6) dimensioned to 

accommodate 60-electrode MEAs from MCS. The 

lower piece, a simple socket with grooves on the 

sides for clamping, was 3D-printed from PLA. The 

upper piece (3), more complex and with more 

mechanical constraints, was 3D-printed out of 

resin and clamps to the lower piece with a couple 

of articulated mechanical hooks. Glued to its 

bottom, an electronic board (4) with 60 pogo-pins 

ensures electrical contact with the MEA. A 

secondary electronic board (2), plugged on top, 

re-routes signals from the pogo-pins to the 

preamplifiers (1). 

The whole assembly is dimensioned to sit on top 

of the heating plate, with supports underneath 

the preamplifiers, and ample room to close the 

casing’s lid to shield the acquisition’s delicate 

electronics from external noise. 

I.4 Signal acquisition 

To maintain compatibility with ongoing projects, 

the acquisition stage was designed for 

compatibility with MCS’s 60-electrode MEAs. Both signal preamplification and analogue-to-

digital conversion are handled by two commercially available 32-channel Intan RHD2132 

headstage amplifier boards (Intan Technologies, Los Angeles, California). Their specifications, 

fitting our constraints (i.e. same as or exceeding MCS equipment detailed in I.1), are detailed 

in Table 2. While it is still a commercial solution, Intan provides the sources for all its 

equipment and sells its acquisition chips in QFN packages; This makes it a cost-efficient and 

sustainable choice for us, with prospects for future custom development. 

 

Table 2: Specifications for one Intan RHD2132 headstage 

amplifier 

Number of channels 32 

Max. sampling frequency for 32 

channels 

30 kHz 

Resolution 16 b 

Gain 192 

Input-referred noise 2.4 µVrms 

Interface SPI 

 

 
Fig. 3. Acquisition stage. 

Transparency highlights the cut-outs 

for access to the MEA and backlighting. 

A. Side view. B. Top view. Notations 

consistent with Fig. 1. 1. 2x Intan 

RHD2132 amplifiers. 2. Electronic 

board for routing signals from standard 

2.54 mm connectors to Omnetics nano-

strip. 3. MEA clamp. 4. Electronic 

board for routing signals from pogo-

pins to standard 2.54 mm connectors. 5. 

MEA. 6. MEA socket. 



Two electronic boards for signal routing were fabricated. The first board (4 in Fig. 1) 

makes use of pogo-pins to contact the sixty MEA pads and re-routes them to standard 

2.54 mm connectors. The second board (3 in Fig. 1) re-routes the signals from the latter 

2.54 mm connectors to two male Omnetics nano-strip connectors (termed Ports A and B) 

compatible with the Intan preamplifiers. Additionally, an easily accessed switch allows to 

connect pin #15 to the ground, as it is used as a reference electrode in MCS’s MEAs. Note that, 

due to MEAs having only 60 electrodes and two preamplifiers having 64 channels, four pins of 

the preamplifier connectors are permanently grounded (Port B, inputs 0, 1, 30, 31). 

To assess electrical performance of the acquisition stage, the mean RMS noise and 

mean DC offset were measured. All channels were grounded using a ground plate in place of 

an MEA, and measurements were conducted in three different running conditions: 1) with 

temperature control disabled (but LCD screen and user controls active), 2) with temperature 

control enabled, and 3) with power cut-off from the thermal controller (i.e. only the 

preamplifiers are powered via SPI). Results are shown in Fig. 5 below, showing very low, 

invariant DC offset as well as very little variation in input-referred noise, marginally affected 

by temperature control and very close to that advertised by Intan (2.4 µVrms). Power Spectral 

Density (PSD) analyses of recordings reveal spectral lines indicative of periodic noise. As shown 

in Fig. 5, this noise can be attributed to both the Intan preamplifiers and the thermal 

controller, as some lines are already present without temperature control. It is however easily 

filtered and, as shown later in I.6, does not hinder recording and processing. 

 

A 

 

B 

 
Fig. 4. Noise and offset metrics on all electrodes with temperature control 

disabled (TC OFF), temperature control enabled (TC ON), and with no 

electronics active except Intan preamplifiers (Preamps only). A. Mean RMS 

noise. B. Mean DC offset. 

 



 

  

 
Fig. 5. Power spectral density (PSD) of one grounded channel with A. no electronics 

active except Intan preamplifiers, and B. with temperature control enabled. Experimental 

data were recorded at as sampling rate of 10 kHz. 



I.5 Thermal controller 

I.5.a Implementation 

The heating element for temperature control consists of two 20 Ω high power resistors (CGS 

MPC5 200J) in parallel, glued to the bottom of an aluminium plate. Located underneath the 

MEA, it acts as a thermal diffusor. Temperature is measured with an LM35 temperature sensor 

located underneath the aluminium plate, at a distance from the heating elements (see Fig. 2). 

As shown on the principle scheme in Fig. 6, the controller is digitally implemented in an 

ATMEGA 328P microcontroller, which interfaces the sensor and heating element with their 

respective conversion and PWM (Pulse Width Modulation) driver analogue stages. 

 

 

 
Fig. 6. Principle scheme for the temperature control loop. Schematics for the 

power stage, decoupling, user interface, and the ATMEGA microcontroller’s 

electrical environment are not represented. 

Table 3 : Temperature control properties 

Hardware properties 

Measuring temperature 

range 

0 - 149.25°C 

Measurement bit depth 10 bits 

Resolution 0.14576°C 

Sensor type LM35 

Heating element (2x 20Ω in 

parallel) 

Controller properties  

Controller proportional gain 12.468 

Controller integral time 

constant 

2808.2 s 

Sampling frequency 2 Hz 

Target range 30 - 40°C 

 



With very few sources for disturbances, the controller was implemented as 

Proportional-Integral (PI). Its parameters were identified for maximum stability and absence 

of overshoot to reduce risks of overheating the islets. Its parameters are shown in table 3 and 

its digital implementation in eq. (1) below, where 𝑈[𝑘] is the PWM command at state 𝑘, and 

𝐸 is the error. 

𝑈[𝑘] = 𝑈[𝑘 − 1] +  12.46888705 × 𝐸[𝑘] −  12.466667𝐸[𝑘 − 1] (1) 

 

I.5.b Configuration 

The controller’s target may be configured between 30 to 40°C using two push buttons that 

increase or decrease it by steps of 0.5°C. Additionally, pushing both buttons simultaneously 

will toggle temperature control ON or OFF. User instructions and measured temperature are 

displayed in real-time on the LCD screen. 

I.5.c Measurements 

The step response of temperature control was measured using SYAM’s internal temperature 

sensor and a type K temperature probe at the centre of the MEA’s culture well. The plate’s 

temperature equilibrates at 37°C after roughly 900 s, but the well’s temperature only reaches 

32.8°C. This temperature is however sufficient for experiments (in the same experimental 

conditions MCS’s temperature controller only reaches 34.4°C). Moreover, temperature in the 

culture well is highly dependent on the MEA’s geometry: we utilize coverslips n the well that 

help reduce evaporation and are expected to also help retain heat. Still, we are designing an 

alternative heating plate with increased contact surface with the MEA in hope of gaining an 

extra few degrees. 

 

 

Fig. 7. Step response of 

temperature control during 

system startup at room 

temperature. 

I.6 Experimental validation 

The system was validated during an experiment where murine islets were recorded in a 60-
electrode MEA with PEDOT electrodes. Of all the electrodes, 16 exhibited clear islet activity, 
consistent with is observed with the MCS system. Despite a lower signal-to-noise ratio 
recorded signals showed clear action potentials and slow potentials (showed in Fig. 8 below) 
perfectly exploitable by our detection algorithms, indicating that SYAM is indeed a viable 
replacement for MCS systems in our project. 



 

  

 
Fig. 8. Representative waveforms recorded with SYAM. Events were detected offline. A. Slow potential waveforms, 

normalized in time, superimposed, and averaged over 430 slow potentials from one electrode, at culture medium. Mean slow 

potential period was 1.40 ± 0.12 s. B. Action potential waveforms, superimposed and averaged over 2226 action potentials 

from one electrode, at culture medium. 

 
Fig. 9. Representative recorded with SYAM. Slow potential frequency recorded during a static experiment on pedot 

MEA. Islets were stimulated with human serum adjusted to different concentration of glucose. 

 



II Signal processing 

The hardware acquisition and processing system has been upgraded from the Multimed 

system [1] that was used for the preliminary results. Multimed is a system that is capable of 

acquiring and processing signals from various source materials, with a reconfigurable 

processing architecture taking advantage of an FPGA (Field Programmable Gate Array) chip. 

Recorded signals can then be displayed in real-time, stored, or utilized to generate feedback 

stimulation triggers. Overall, it may be used as a standalone analysis station for fundamental 

research or as a prototyping architecture for implantable prosthetics. 

Multimed’s architecture design is primarily motivated by the real-time constraint 

(processing multichannel data with low and reliable latency). This resulted in the 

implementation of two separate functional groups, as highlighted in Fig. Erreur ! Source du 

renvoi introuvable., with different aims and different levels of constraint. One group is the 

processing chain, a sub-architecture responsible for critical real-time signal processing. It 

performs operations on input signals with fully pipelined or parallelized algorithms with 

predictable and reliable latency. The other is the interface group, which is responsible for 

managing configuration, recording, and display. It constitutes an environment that controls 

processing and distributes data between peripherals. It does not take part in signal processing, 

and consequently, it has a weaker time constraint. This flexibility in latency and refresh rate 

justifies the use of a softcore processor, which in turn, facilitates development.  

 

For the new version, we re-used the real-time processing architecture that proved to 

be relevant, but we updated the acquisition part. The upgrade decision is dictated for both 

technical and scientific reasons. First, a custom acquisition platform makes no more sense 

when the state of the art provides commercial analogue front-ends that fit our need. Secondly, 

using a maximum of commercially available boards in the system makes it both easier a 

cheaper to reproduce the experimental setup. 

 
Fig. 10. High-level data flow of Multimed, as implemented in the FPGA. The generic processor (GP) 

is separate from the data processing chain and only helps as a means of communicating and configuring. 

All of the digital processing modules feed off the same data bus (Experimental data), minimizing 

dependencies and facilitating complex connections. 



We chose to use the hardware front-ends from INTAN, both for their flexibility and the 

extensive documentation this company provides for its devices. Its RHD2xxx series contains 

acquisition devices capable of unipolar or bipolar amplification/measurements, and up to 128 

input channels for unipolar inputs. The system currently uses the RHD2132 modules for 

amplification and digital acquisition which features 32 unipolar inputs and converts up to 

1 Msamples/s with a 4 µV quantum. 

The system is still designed around a FPGA (Field Programmable Gate Array) which holds side 

devices control and hardware real-time computing (see Fig. Erreur ! Source du renvoi 

introuvable.). We choose a commercial board from Digilent for its large choice of extension 

modules (Pmods) which include SDcard sockets for data storage. Although the current design 

is based on a NEXYS-4-DDR board which features an Artix-100 FPGA (a student prototyping 

system), switching to much larger devices is possible as soon as needed thanks to the 

modularity of the system. 

 

RHD2xxx series modules require specific LVDS (Low Voltage Differential Signals) wires for 

control and data retrieval. Although modern FPGAs can handle such standards, the way Pmod 

connectors are implemented on the board is not compatible. Therefore, we designed the 

SPINTAN board, a conversion board that switches connection standards from CMOS 3.3 V (the 

standard and robust way FPGA handle their inputs/outputs) to LVDS. This board requires one 

Pmod connector for FPGA connection and features two connectors for RHD2xxx control. It is 

therefore possible to acquire up to 256 unipolar inputs with a single SPINTAN board controlling 

two 128-channel RHD2xxx devices. 

The only custom board is the SPINTAN board, shown in Fig. Erreur ! Source du renvoi 

introuvable.  which is relatively simple and cheap, other board being commercially available. 

The full setup is simple to maintain and replicate. Most of the design time is focused on the 

FPGA configuration, the control software and the mechanical system. 

 

 

 
Fig. 11. Description of the electronic setup for the real-time acquisition and 

processing platform. 

 
Fig. 2. Photograph of the SPINTAN 

board 



 

[1] A. Pirog et al., “Multimed: An integrated, multi-application platform for the real-time recording and sub-
millisecond processing of biosignals,” Sensors (Switzerland), vol. 18, no. 7, 2018. 
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Design of a simple microfluidic chip adapted to 
OECTs: Manuscript n°5 

 

Recordings of electrical activity can be made with classical electrophysiology techniques using 

intracellular electrodes, such as the patch-clamp, which is a very powerful method for studying 

the unitary currents of particular channels. But it has several limitations that make it difficult 

to use and incompatible with the study of islets over long periods of time. These limitations 

can be overcome by using extracellular recordings, such as microelectrode arrays (MEAs). This 

type of recording does not damage the cells and allows them to be studied over long periods 

of time.  

Flexible organic electronics are opening up new possibilities by improving extracellular 

recordings such as the organic electrochemical transistor (OECT). Their electronic/ionic 

conductivity allows richer electrical recordings and amplification of local signals with an 

excellent signal to noise ratio. They have already been used with neuronal and cardiac cells. 

Based on this observation, OECTS should therefore allow their use with other electrogenic 

cells with low amplitude signals, such as pancreatic β cells. Furthermore, these polymers can 

be printed on rigid or flexible substrates, which opens the way for their implementation in 

devices such as organ-on-chips. Another possibility is to make the OECTs specific to ion types, 

which would further improve the quality of the information collected by identifying the 

specific involvement in the signals of different channels. This line of research and development 

is being carried out in the laboratory within the framework of ANR Multispot funding to 

develop ion-sensitive polymer OECTs. 

 This OECTs approach has never been used for islets. OECTs are not industrialised and are 

"home-made". They are vertical OECTs that have never been tested with excitable cells. These 

OECTs have very good performance and show good amplification and quality of the recorded 

signals. However, the in-house production of these devices leads to heterogeneity between 

devices. The stability of the performance of OECTs over the long term and in contact with 

biological substrates is crucial to perform quantitative biological studies over several days. 

Indeed, in the literature, only short-term studies, of the order of a few milliseconds, showing 
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biological validity are present. The behaviour of excitable cells and their signals according to 

different electrical parameters (VDS, VGS) has never been fully studied to date. Finally, no 

commercial circuit for processing biological signals via OECTs is yet available.  

In this manuscript, OECTs were first characterised in detail by studying their performance in 

several ranges of VDS, VGS, without cells, for several days and under different electrolyte 

conditions. Electronics specialists from the Material to System Integration (IMS) in Bordeaux 

developed a microelectronic board, intended for electrophysiological recordings, which 

converts and amplifies the IDS current of the OECT into an analysable potential.  

The circuit was first validated with cardiac clonal cells (HL-1) having spontaneous electrical 

activity, with large amplitude action potentials and a very good signal-to-noise ratio. These 

studies on cardiac cells made it possible to test the stability of the biological preparation 

according to the electrical polarisation conditions of the vertical OECTs. In a second step, the 

electrical activity of the islets of Langerhans was recorded on the OECTs. These recordings 

showed slow potentials (SPs), and action potentials (APs). The frequency of APs and SPs is 

significantly increased at 11 mM high glucose compared to 3 mM low glucose. 

 Within this manuscript, my contribution has been the development of a PDMS microfluidic 

well adapted to the structure of OECTs, Figure 7, as well as the development of a protocol for 

aligning the microfluidic device to the OECTs, which do not allow alignment of the PDMS chip 

via oxygen plasma activation. I also developed an islet seeding protocol suitable for the use of 

microwells on transistors.  

 In conclusion, the laboratory developed microelectronic circuitry for monitoring electrical 

signals of excitable cells recorded by OECTs and carefully standardized electrical parameters. 

The heart cells allowed to validate the conversion circuit and to determine the parameters of 

detection of the signals with optimal signal/noise ratio.  

In the perspective of my thesis project, this new approach by OECTs allows to consider 

alternatives to the costly use of MEAs while allowing a recording of the electrical activity of 

the islets with an optimal signal-to-noise ratio. The possibility of printing transistors on flexible 

materials also has multiple advantages in the development of a medical device such as the 

islet-based biosensor. Finally, this work opens the use of OECT for biomedical use beyond its 

original applications to biological systems of high amplitudes. 
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Electrical signals are fundamental to key biological events such as brain
activity, heartbeat, or vital hormone secretion. Their capture and analysis
provide insight into cell or organ physiology and a number of bioelectronic
medical devices aim to improve signal acquisition. Organic electrochemical
transistors (OECT) have proven their capacity to capture neuronal and cardiac
signals with high fidelity and amplification. Vertical PEDOT:PSS-based OECTs
(vOECTs) further enhance signal amplification and device density but have
not been characterized in biological applications. An electronic board with
individually tuneable transistor biases overcomes fabrication induced
heterogeneity in device metrics and allows quantitative biological
experiments. Careful exploration of vOECT electric parameters defines voltage
biases compatible with reliable transistor function in biological experiments
and provides useful maximal transconductance values without influencing
cellular signal generation or propagation. This permits successful application
in monitoring micro-organs of prime importance in diabetes, the endocrine
pancreatic islets, which are known for their far smaller signal amplitudes as
compared to neurons or heart cells. Moreover, vOECTs capture their
single-cell action potentials and multicellular slow potentials reflecting
micro-organ organizations as well as their modulation by the physiological
stimulator glucose. This opens the possibility to use OECTs in new biomedical
fields well beyond their classical applications.

M. Abarkan, E. Puginier, M. Raoux, J. Lang
UMR CNRS 5248 (CBMN, Chemistry and Biology of Membranes)
Univ. Bordeaux
Av Geoffroy St Hilaire, Pessac F-33600, France
E-mail: jochen.lang@u-bordeaux.fr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202105211

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202105211

1. Introduction

Electrical signals in cells and micro-organs
provide the base for key biological events
such as brain activity, heartbeat, or vital
hormone secretion. Their capture allows
not only crucial insight into physiological
phenomena but also opens the possibility
to develop diverse biosensors for continu-
ous monitoring and consecutive therapy.[1,2]

Electrical signals are generated by single
cells as action potentials and also by cell
groups, regions, or micro-organs as field po-
tentials in defined regions or micro-organs
that can be recorded extracellularly.[3] Con-
comitant multi-parametric analysis of these
electrical signals not only provides in-
sight into the activity of a given cell but
also informs about higher organizational
modes.[4,5] Although extracellular record-
ing configurations do not provide the same
richness in information as intracellular
recordings, this approach keeps the bio-
logical substrate intact, does not disturb
metabolic events underlying or shaping
electrical activity and permits long-term
recordings necessary to understand physi-
ological function and for the development
of biosensors.
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Electrical signals offer several advantages as compared to other
activity read-outs. Indeed, electrical signals are easier to analyze
and quantify and moreover, in contrast to imaging, far higher
sampling rates are feasible and optical probes are not required.
This avoids problems such as the use of transgenics or organic
molecules with inherent difficulties in their tissue or micro-organ
penetrance and potential genetic bias as well as ensuring gen-
eral applicability in human tissue. Fluorescence bleaching or heat
generation is not an issue in recording electrical signals and
all components are well suited for miniaturization.[6] The sig-
nal to noise ratio (SNR), however, poses a major issue in elec-
trical recordings. Although this may be less prominent in neu-
rons or cardiomyocytes which are endowed with depolarizations
of considerable amplitude, other vital cells of the body, such
as endocrine cells, depolarize only to far smaller amplitudes.[7]

Coating metal electrodes with the conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) of-
fers some improvement in extracellular recordings, however the
recording of biologically important small action potentials by
MEAs remains difficult.[5,8] Some transistor technologies offer
an attractive means to address this problem as signals are am-
plified directly at the source by their intrinsic voltage-to-current
conversion, thus reducing noise in contrast to classical metal
electrodes.[9] The recent developments in organic electrochem-
ical transistors (OECTs) offer unprecedented versatility in terms
of fabrication methods, sensor geometry, miniaturization, sta-
bility in aqueous environments, cell or tissue interaction, and
low-cost printing.[10] The geometry of the OECT itself also pro-
foundly influences the behavior of the transistor and notably ver-
tical OECTs (vOECT) exhibit very high transconductance as well
as good cut-off frequencies.[11,12] Moreover, the vOECT geometry
favors device density, an important advantage in future minia-
turization and development of high-density arrays for improved
spatial resolution.

OECTs are promising tools for fundamental research and as
components of biosensors or biomedical devices. Their remark-
able characteristics have been used in the field of classical bioelec-
tronics, that is, brain or heart recordings, to gain insight using
EEG- or ECG-like configurations, and taking advantage of their
favorable biocompatibility and form factor.[13] Moreover, success-
ful uses of OECTs have been reported for neural probes as well as
in cellular recordings of cardiomyocytes, yet some important is-
sues remain to be addressed.[14–22] Long-term quantitative obser-
vations of living material rely on the assumption of operational
stability of OECTs over a prolonged period of time. While phys-
ical stability has been reported previously this issue has often
not been addressed quantitatively for prolonged polarized states
with few exceptions.[16,23–25] Moreover, the fabrication of OECT
multichannel devices entails some variation between the probes,
which have to be controlled or equalized. For example, this may
be achieved via corresponding calibration of the electrical circuits
to provide meaningful quantitative read-outs in long-term exper-
iments. To account for transistor properties, a parameter extrac-
tion methodology is required. Finally, electrogenic cells generate
signals of different amplitudes. Neurons or cardiomyocytes de-
polarize to considerably larger values (+40 mV) than endocrine
cells, such as the islets (0 mV), required for nutrient homeostasis
and a major player in diabetes.[7,26,27] Here we demonstrate the
possibility to fully exploit the potential of OECTs in fundamen-

tal research and potential biomedical applications through their
use with micro-organs such as the islets, which are inherently far
more difficult to monitor.

2. Results

2.1. Chip Geometry and Vertical OECT Electrical Performance

The vOECTs used here have source and drain gold contacts in
different planes (Figure 1). This vertical configuration allows ar-
ranging a higher number of transistors in a given geometrical
area, thus increasing the spatial resolution (Figure 1A,B). The
maximal transconductance, gmax, which defines amplification po-
tency, is inversely related to channel length, which can be con-
siderably reduced to sub-micrometer dimensions in the vertical
arrangement.[11,12] As shown in Figure 1B, our chip consisted of
12 vOECT channels and 12 electrodes on each side of the midline
of the device (for details on electrodes, see Figure S1, Supporting
Information). Steady-state characterization of the transistors was
performed by measuring vOECT output and transfer characteris-
tics (Figure 1C,D), demonstrating p-type characteristics with the
expected excellent maximal transconductance gmax of ≈20 mS as
reported previously.[12]

2.2. Electronic Board for Data Acquisition

Multichannel hardware is currently not commercially available to
connect sensor devices, provide transistor voltage bias, and con-
vert OECT drain currents into readable voltage signals. We there-
fore developed a custom board which also addresses variability
among channel transconductances that may interfere with inter-
pretation of analyzed biological signals. For this reason we in-
cluded individually tunable drain–source voltage biases to gain
homogeneity (Figure 2A). Adding a device specific connection
board, which we termed ROKKAKU, allows adaptation to dif-
ferent OECT chip layouts, and fabrications schemes. The con-
nection board matches the positions of all OECTs and electrodes
present on a sensor device to record all signals simultaneously
(Figure 2B).

Subsequently, a polarization and conversion board, named
CHOSEI, allows the conversion of currents measured by the
OECTs to voltages for further acquisition by conventional acqui-
sition hardware (here INTAN) through means of a 560 Ω load
resistor, as well as the adjustment of the drain–source polariza-
tion voltage for each OECT channel (Figure 2B, Figure S2, and
Table S1, Supporting Information). An output connector with 24
pins on the board plugs connects the OECTs and electrodes to an
INTAN recording system. Importantly, ROKKAKU/CHOSEI can
be used for vOECT characterizations, stimulations, and electro-
physiological recordings. Details of the setup and use in various
experiments are given in Figure S2 and Table S1, Supporting In-
formation.

The output characteristics of the transistor were determined as
shown in Figure 2C. The boards did not distort by saturation or
non-linearity the observed drain current IDS as a function of volt-
age VDS for the tested gate voltages VGS. To address channel-to-
channel variations in performance and to permit a uniform VDS

Adv. Sci. 2022, 2105211 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105211 (2 of 13)



www.advancedsciencenews.com www.advancedscience.com

Figure 1. Structure and physical performance of vertical PEDOT:PSS OECT devices. A,B) Cross-sectional view (A) and top view (B) demonstrating the
layout of the transistor with a common source but individual drains and the layers dimensions: l, the parylene-C layer thickness between drain and source
contacts (750 nm); d, the PEDOT:PSS layer thickness (600 nm). Φi and Φo, inner well and outer well dimensions, respectively. An Ag/AgCl gate electrode
inside the electrolyte solution is used for each experiment. C) Photograph of the device (scale bar: 2 cm) with the common source visible (see arrow)
and layout showing 12 OECTs and 12 electrodes in each side of an OECT array as well as dimensions. D) Output characteristics of a vertical PEDOT:PSS
transistor in physiological solution showing the drain current IDS as a function of drain voltage VDS ( = −0.4 V) for gate voltages VGS varying from −0.2
to 0.4 by 0.05 V steps. E) Transfer curve and resulting transconductance at VDS = −0.4 V.

for all OECT channels on a given array, we adjusted the drain–
source voltage bias of each OECT channel to the same VDS via
the CHOSEI potentiometers.

As shown in Figure 2D the application of a supply voltage
common to all load resistors results in a considerable scatter-
ing of VDS by ≈30% between the extrema. In contrast, individ-
ualization of supply voltages by fine tuning with CHOSEI’s po-
tentiometers biased every OECT at VDS values that varied only by
5% (Figure 2D). A variation of 30% can substantially alter quan-
titative read-outs in terms of recorded cellular signals (for exam-
ple see variation of VDS −0.1 versus −0.2 V in Figure 5B). We
also compared the noise of resistors of values equivalent to the
drain–source junction of the vOECTs in the dry vOECTs or in the
wet setup of vOECTs or electrodes seeded with HL-1 cells (Figure
S3, Supporting Information). Thus, the board will provide truly
comparable read-outs in terms of amplitude without adding ad-
ditional noise and maximum sensitivity is not limited by transis-
tor noise. Subsequently we tested our electronic setup by using
simulated biological signals by imposing electric pulses via an
electrode present on the chip and recording either via electrodes
or via vOECT channels (Figure S4, Supporting Information). The
output signals recorded with OECTs clearly have signal-to-noise
ratios superior to those captured by electrodes.

2.3. Electrical Performances and Stability of the Vertical OECTs

In order to evaluate whether vOECTs can be used for cell or
micro-organ recording and we measured the electrical perfor-
mances in KCl solution, physiological buffered salt solution as
well as culture medium containing serum, without or with coat-
ing of devices with extracellular matrix that improves cell adhe-
sion. The vOECTs were stable for up to 10 days during these
short-term measurements at VGS from −0.2 to 0.4 V (Figure S5,
Supporting Information).

Meaningful biological experiments require recordings over
hours at least, so we consequently evaluated the stability of the
vOECTs for consecutive measurements comparing ranges of bias
voltages and maintain drain–source polarization in between mea-
surements (Figure 3 and Figure S5, Supporting Information).
The transfer curve and the transconductance at VDS −0.4 V, for
VGS varying from −0.2 to 0.6 V are considerably decreased during
a second measurement after 10 min constant bias at VDS = 0.4 V
(Figure 3A), as compared to a narrower range of VGS varying only
from −0.2 to 0.4 V (Figure 3B). However, using a longer active
time range of 4 h, electrical performances for VGS varying from
−0.2 to 0.4 V were also decreased and full stability was attained
only when VGS variation were reduced to 0 to 0.2 V (Figure 3C,D).
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Figure 2. Electronic board for data acquisition. A) Block diagram of the acquisition process and data flow. The designed hardware connects the sensor
device, allows voltage bias application to the transistors, adjusts the drain–source voltage bias, and performs the conversion of drain currents from
the OECTs into voltage signals. Recording files, saved in INTAN format (.rhd) are converted to Spike2 format (.smr) for analysis. B) Working setup
for recording: system hardware components and their connections to record 24 OECT channels simultaneously. The device-specific connector board
ROKKAKU connects all OECTs and electrodes to the CHOSEI board which permits coarse and fine tuning of the drain–source voltage bias for each
channel and converts IDS to an analyzable voltage signal. C) Output characteristics of the board with the transistor drain current, IDS as a function of
negative and positive drain voltage, VDS ( = −0.4 and −0.4 V) for a gate voltage, VGS ( = −0.2 and 0 V). Inset: output characteristics of the transistor
with the drain current, IDS as a function of negative and positive drain voltage, VDS, for a gate voltage, VGS from −0.2 to 0.4 V. VDS corresponds to the
value indicated by the Agilent voltmeter (Figure S2E, Supporting Information) and was obtained by common coarse tuning (via the J8 jumper), then
individualized fine tuning via the corresponding potentiometers connected individually to each of the load resistors until the desired VDS was obtained.
D) Drain–source voltage bias (here set to VDS = −0.2 V) of OECT channels with or without adjustment by CHOSEI. Means ± SEM; Mann–Whitney test;
*2p < 0.05; N = 6.

Subsequently we used this gate range to evaluate vOECTs
with cells for stability. For these experiments we employed first
the established cardiomyocyte-like cell line HL-1 as a model
since OECT recordings with such cell types have been pub-
lished previously.[16–18,28,29] Moreover, these atrial cardiac muscle-
derived HL-1 cells are well known to maintain the cardiac-specific
phenotype and action potentials during the culture period.[30]

The vOECTs used in this series of experiments were character-
ized before cell seeding, during culture of HL-1 cells on the chip,

and after removal of cells. To evaluate the uniformity of maximal
transconductance gm all channels of an array were measured (Fig-
ure 4). The gm for all vOECT channels was stable and amounted
to ≈20 mS before cell culture, that is, in the presence of physio-
logical buffered salt solution. Culturing the HL-1 cells for 6 days
led to a uniform reduction of gm to ≈10 mS. We attribute these
changes to the adherent confluent layer of cardiomyocytes, which
introduce an additional resistance in the electrical circuit and im-
pede the diffusion of ions.[31–34] The observed reduction persisted
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Figure 3. Influence of voltage bias on the stability of vertical OECTs performances in physiological buffered salt solution. A) Transfer curves and resulting
transconductances for two consecutive measurements at VDS −0.4 V, for VGS varying from −0.2 to 0.6 at 0.05 V steps. Measurements were separated
by 10 min pause under constant VDS −0.4 V. B) Analogous conditions same as (A) but VGS varying from −0.2 to 0.4 V. C) Analogous conditions as in
(A) but varying VGS from −0.2 to 0.4 V and measurements after 4 h of constant polarization. D) Same as in (A) but varying VGS only from 0 to 0.2 V at
t0 (initial measurement) or after 4 h of constant polarization. N = 6, means + SEM. Experimental details see also Figure S5, Supporting Information.

after the removal of cells, probably due to the known presence of
residual proteins (Figure 4A–D).

As gm does not change between culturing cells and after re-
moval, vOECTs can be reused if specific electrical conditions are
applied, as permitted by the electric board described above. The
impedance of each OECT channel before recording (with and
without cells) and after recording experiments (Figure 4E) was
in line with differences introduced by characterization in the ab-
sence of cells, some decrease in performance in the presence of
cell layers, and some deterioration due to usage. Note that cell
density does not change during the short experiment time.

2.4. Monitoring Electrical Activity of HL-1 Cardiomyocytes

To investigate the stability of the biological preparation on the
array along with various voltage biases, cardiac cells were used
first. The action potentials were measured after 6 days of cul-

ture on vOECTs to ensure spontaneous electrical activity. Trans-
fer curves and the resulting transconductance values of vOECTs
covered with HL-1 cells indicated gm,max at VGS = 0.2 V, which in-
creased from VDS −0.1 to −0.3 V (Figure 5A). We gradually tested
these different ranges of polarization with increasing/decreasing
sweeps of VGS from 0 to 0.2 V and representative traces are given
in Figure 5B. At VDS = −0.3 V and, VGS = 0.2 V signals from HL-
1 cells were lost and the confluent cell layer was disrupted. We
believe that this occurred subsequent to damage of the vOECT
above VDS =−0.3 V/VGS = 0.1 V as upon return to VDS −0.3 V/VGS
0.0 V only large noise was recorded which is not consistent with
loss of vOECT-cell contact only. To reliably extract action poten-
tials, filters were chosen by parametric analysis. The detection of
action potentials by vOECTs or electrodes was robust over a large
range of the adaptive threshold 𝜎 with a high-pass filter of 10 Hz
and low pass filter of 100 Hz (Figure S7A,B, Supporting Infor-
mation). As cardiomyocyte action potentials are regularly spaced
in time, we could also evaluate their frequency from the inter-
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Figure 4. Performance and Stability of vertical OECTs before, during, and after culture of HL-1 cardiomyocytes. A) Transfer curve and resulting transcon-
ductance at VDS 0.4 V, for VGS varying from −0.2 to 0.4 V in physiological buffered salt solution before seeding cells on the vOECTs array, N = 12. B) In
culture medium with HL-1 cardiomyocytes seeded on vOECTs array, N = 10. C) In physiological buffered salt solution after removal of HL-1 cardiomy-
ocytes, N = 10. D) Summary plot of different imposed drain voltages on gm max and VGS with HL-1 cells in culture medium on OECTs array, N = 10. E)
Impedance of vOECTs without cells (in physiological buffered salt solution) and with cells (in culture medium) before electrophysiological recordings
and afterwards first with cells attached and then after removal of cells. N = 10–12. Given are means ± SEM; ANOVA and Tukey’s post-hoc analysis; *2p
< 0.05, **2p < 0.01, ***2p < 0.001.

spike interval (ISI) by identifying a Gaussian distribution (Figure
S7C,D, Supporting Information). The shape and amplitude of ac-
tion potentials under the different electric conditions is given in
Figure 5C and although obviously their amplitude differed, kinet-
ics remained comparable. The mean shape of action potentials at
VDS −0.2 V and VGS 0.2 V (Figure 5D) represents the precise in-
verse of action potentials captured by electrodes on the same chip.

As cardiomyocyte action potentials are regularly spaced in
time, we could also evaluate their frequency from the inter-
spike interval (ISI) by identifying a Gaussian distribution (Figure
S7C,D, Supporting Information). The shape and amplitude of ac-
tion potential under the different electric conditions is given in
Figure 5C and although obviously their amplitude differed, kinet-
ics remained comparable. The mean shape of action potentials at
VDS −0.2 V and VGS 0.2 V (Figure 5D) represents the precise in-
verse of action potentials captured by electrodes on the same chip.

Electrophysiological signals are measured by OECTs as current
fluctuations (IDS) which are in turn converted to a potential us-
ing our developed electronic boards, whereas electrodes directly
sense the potential. In this series of experiments, the SNR of
HL-1 APs is between 3 and 6 at optimal conditions (Figure 5E).
Importantly, the frequency of action potentials (≈1 Hz) did not
change during the different electrical conditions (Figure 5E),
whereas the amplitude was clearly most prominent at VDS −0.2 V
and VGS 0.2 V and changed according to maximal transconduc-

tance (Figure 5B,E). Note that values for VGS −0.3 V are only given
up to VDS 0.1 V due to transistor breakdown (see Figure 5B). Com-
parison to electrodes on the same devices indicated similar SNR
for PEDOT-covered electrodes, whereas mean amplitudes were
clearly lower (Figure 5F). The signal shape of action potentials is
determined by the different expression levels of several ion chan-
nels in the cell membrane and the apparent signal amplitude is
mainly influenced through the cell coverage by the sensor and the
cell/sensor resistance. Stability in action potential shape and fre-
quency strongly indicate that the electrical parameters used here
do not influence the biological behavior of the cells. Finally, we
evaluated the propagation of action potentials across the vOECT
channels on the chip. The maps show a stable direction of ac-
tion potential propagation at VDS −0.2 (Figure 5G) or −0.1 V
and VDS −0.3 V (Figure S5E, Supporting Information) before cell
and/or vOECT damage occurred in the latter condition. We also
observed a well-known rhythmicity of action potentials as well
as their sensitivity to nor-epinephrine and the calcium channel
blocker nifedipine (Figure S8, Supporting Information).

2.5. Monitoring the Activity of Endocrine Pancreatic Islets

After validating our electronic board and establishing the stable
drain–source and gate–source voltage bias region, we addressed
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Figure 5. Recording of HL-1 cardiomyocytes with vOECTs. A) Transfer curves and resulting transconductances of OECTs array covered with HL-1 cells
at VDS and VGS values used for recording of action potentials. B) Recorded spontaneous action potential at different VDS and a sweep of VGS. 5 s of
15 min recordings per condition are shown. At VDS −0.3 V, VGS 0.2 V damage to HL-1 cell layers was observed. C) Shapes of action potentials observed
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the recording of a more difficult biological sample on vOECTs,
that is, pancreatic islets. These primary micro-organs are non-
proliferating and known for action potentials of far smaller am-
plitude than cardiomyocytes and as a primary micro-organ they
are more demanding in terms of culture in contrast to cell lines.
The characteristics of vOECTs before, during, and after culture
were comparable to what was observed for clonal HL-1 cells (Fig-
ure 6A,B).

To test physiological function, islets on vOECTs were exposed
to either 3 mm glucose, at which the main type of islet cells,
that is, 𝛽-cells, are known to remain rather inactive, or to 11 mm
glucose where the intracellular metabolism of the sugar leads
to 𝛽-cell depolarization and secretion of the hypoglycemic hor-
mone insulin.[5,35] Interestingly, dispersed islet cell clusters of
these micro-organs exhibit two types of electrical signals sim-
ilar to neurons, action potentials generated by any single islet
cells and so-called slow-potentials, a spatial summation of co-
ordinated 𝛽-cell activity and coupling.[36,37] Using a bias of VDS
−0.1 V/VGS 0.2 V detected APs were well detected, whereas SPs
were apparent upon inspection of traces but could not reliably
be extracted (Figure S10A, Supporting Information). Action po-
tentials were absent at low glucose (3 mm), but appeared at high
glucose stimulation (11 mm) and similar to HL-1 cell recordings,
only action potential amplitude but not action potential frequency
was altered by applying different biases (Figure S10B, Supporting
Information). This suggests again that a change in biases alters
the transconductance but does not alter the behavior of the cells.
Observed frequencies were in line with previously published fre-
quencies recorded with micro-electrode arrays.[5,8] Using a bias of
VDS −0.2 V/VGS 0.1 V, we observed both APs and SPs (Figure 6C)
and high pass filter of 0.2 Hz and low pass filter of 4 Hz (4th
order) can be used under this voltage bias to detect and extract
robustly these SPs (Figure S11, Supporting Information).

We have also determined the mean shape of APs and SPs.
APs were of ≈100 ms duration, similar as described for MEAs,
and SPs were as expected of much longer duration. However, the
mean AP amplitude on vOECTs was 69 μV, whereas only 12 μV
has been published for islet recordings via MEAs.[5] Both, APs
and SPs, were glucose-dependent and faithfully reflect nutrient-
induced islet activation (Figure 6E,F). Note that only AP fre-
quency but not amplitude increased at stimulatory glucose lev-
els, as can be expected from a unitary signal. In contrast, in the
case of SPs both, frequency and amplitude, increased as the lat-
ter reflects electrical coupling between single 𝛽-cells, a hallmark
in the change of micro-organ organization at stimulatory glucose
levels.[5,36]

In order to investigate intact islet micro-organs as well, we set
up a simple microfluidic device on the OECTs to reduce liquid
volumes and ensure sufficient channel coverage (Figure 7B,C). A

change from culture medium, containing 11 mm glucose, to elec-
trophysiological buffer with 3 mm glucose, lead to a rapid drop in
activity (Figure 7A,D). Subsequent exposure to 8, 11, and 15 mm
glucose increased AP and SP frequencies in a dose dependent
manner, whereas their amplitude remained stable as expected
for unitary signals (Figure 7D–F). The increase in electrical activ-
ity was mirrored by increased insulin secretion. In contrast, the
non-metabolizable sugar 3-O-methyl-glucose or mannitol did not
elicit any electrical response excluding potential osmotic effects
and underscoring the specificity of the recordings.

3. Discussion

Extracellular recordings of cells or organs have considerably en-
riched our knowledge about their function as single units or
in networks. They have provided important operational medi-
cal devices and have considerable further potential for future
applications.[2] Within this field, organic bioelectronics are es-
pecially promising in view of their potential chemical variabili-
ties, tuneable physicochemical characteristics, mixed conducting
properties, and plasticity in form factors.[10] Variations in OECT
geometry, such as vertical OECTs, provide significant improve-
ments in general transistor characteristics useful for biological
signal acquisition.[12] Our study demonstrates now for the first
time the use of these vertical PEDOT:PSS-based OECTs (vOECT)
as biosensors to perform recordings of cells and micro-organs.
In our goal to provide physiologically meaningful quantitative
recordings our main findings include: i) electronic means and
characterization methodology to overcome unavoidable imper-
fections in the device production process; ii) carefully chosen po-
larization protocols under biological conditions; iii) the record-
ing and extraction of uni- and multicellular events in a micro-
organ, the endocrine pancreatic islets, with far smaller signal am-
plitudes than those recorded previously.

vOECTs are known for their high transconductance exceed-
ing those of planar devices by about a factor of 5, while simul-
taneously reducing the spatial footprint.[12] The sub-micrometric
size of the channel may increase the risk of electric breakdown,
however, and voltage biases had to be carefully adapted. Note
that often reported physical characterization parameters are ob-
tained during short (seconds) biasing. In contrast, physiologi-
cally meaningful recordings may span continuously from min-
utes to hours, such as during nutrient stimulation of pancre-
atic islets in-vitro, mimicking the effects of a meal and the post-
prandial period.[5] To obtain reliable vOECT function we had to
carefully titrate the conditions in different settings and to use
electrical parameters clearly below the optimal biasing regime
for maximum transconductance. Moreover, a culture of cells on
vOECT arrays reduced their performance by introducing an addi-

at conditions given in the left and middle panel of (B). Means, red lines; standard deviations, black; n = 8 channels. D) Comparison of extracted mean
configuration of HL-1 action potentials observed by vOECTs (VDS −0.2 V, VGS 0.2 V; n = 253 AP) versus electrodes (MEA; n = 314 AP); red, means; black,
standard deviations. For filters used, see Figure S7, Supporting Information. E) Top panel: SNRs of conditions used in (B) to (D). Middle panel: Action
potential amplitudes of HL-1 cells evolved at different VDS/VGS with a maximum at VDS −0.2 V, VGS 0.2 V. Lower panel: Action potential frequency of
HL-1 cells at different VDS/VGS remained stable. Means ± SEM; ANOVA, Tukey’s analysis; VDS −0.2 V versus VDS −0.1 V, * 2p < 0.05, *** 2p < 0.001;
VGS 0.2 V versus other VGS at same VDS, #2p < 0.05; N = 8. F) Analysis of recordings via electrodes on the same devices, N = 3. G) Analysis of action
potential propagation across the vOECT chip at VDS −0.2 and indicated VGS sweep. The pie charts indicate the relative occurrence of being first or last
action potential in a series of events (color code at the right). The size of solid squares in the pie chart indicates the mean time delay of the action
potentials.
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Figure 6. Recording of endocrine islet cells on vOECTs. A) vOECT Array with pancreatic islet cell clusters. B) Transfer and transconductance curves
at VDS −0.1 and −0.2 V at VGS −0.2 to 0.4 V of vOECTs with islets in culture medium. C) Representative raw and filtered recordings of islets at low
glucose (non-stimulatory, 3 mm) and high glucose (stimulatory, 11 mm) in physiological buffered ion solution at VDS −0.2 V and VGS 0.1 V. The different
time scales are shown as well as non-filtered and band pass filtered traces (0.2–4 Hz, 20–700 Hz). The presence of slow potentials reflecting islet 𝛽-cell
coupling are indicated. D) Average AP and SP at 15 mm glucose (VDS −0.2 V, VGS 0.1 V; mean in red and SEM in gray; AP mean amplitude 69 μV, n = 303;
SP mean amplitude 110 μV, n = 141). E,F) Action potential and slow potential amplitudes and frequencies at low glucose and high glucose stimulation
(VDS −0.2 V, VGS 0.1 V). Means ± SEM; paired t-test; **2p < 0.01, ***2p < 0.001; N = 9.

Adv. Sci. 2022, 2105211 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105211 (9 of 13)



www.advancedsciencenews.com www.advancedscience.com

Figure 7. Recording of islet micro-organs on vOECTs at different glucose concentrations and in the presence of non-metabolizable sugars. A) Stimulation
protocol with 3, 8, 11, or 15 mm glucose (G), in the presence of culture medium (CM; containing 11 mm glucose and amino acids) or in the presence
of non-metabolizable 15 mm 3-ortho-methylglucose (OMG) or 15 mm mannitol (MAN). B) View of islets seeded on vOECTs in a PDMS microfluidic
well. C) Enlarged view of islets on vOECTs just prior to recording. D) Time course of action potential (AP) and slow potential (SP) frequencies during
the stimulation protocol given in (A). Means in red, SEM in grey. E) Mean action potential frequencies and amplitudes during the indicated conditions.
F) Mean slow potential frequencies and amplitudes during the indicated conditions. In (E) and (F) means (horizontal bar) and SEM (vertical bars) are
indicated. Tukey post-hoc test; ***2p < 0.001 versus G3, ## 2p < 0.01 versus G11 or G8. #, 2p < 0.05 versus G8. Glucose concentrations (G3–G15) and
electrical activity were highly correlated (frequencies AP, r2 = 0.9852, p = 0.004; frequencies SP, r2 0.8528, p = 0.03). Insulin secretion raised from 0.91
± 0.19 ng/mL/15 min at G3 to 11.04 ± 0.18 ng/mL/15 min at G8 (2p < 0.001).
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tional resistive layer. This effect persisted even after cell removal,
probably due to the shedding of extracellular matrices. However,
even under those considerations, the maximum transconduc-
tance was still superior to those reported for planar OECTs in cel-
lular applications.[14–20] Note also that most reports on transcon-
ductances for planar OECTs used in cellular studies have not ad-
dressed this issue and it is often not always clear whether re-
ported values correspond to characterizations in the absence or
presence of cells, or the extent and duration of previous polariza-
tions. Our exploration of these issues stresses the importance of
carefully controlling those parameters in order to obtain quanti-
tatively reliable data over the entire recording period. In the same
respect, homogeneity of electrical bias is equally important for bi-
ological recordings as small differences in performance between
OECT channels may result in different amplification of the signal
of interest; this leads to errors in the determination of frequen-
cies due to missing events and errors in the comparison of ampli-
tudes. Detailed and quantitative electrophysiological work on cell
signalling and activity using OECTs is still missing despite the
multiple demonstrations of their potential usefulness. According
to previous studies the maximal transconductance gmax may vary
within an OECT chip by a factor of 1.2 to 5 and often this source
of error in biological recordings has not been reported.[17–18,22]

Clearly the development of tuneable boards here has resolved a
bottleneck.

The vOECT geometry makes them especially suitable for the
future generation of high-density electrophysiological probes
where each probe matches a single cell to obtain crucial spatial
information.[38,39] Note that so-called high-density MEAs consist
essentially of a multiplication of electrodes and thus recordable
surface but not a substantial improvement of spatial resolution.
Obviously, such a setup will only be meaningful if homogeneity
of maximal transconductances will either be ensured during pro-
duction, which most likely presents a major challenge, or if they
will be correctly tuned prior to experiments as in our case.

Interfacing biological substrate and organic materials consti-
tutes another important issue in obtaining reliable data. The
physicochemical properties of organic polymer transistors are
highly favorable for interaction with living cells and organs in
terms of tissue reactions and damage.[13,40] Indeed, PEDOT:PSS
has also been proven innocuous in tests on insulin-secreting
cells.[41] In addition, transient influences of the electrically biased
polymer on cell activity have to be ruled out. Interestingly, when
using different electric biases we did not observe any change in
frequency or signal propagation of the biological signals in ex-
citable cells such as cardiomyocytes or islet cells. In contrast,
recorded signal amplitudes varied as expected according to the
measured transconductance values. Our data are in line with ob-
servations made using direct electrical stimulation as well as con-
comitant recording via OECTs and optical detection of another
cell depolarization-induced intracellular signal, that is, increase
in free cytosolic calcium signals.[42] Thus, at least under the con-
ditions we used, it is highly unlikely that electrical activities of the
recorded cells were changed by the operational device.

The signal quality obtained from islet cells by recording with
vOECTs compare rather favorably to those obtained by another
extracellular approach, that is, multielectrode-arrays (MEA) con-
taining PEDOT:PSS covered electrodes. The unicellular action
potentials recorded by vOECTs under glucose stimulation show

similar frequency to those published, that is, in the range of 0.5
to ≈4 Hz, whereas the amplitudes captured by vOECTs largely
exceed the value of 12 μV reported for PEDOT carbon nanotubes
coated electrodes in MEAs which excluded their use of their am-
plitudes as a robust marker in contrast to amplitudes recorded by
vOECTs.[5,8] Similarly, the frequency of the multicellular slow po-
tentials is in line with previously reported data, where again the
amplitude was considerably larger by a factor of two to three as
compared to those previously captured by MEAs.[5,35,36,43] SPs are
of major importance as they are tightly related to insulin secre-
tion, they are deregulated in pathophysiological conditions and
their signature is capable of ensuring normoglycemia in a hu-
man in-silico model of an artificial pancreas as a read-out of glu-
cose levels.[5,44] Thus, the amplifying power of the vOECT clearly
improves detection, and in combination with the appropriate
tunable electronics, is now useable for experiments on excitable
cells or micro-organs of major medical importance such as islets,
known for their small signal amplitude.

4. Conclusion

Our data on endocrine islet 𝛽-cells considerably expand the use-
fulness of vOECTs in biological and biomedical applications. This
study demonstrates the excellent capacity of vOECT to simulta-
neously capture rapid signals, such as action potentials, as well
as slow signals such as multicellular slow potentials. Our work
also clearly demonstrates that not only cells or tissues with high
amplitude signal, such as neurons and cardiomyocytes, are ac-
cessible to OECTs, but also other electrogenic cells with low am-
plitude signals and well known for their pivotal role in human
homeostasis and in a major disease, that is, diabetes.[26,27] The
qualities of OECTs in general and of vOECTs in particular, open
interesting new possibilities. Non-invasive monitoring is crucial
for physiological long-term experiments to understand micro-
organ function. Their facile deposition, variability in form fac-
tors and biocompatibility may also provide more versatility to
microfluidic multi-organ chips.[45,46] Moreover, bridging bioelec-
tronics and human tissue has already provided proof of con-
cept for a number of fascinating future biomedical applications
in various pathologies.[47–50] OECTs may find an additional role
also in a bioinspired artificial pancreas, based on the nutrient-
stimulated electrical activity of islet cells, for bioelectronic organ
replacement.[43,44,51,52]

5. Experimental Section
vOECT Fabrication and Characterization: The fabrication process has

been reported previously.[12,14] Prior to cell culture devices were treated
with plasma (9.82 W/L) for 2 min to favor cell adhesion as described for mi-
croelectrode arrays.[53] Electrical characterization was carried out in phys-
iological buffered salt solution containing (in millimolar): NaCl 135, KCl
4.8, MgCl2 1.2, CaCl2 1.2-1.8, HEPES 10 pH 7.4 adjusted with NaOH) with
an Ag/AgCl pellet (Multichannel Systems, Tübingen, Germany) gate elec-
trode. A KEITHLEY 2612B dual channel Source Meter was used along with
custom LabVIEW software to carry out polarization measurements. The
measurement of drain conductance current (IDS) with changing VGS was
used in the calculation of the intrinsic transconductance, gm =ΔIDS/ΔVGS
and OECT characteristic curves were plotted using Origin software

HL-1 Cell Culture: HL-1 cells were kindly provided by M. Gramlich
(RWTH Aachen, Germany) and cultured according to published protocols
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in Claycomb medium (51800C, Sigma-Aldrich, Germany) supplemented
with 10% fetal bovine serum (FBS) (v/v) (Eurobio, Courtaboeuf, France),
100 U mL−1 penicillin and 0.01% (w/v) streptomycin (Invitrogen, Saint
Aubin, France), 0.1 mm norepinephrine (Sigma-Aldrich, Germany), and
2 mm L-glutamine (EMD Millipore, Germany).[28,54] The chip surface was
coated at 37 °C for 1 h with 0.02% w/v gelatine (EMD Millipore, Ger-
many) and 0.1% w/v fibronectin (F-1141, Sigma-Aldrich, German). Cells
were seeded as 50 000 cells/chip and electrophysiological recordings were
performed 6 days later at confluency.

Islet Isolation and Cell Culture: Islets from adult male C57Bl/6J mice
(10–15 weeks of age) were obtained as described.[5,35,36] Chip surfaces
were coated with Matrigel (2% v/v; BD Biosciences, San Diego, CA, USA)
and 100–200 islets were seeded at 37 °C (5% CO2, >90% relative humid-
ity) in RPMI medium (11 mm glucose, Thermo Fisher Scientific, Waltham,
MA, USA) for 5–6 days on OECTs as entire or as partially dissociated islet-
cell clusters (>10 cells per cluster). All experimental procedures were ap-
proved by the Ministry of Education and Research (no. 0 4236.01). To cul-
tivate islets in a small volume, a homemade microfluidic approach was
developed using a polydimethylsiloxane (PDMS) microwell, 3 mm in di-
ameter and 3 mm high. The PDMS was cross-linked at 10% and baked for
1 h at 100 °C before attaching it to the vOECT.

This chip consisted of a polydimethylsiloxane (PDMS) microwell 3 mm
in diameter and 3 mm high. The PDMS was cross-linked at 10% and baked
for 1 h at 100 °C before attaching it to the vOECT.

Extracellular Recording Setup: All measurements were performed at
37 °C with an Ag/AgCl wire as a pseudo-reference electrode in solution.
For HL-1 cells, the culture medium on the devices was replaced 30 min
before recordings by physiological buffered salt solution. For islets, extra-
cellular recordings were performed as described.[5,35–37] The experimen-
tal setup is composed of two multichannel and tunable electronic boards
designed to characterize the transistor as well as to measure and moni-
tor the biological signals. The first board (termed ROKKAKU) bridges the
non-standard connector of the sensor device to the second board (termed
CHOSEI), which controls polarization and signal conditioning. The polar-
ization circuits in CHOSEI allow via potentiometers for the adjustment of
the transistor drain bias to the same value. I/V converter circuits passively
convert the drain current signals into voltage signals using 560 Ω resis-
tors connected to the 12 OECT drains. The output connector gives access
to all measured signals from both electrodes and OECTs. Multichannel
analogue data were acquired using an INTAN system (INTAN RHD2132
Amplifier Board and controller INTAN RHD2000 USB Interface Board; par-
allel 24 channel signal sampling at 10 kHz/channel, amplifier bandwidth
0.1 to 3000 Hz). Boards were carefully designed to limit electromagnetic
interferences and all recordings were performed inside a grounded Fara-
day cage. Data were analyzed with MATLAB (MathWorks, Cambridge, UK)
and Spike2 software (Cambridge Electronic Design Limited, Cambridge,
UK).

Event Frequency Quantification and Filter Analysis: A 10–100 Hz
second-order Butterworth digital filter was used to extract representative
traces of HL-1 signals and to quantify AP frequencies and SNR. For islets,
SPs were extracted using a 0.2−4 Hz band-pass filter, detected using the
peak and threshold module of Spike2 (dead time 200 ms); APs were ex-
tracted using a 20−700 Hz band-pass filter, detected using the threshold
module of Spike2 (dead time 10 ms).

Parametric analysis of event detection was conducted for AP and SP,
where the cut-off frequencies varied within the range of interest for the
given event (20–700 Hz for APs, 0.2–4 Hz for SPs); the orders varied be-
tween 1 and 4, and the detection threshold varied according to signal-
dependent properties (adaptive threshold ranging from −6𝜎 to +6𝜎 for
APs, where 𝜎 is the signal’s standard deviation, and absolute threshold
ranging from 0.1% to 100% of the signal’s peak-peak amplitude for SPs).
For each filter, the threshold-dependent average event count was traced. A
plateau in the average event count indicates a region of confidence where
event detection is robust. The filter was chosen to maximize the width of
the confidence region.

An alternative method for the estimation of AP frequency was devel-
oped taking advantage of the regularity of APs in HL-1 cells. For a given
electrode, all interspike intervals (ISI) were computed and plotted on a

histogram. A Gaussian curve was fitted to the histogram (truncated be-
tween 0.6–1.2 s, where the average ISI is expected for HL-1 cells) using
non-linear least squares fitting solved by the Levenberg–Marquardt algo-
rithm. Although maximum likelihood estimation on a normal distribution
would have been best suited in ideal conditions, AP detection in poor SNR
conditions results in extraneous ISI peaks near 0 s and at multiples of the
average ISI that render maximum likelihood estimation unsuitable. All fits
with a coefficient of determination R2 < 0.5 were discarded. The average
ISI was estimated from the fitted Gaussian curve and inverted to derive
the average frequency.

Signal Propagation Analysis: Signals were down-sampled to 1 kHz, and
AP waveforms were isolated using a narrow 5–20 Hz band-bass Butter-
worth filter to minimize noise. APs were then transformed into waveform-
independent spikes using a 100 ms moving RMS filter. Rolling window
analysis (10 s window, 75% overlap) of cross-correlation between all pairs
of signals was then performed to extract the time delay between trains of
spikes (defined as the time offset where cross-correlation is maximum,
provided correlation at this point was greater than 0.7). The earliest spik-
ing electrode in each window, or “leader”, was identified, and the sequence
of the following trains of spikes was determined by sorting the time delays
relative to the leader.

Statistics: Results are presented as means and SEM. Following nor-
mality tests, Student’s t-test was used for paired data. ANOVA with Tukey
as a post hoc test were used for comparisons between more than two
groups.
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the author.
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Figure S1. Cross-sectional layout of an electrode and layer dimensions. d, PEDOT:PSS thickness; Φ, 

electrode dimension. An Ag/AgCl gate electrode is used in characterization and during experiments. 
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Figure S2. Electronic boards developed for characterization and recording experiments. A, B. Scheme 

of electronic circuits developed for vOECT characterizations and recordings. The drain-source and 

gate-source voltages are respectively applied to the drain and gate contacts directly. C. Setup used 

for vOECT and electrode characterization experiments. vOECTs and electrodes are connected to the 

CHOSEI board via the connection board (ROKKAKU). The drain-source bias and gate-source bias from 

a KEITHLEY source-meter are directly applied to the transistors. Note that biasing circuits and I/V 

converter circuits were not required for this kind of experiment. Ouput characteristics and transfer 

curves were measured using a KEITHLEY source-meter and custom LabVIEW program that also plots 

the data. D. Setup for biological signal simulations and validating experiments. An Agilent waveform 

generator generates standard waveforms (sine, square, pulse) inside the electrolyte bath through 

one electrode of the device. Input signals are detected by vOECTs before being converted and 

recorded. E. Setup used for electrophysiological experiments with a voltage amplifier and 

polarization adjustment circuits. The drain-source current is converted into a voltage signal via an I/V 
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converter circuit while the conditioning circuit adapts the drain-source bias. The source-meter 

KEITHLEY is used as a DC generator providing gate-source voltage and the power supply voltage for 

the polarization circuit and the I/V converter blocks. Signals from electrodes and/or vOECTs are 

conditioned by the voltage amplifier circuit and recorded via an INTAN RHD2000 System (RHD2132 

Amplifier Board and RHD2000 USB Interface Board for real-time observation of the signals). The 

drain-source voltage is continuously monitored by an Agilent voltmeter. F. Experimental set up gain 

and amplification factor. The sensor device contains both vOECTs and PEDOT:PSS coated metal 

electrodes to compare recordings by the two different technologies.  

The signal SE1 measured by electrodes is not conditioned by CHOSEI. As a result, the signal collected 

at the CHOSEI output connector is:            , with a unitary gain KE = 1. In contrast, voltages 

ST1 sensed by vOECTs generate a current dependent of the vOECT’s transconductance (gm). These 

signals undergo a I/V conversion resulting in voltages            where             

(where RLoad =     Ω is the load resistor of the I/V conversion circuit). For a typical transconductance 

value of 10 mS,         . All signals are then digitized by the INTAN RHD2132 board (with an on-

board gain of 192). They are finally transferred via SPI to the INTAN RHD2000 interface board, where 

they are made available for recording via USB. 
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Table S1. Specifications of the CHOSEI board. 

 

 

 

 

 

 

 

 

 

 

Specifications of CHOSEI

Name Description Value Unit

Voltages specifications

Vcc- Power supply voltage
Operating voltage Max

V
-5 -15

Vref AOP input voltage
Available voltages (Vcc- = -5 V)

V
-0.5 -1 -2

Vsupply_X OECT polarization voltage [0 – Vref ] V

Used components

U4/U5/U6/U8
Operational Amplifiers (TL08xx) as 

voltage followers

Operating voltage Max

V

Vcc-

5 -15

Vcc+

0 (ground)

RP
Voltage adjustment potentiometer 

(conditioning block (x12))
[0-50 k] Ω

RLoad
Load resistance (I/V converter 

circuits)
560 Ω

TPX Test point for OECT’s VDS voltage 12

J2
Terminal block (inputs : stimulating 

electrodes)
4 positions

J3
Header test male (inputs : OECTs 

signals)
2 x 8 positions

J4
Header test male (inputs : 

Electrodes signals)
2 x 8 positions

U3
OMNETICS connector (outputs 

signals: OECTs + Electrodes)
2 x 18 positions
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Figure S3. Electronic noise of the set-up. Noise was measured either (left-hand side, open symbols) 

with resistors of values equivalent to the drain-source junction of the vOECTs and compared with dry 

vOECTs or with wet setup (right-hand side, closed symbols) of vOECTs or electrodes seeded with HL-1 

cells and measured in buffer. The Intan RHD2132 preamplifier’s announced input-referred noise is 

also indicated. The equivalent resistance of every vOECT channel was evaluated by sweeping the 

drain-source voltage     from 0 V to -0.4 V by steps of -0.05 V and measuring the resulting drain 

current    . The equivalent resistance             was derived through least squares regression 

for every channel. Resistors of equivalent values were the put together by associating up to three 

through-hole silicon resistors in series to minimize error. These were then connected between the 

common source and the drain connector of their corresponding recording channel to model the 

drain-source junction of the vOECTs. The “drain-source” voltage was adjusted to -0.2 V for each 

resistor individually as is the case for biological recordings. All 12 channels were recorded 

simultaneously for 300 s. All resistors were removed and the actual vOECTs were connected in their 

place using their dedicated connector. The drain-source voltage was adjusted to -0.2 V for each 

vOECT individually and again, all channels were recorded simultaneously for 300 s. 
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Figure S4. Signal simulation for validation of the setup. The layout of the vOECT/MEA CHIP is shown 

(upper left) and recorded signals with corresponding numbers of OECT channels or electrodes as well 

as calculated SNRs. Electrical signals (200 mV, 10 ms, 1 Hz) were applied via electrode 13. 
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Figure S5. Stability of vOECT performance. Transfer curves and resulting transconductance at VDS = -

0.4 V in 0.1 M KCl for VGS (A) varying from -0.2 V to 0.6 V or (B) varying from -0.2 V to 0.4. Impedance 

(C-G) and gm,max (D-H) during repetitive short measurements over days (VGS -0.2 V to 0.4, sufficient to 

determine gm,max, and without polarization in between measurements). vOECTs were kept in 

physiological buffered salt solution (C,D), in culture medium at 37°C (E,F) or in culture medium after 

coating of vOECTs with cell adhesion matrix (Matrigel; G,H) as used in recordings of attached cells. 

Measurements in C-H performed on each vOECT channel are given by different symbols and colors. 

Statistics did not indicate any significant differences. 
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Figure S6. Experimental scheme of measurements given in Fig. 3. 1st and 2nd measurements in Figure 

3 correspond to “Measure 1” and “Measure 2”; t  corresponds to “Serie 1, Measure 1” and t4 h to 

“Serie 4”. For the sake of clarity only these points are depicted in Fig. 3. 
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Figure S7. Analysis of signals recorded from HL-1 cardiomyocytes. A. Parametric analysis of filters 

used to detect and extract action potentials recorded by metal electrodes (top) or by vOECTs 

(bottom). Detections by the combination of a high pass filter of 1 Hz and low pass filter of 100 Hz is 

given in black, was stable corresponding to a large span of the adaptive threshold σ and was used for 

all results shown; other combinations are depicted in grey. B. Representative trace of several 

adaptive thresholds σ for action potential detection. σ = -1 or 1 are not adapted because they are too 

close to the baseline thus picking false positives. C. Frequency evaluation method via the interspike 

interval ISI. The identified Gaussian shows a stable ISI during the recordings. D. Frequencies, 

identified using the ISI method (in D), are stable throughout the electrical conditions. E. Action 

potential propagation across the surface of the chip. Circle symbols represent electrodes, and square 

symbols represent vOECTs. Solid symbols indicate that the OECT or electrode recorded action 

potential activity. For each electrode, a pie chart indicates the distribution of spiking order in all 

measurement windows, and the size of the marker indicates the average delay of spiking relative to 

the leader. 
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Figure S8. Rhythmicity of clonal HL-1 cardiomyocytes and their regulation by norepinephrine and 

calcium channel blocker. A: Detail and geometry of an OECT with 6 channels. B: Recording of HL-1 

cells in the presence of 1 mM norepinephrine, channel numbers correspond to those in A. C: 

representative traces of recording via vOECT channels or via electrodes on the same chip. D and E: 

Action potential frequency (D) and amplitude (E) of vOECT (left panels) and MEA recordings (right 

panels). NE, norepinephrine, NIF, calcium channels blocker nifedipine, given are means and SEM;  

***, 2p<0.001 (Tukey post-hoc) vs. absence of drugs. 
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Figure S9. Performance of vOECTs before, during and after islet cell experiments. A. Transfer curves 

and resulting transconductances at VDS -0.4 V, for VGS varying from -0.2 V to 0.4 V in physiological 

buffered salt solution before seeding islet cells on the vOECTs array, means ± SEM, N = 11, B. same as 

A but with islet cells seeded in culture medium on vOECTs array, means ± SEM, N = 9, C same as B but 

after removal of cells and vOECTs kept in physiological buffered salt solution, means ± SEM, N = 9. D. 

Impedance before recording without cells (buffer, as in A), with cell seeded (culture medium, as in B), 

directly after recording with cells in culture medium or after removal of cells and addition of 

physiological buffered salt solution (as in C). Means ± SEM; ANOVA and Tukey’s post-hoc analysis; 

*2p < 0.05, **2p < 0.01, ***2p < 0.001; N = 9-11. 
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Figure S10. Analysis of signals recorded from pancreatic islets. A. Representative raw and filtered 

recordings of islets at low glucose (non-stimulatory, 3 mM) and high glucose (stimulatory, 11 mM) in 

physiological buffered ion solution at VDS = -0.1 V and VGS = 0.2 V. Given are different time scales as 

well as non-filtered and band pass filtered traces (20-700 Hz). B. Action potential amplitudes and 

frequencies at VDS = -0.1 V and indicated VGS sweep. Islets on vOECTs were exposed to low (3mM) 

glucose or stimulatory concentrations (11 mM). Means ± SEM; paired t test; ## (11 mM) or ** (3 

mM) 2p < 0.01 as compared to VGS = -0.2 V, * (3 mM) 2p < 0.05 as compared to VGS = -0.2 V; N = 7. 

Note that no significant differences in frequencies were observed between all measurements at 3 

mM glucose or between all measurements at 11 mM glucose (ANOVA).  
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Figure S11. Analysis of signals recorded from pancreatic islets. Parametric analysis of filters used to 

detect and extract slow potential recorded by transistors. The detection of slow potential is robust at 

the combination of a 0.2 Hz high pass filter (1st order) and a 4 Hz low pass filter (4th order), given in 

black, corresponding to a large range of thresholds ranging from 30 µV to 50 µV. This combination 

was used for analysis; other combinations are given in grey.  
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Acquisition of biological data for in silico simulation: 
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In diabetes mellitus (DM) treatment, continuous glucose monitoring (CGM) linked to insulin 

delivery becomes a major therapeutic tool to improve therapeutic outcomes and quality of 

patients’ lives. However, blood gucose (BG) regulation with CGM is still hampered by 

limitations of algorithms and glucose sensors. Regarding sensor technology, current 

electrochemical glucose sensors do not capture the full spectrum of other nutrients or 

physiological signals, i.e., lipids, amino acids or hormones, relaying the general body status. 

Regarding algorithms, variability between and within patients remains the main challenge for 

optimal BG regulation in closed-loop therapies.  

In the present work, we focus on the management of inter- and intra-patient variability in T1D 

treatment. We intend here to highlight the benefits of numerical simulations with the 

UVA/Padova T1DMS to address this issue and establish in-silico proofs of concept for the 

DIABLO project. That simulator is approved by the US Food and Drug Administration (FDA) as 

an alternative for pre-clinical testing of new devices and closed-loop algorithms.  In particular, 

we propose a method to define meal scenarios based on patients’ body weight to better 

account for the inter-patient variability in energy requirements and define more realistic meal 

scenarios. With a CGM sensor, we propose a meal size-independent bolus strategy, slightly 

individualised by integrating the Carbohydrate-to-Insulin Ratio (CIR) in the bolus calculator 

rule. The objective here is to alleviate patient’s workload and anxiety, while keeping him 

involved in the therapy management, i.e., the patient still has to announce sizeable glucose 

intakes (meals). To overcome the limitation of standard glucose sensors leading to meal 

announcements, the concept of an islet-based biosensor, which could integrate multiple 

physiological signals through electrical activity measurement, is also assessed here in a closed-

loop insulin therapy. From an analysis of the in-silico results, we will finally discuss the 

proposal of a new AP paradigm where the dissimilarity between a commercial CGM sensor 

and our biosensor could be used advantageously, to better handle inter- and intra-patient 

variability in diabetes treatment and care. 
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Abstract 

 In diabetes mellitus (DM) treatment, Continuous Glucose Monitoring (CGM) linked with 

insulin delivery becomes the main strategy to improve therapeutic outcomes and quality of patients’ 

lives. However, Blood Glucose (BG) regulation with CGM is still hampered by limitations of 

algorithms and glucose sensors. Regarding sensor technology, current electrochemical glucose sensors 

do not capture the full spectrum of other physiological signals, i.e., lipids, amino acids or hormones, 

relaying the general body status. Regarding algorithms, variability between and within patients remains 

the main challenge for optimal BG regulation in closed-loop therapies. This work highlights the 

simulation benefits to test new sensing and control paradigms which address the previous shortcomings 

for Type 1 Diabetes (T1D) closed-loop therapies. The UVA/Padova T1DM Simulator is the core 

element here, which is a computer model of the human metabolic system based on glucose-insulin 

dynamics in T1D patients. That simulator is approved by the US Food and Drug Administration (FDA) 

as an alternative for pre-clinical testing of new devices and closed-loop algorithms. To overcome the 

limitation of standard glucose sensors, the concept of an islet-based biosensor, which could integrate 

multiple physiological signals through electrical activity measurement, is assessed here in a closed-

loop insulin therapy. This investigation has been addressed by an interdisciplinary consortium, from 

endocrinology to biology, electrophysiology, bio-electronics and control theory. In parallel to the 

development of an islet-based closed-loop, it also investigates the benefits of robust control theory 

against the natural variability within a patient population. Using 4 meal scenarios, numerous simulation 

campaigns were conducted.  The analysis of their results then introduces a discussion on the potential 
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benefits of an Artificial Pancreas (AP) system associating the islet-based biosensor with robust 

algorithms. 

1. Introduction 

 Destruction of pancreatic β-cells leads to absolute insulin deficiency in Type 1 Diabetes (T1D) 

and concerns 5 to 10% of the estimated 463 million cases of diabetes worldwide in 2019, expected to 

rise to 700 million by 2045 according to the International Diabetes Federation (1). In this context, the 

development of Artificial Pancreas (AP) systems, composed of a Continuous Glucose Monitoring 

(CGM) sensor fitted with a pump to deliver insulin, is becoming the standard for T1D treatment (2,3). 

CGM relies on subcutaneous glucose measurement via electrochemical electrodes and algorithms are 

used to control the pump and safely manage the insulin delivery (Figure 1).  

In spite of improvements relative to hypoglycaemia prevention (4) and hyperglycaemia 

mitigation (5,6), Blood Glucose (BG) regulation with the AP is still biased by the limitations of 

algorithms (7) and technologies used in commercial glucose sensors (8). Current electrochemical 

approaches in glucose sensors do not consider the whole spectrum of nutrients and do not respond to 

all physiological situations (e.g., contribution of intestinal hormones to insulin secretion after a meal, 

physical activity, stress), which all modulate insulin requirements. Regarding algorithms, variability 

between and within patients, also referred to as inter- and intrapatient variability, remains the main 

challenge for optimal glycaemia regulation with closed-loop therapies. As a consequence, only 

partially automated closed-loop systems are currently accepted for therapy in the US and Europe, i.e., 

the T1D patient still has to announce meals and calculates carbohydrate intake to command himself 

the bolus insulin injections (9). Alleviating some of these issues, specifically in the case of unstable 

diabetes, would lower the barriers to closed-loop therapy for patients, with a mitigation of patient’s 

workload and anxiety. 

 To overcome the shortcomings of enzymatic sensors, our initiative aimed at developing a 

biosensor which integrates a Micro Electrode Array (MEA) containing a few murine or human islets 

Figure 1: Principle of the Artificial Pancreas for T1D treatment. An electrochemical CGM sensor 

continuously measures subcutaneous glucose concentrations, which reflect blood glucose concentration. This 

information is then processed by algorithms (controller, bolus calculator, alarms …), connected to an insulin 

pump to deliver the appropriate amounts of insulin. 
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linked to real-time/online signal processing (10–13). Pancreatic islets are the “in-born” sensors and 

actuators, optimally shaped by evolution, to ensure regulation of glucose homeostasis under various 

natural circumstances and lifestyles. The goal is to design a sensor capable of “seeing” the whole-body 

physiological interactions, as opposed to the classical glucose-only sensors. Islets, composed of several 

(hundreds of) excitable cells, display continuous oscillations, reflecting its orchestrated behaviour. 

Action potentials and slow oscillations – named Slow Potentials (SP) - can be recorded extracellularly 

using MEAs (Figure 2). Islets SPs have amplitudes in the range of few tens of microvolts, frequency 

components ranging between  0.2 and 2 Hz (12), and their characteristics are closely correlated to 

insulin secretion dynamics (14). Signal treatment raises challenges when processing it online and in 

real-time for in vivo applications. Decoding information from the recorded signals requires analogue 

pre-processing by amplifiers and filters, followed by digital processing with statistical, frequency, or 

temporal analysis to perform feature extraction and produce relevant metrics (15). Furthermore, 

adaptive decoding is essential to take into account variations in signal and electrode properties, 

particularly for chronic recordings (16). This sensor technology has been patented in 2013 (17). 

 Building on promising results of the previously developed and patented glucose bio-device, 

which integrates multiple physiological signal information (17,18), a consortium has been created in 

2019 to assess the possibility to integrate this islet-based biosensor in closed-loop therapies for patients 

with T1D. This consortium started the collaboration in a national project named DIABLO, supported 

by the French National Agency for Research (ANR). Preliminary work (19) provided guidelines for 

the controller tuning with an in silico methodology based on clinically-relevant criterion: a meta-

heuristic method (genetic algorithm (GA)-based optimization technique) is used with the BG risk index 

Figure 2: Biosensor principle: acquisition and processing of electrical biosignals generated by pancreatic 

islets cultured on MEAs and stimulated by increasing glucose levels. A) Pancreatic islets cultured on MEAs. 

Glucose can be introduced in the culture chamber to stimulate the cells. Each electrode in the MEA captures a 

combination of uni- and multicellular activity generated by the neighbouring islets. A custom electronic board 

performs online digital signal processing on the recorded biosignals to extract features of interest for each 

electrode. B) The electrical activity is modulated by glucose concentration. Low glucose inhibits activity and 

high glucose induces two signals of interest generated by β-cells, representative of uni- and multicellular 

activity: action potentials and SPs. Action potentials are mainly characterized by their frequency and 

organisation in bursts, and SPs by both their frequency and amplitude. (From (23)) 
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(20). The core element of the GA-based protocol is the UVA/Padova T1DM Simulator (T1DMS - v3.2) 

(21). This computer model of the human metabolic system simulates the glucose-insulin dynamics in 

T1D patients, and is approved by the US Food and Drug Administration (FDA) as an alternative for 

pre-clinical testing of insulin therapies, including closed-loop algorithms (22). Using the T1D adult 

cohort of the simulator, a first comparison between two AP systems (a biosensor-based one and a 

CGM-based one) was presented in (23). Thanks to individualised controller parameters, satisfactory 

performance was achieved with the biosensor-based AP system, even with a simple proportional-

derivative controller associated to continuous basal infusion (PDBASAL). This regulation scheme was as 

efficient as standard treatments with unannounced meals (no bolus strategy was implemented).  

 Another objective of the DIABLO project lies in the use of control theory to tackle the 

variability observed between and within patients in a real T1D population. For that purpose, it is 

necessary to have a relevant model capable of accurately capturing glucose-insulin dynamics. This 

topic has received a great attention in the last decade, with different type of models: from Linear Time 

Invariant (LTI) (24,25) to Linear Parameter Varying (LPV) ones (26–28). In the DIABLO project, it 

has been proposed to derive a family of LTI models of thirteen-order from the UVA/Padova simulator 

to capture the dynamics from the subcutaneous insulin to the subcutaneous glucose in T1D patients. 

This set of LTI models is composed of a nominal LTI model fitted with an uncertainty block and it can 

be used for design and analysis purpose. Based on this modelling, a unique and robust Proportional-

Integral-Derivative (PID) has been designed for the T1DMS adult cohort in (29). Results reported in 

(29) showed that BG regulation fitted with a basic bolus strategy of 2 units of insulin applied during 

the meal announcement, provided quite similar performances with respect to the individualised PID 

controllers of (30). These results motivated the use of a unique and robust controller to generate a 

continuous basal insulin injection. With the current technology of CGM sensors, it appears, however, 

necessary to couple this basal delivery with a bolus insulin injection protocol to improve the time in 

the so-called normo-glycaemic range (70mg/dl < BG < 180mg/dl) for counteracting the meal intakes. 

From (9,31), this strategy has been adopted by the current commercial AP systems on the market like 

MiniMed 780G (CE and FDA approval), Diabeloop (CE approval), Tandem t:slim X2 (FDA approval, 

CE approval in progress) and Omnipod Horizon (FDA approval in progress) where the bolus strategy 

involves assistance from the T1D patient, i.e. the patient has to calculate carbohydrate intake to 

precisely dose insulin boluses.  

 In the present work, we intend to highlight the benefits of numerical simulation (with the 

UVA/Padova T1DMS) to address this issue and establish in silico proofs of concept for the DIABLO 

project. In particular, we propose a method to define meal scenarios based on patients’ body weight to 

better account for the interpatient variability in energy requirements and define more realistic meal 

scenarios. These scenarios are then used to assess the two different closed-loop solutions we already 

mentioned: the first one uses a GA-based controller tuning method (19,23) and the other one based on 

a robust control theory approach (29,32). With this second approach, we also propose a meal size-

independent bolus strategy, slightly individualised by integrating the Carbohydrate-to-Insulin Ratio 

(CIR) in the bolus calculator rule. The objective here is to alleviate patient’s workload and anxiety, 

while keeping him involved in the therapy management, i.e., the patient still has to announce sizeable 

glucose intakes (meals). From an analysis of the in silico results, we will finally discuss the proposal 

of an original AP paradigm where the dissimilarity between a commercial CGM sensor and our 

biosensor could be used advantageously, to better handle inter- and intrapatient variability in diabetes 

treatment and care. 
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2. Materials and Methods 

2.1. UVA/Padova simulator 

 Simulators of human metabolic system based on the glucose-insulin dynamics, have been 

shown to be useful in developing diabetes treatment solutions (33). Such testing environments give the 

opportunity to assess the performance of algorithms with costs and time savings, and avoid ethical 

questions. In particular, the UVA/Padova T1DMS is the only simulation tool, approved by the US 

Food and Drug Administration (FDA), as an alternative for pre-clinical testing of closed-loop 

algorithms (22,34). T1DMS includes mathematical models of glucose-insulin dynamics, and several 

types of CGM sensors with realistic imperfections on the glucose measurement, insulin pumps and a 

simulation block dedicated to algorithm assessment. We used here the latest commercial version (v3.2) 

based on the equations given in Dalla Man et al. (21). This version includes a cohort of 33 T1D patients 

(11 adults, 11 adolescents, and 11 children). Hence, it is possible to simulate the effect of realistic meal 

scenarios on various virtual patients treated with the proposed closed-loop insulin solutions. However, 

it has to be noted that the considered version (v3.2) of the T1DMS involves the following working 

assumption: 

Assumption 1: The glucose-insulin dynamics are not modulated by the circadian variability of insulin 

sensitivity. 

The authors are aware that such assumption can limit the significance of multi-meal simulations. This 

choice has been made to not question or alter the human metabolic model approved by the FDA. A 

deeper analysis of this topic will be given in the discussion section. 

2.2. A meta-heuristic method to design an islet-based closed-loop therapy 

In real T1D populations, a large inter-patient variability is observed in terms of sensitivity to 

insulin, body weight, and T1D duration. This variability is a serious issue in designing easily adjustable 

AP systems as the amount of insulin required to mitigate postprandial hyperglycaemia greatly varies 

among patients. To account for this variability as well as to ensure reliability and stability of the closed-

loop system, a fine tuning of the AP controller’s parameters is necessary.  

Controller tuning 

 In the first part of this work, a GA1-based optimization technique is used to tune a PDBASAL 

controller for each adult patient of the T1DMS cohort with respect to a clinically-relevant objective 

metric: the Blood Glucose Index (BGI) (Figure 3). This metric is a known indicator of the clinical risk 

associated with a given blood glucose level (20). The BGI risk function is defined as follows: 

 BGI(𝐺) = 10 × (1.509 × (ln(𝐺)1.084 − 5.381))
2
 (1) 

where G is the glucose level measured in mg/dl. By minimizing the mean BGI over a series of single 

meal scenarios, our GA-based algorithm can find controller parameters, which minimizes the clinical 

risk associated with the closed-loop regulation of the patient’s glycaemia. 

                                                 

1 GA = Genetic Algorithm 
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Controller design 

 As a first step, this method was applied to the tuning of simple Proportional-Integral-Derivative 

(PID) controllers to handle the diffusion delays induced by subcutaneous glucose measurement and 

insulin infusion. Prior to (19), many variants of the traditional PID architecture were tested and a PD 

architecture associated with a subject specific basal infusion of insulin (PDBASAL) was finally selected. 

This controller architecture provided good performance and allowed us to reduce the number of 

parameters to tune to 2, thus increasing the GA convergence speed. The corresponding discrete-time 

controller is represented by: 

 𝐶(𝑧) = 𝐾𝑝  ( 1 + 
𝑇𝑑
𝑇𝑠
×
𝑧 − 1

 𝑧
 ) (2) 

where 𝑇𝑠 = 5 min is the sampling period of the PDBASAL controller, 𝑇𝑑 its derivative time constant, and 

𝐾𝑝 its proportional gain. A constant patient-specific basal insulin infusion rate provided by the T1DMS 

for each patient, is then summed to the controller output. More details about the islet-based sensor and 

its integration in a BG regulation closed-loop are given in (23); more details about the controller tuning 

methodology are given in (19,23). 

Body weight-dependent meal scenario definition 

The tuning method presented above has already proven its efficiency to individually tune the 

controller parameters of a CGM-AP for the 11 virtual T1D adults of the T1DMS patient cohort (19). 

The method was then refined to better handle the CGM sensor noise and applied to the tuning of our 

biosensor-based AP (Bios-AP) controller (23).  

Figure 3: (A) Working principle of the Genetic Algorithm-based controller tuning method. 5 single meal 

scenarios are simulated for various controller parameter combinations. The closed-loop performance of each 

combination (averaged on the 5 scenarios) is assessed with a BGI-based cost function to iteratively tune the 

parameters of a PDBASAL controller.  SC glucose denotes the subcutaneous glucose concentration (B) Blood 

Glucose Index (BGI) risk unction plot. 
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Real T1D patients have specific energy needs 

related to their individual metabolisms, ages, sexes and 

lifestyles. Using a unique meal scenario to evaluate the 

performance of closed-loop systems on a T1D 

population (either in vivo or in silico) therefore seems 

inadequate as most of the patients would receive either 

an under- or overstimulation by the unique meal 

scenario relative to their specific needs. To address this 

issue, and thus better account for the interpatient 

variability of energy requirements, we propose here a 

method to individualise the meal scenarios. To keep it 

simple, individualisation was performed using a single 

parameter. Among the patient’s parameters provided by 

the T1DMS we chose the body-weight as it is the 

parameter which best represents patient’s singularity, 

i.e., age, sex, metabolism, and lifestyle. To achieve 

meal scenario individualisation, each glucose intake of 

the user-defined scenario is divided by the average 

body weight of the 11 adults to obtain a meal scenario 

whose glucose intakes are defined in grams of glucose 

per kilogram (of body weight). The individualised 

scenarios which are actually simulated are then 

generated proportionally to each patient’s body weight, 

see Figure 4. This method is implemented as a 

MATLAB function which seamlessly integrates the 

simulator execution flow. The function reads the user-

defined meal scenario and generates individualised scenarios, while ensuring that the average daily 

glucose intake computed on all generated scenarios is the daily glucose intake of the user-defined 

scenario. In our previous work (23), validation scenarios  were designed to match the daily glucose 

intake reported in the literature for American T1D adults (235 grams of glucose in average) (35). The 

main advantage of this method is that it maintains, by design, this realism as the scenario defined by 

the user serves to set the average scenario on the whole adult population. Note that such 

“normalization” to the body weight is also commonly used for animal in vivo glucose tolerance tests 

to avoid inter-individual bias (36).   

 Using the GA-method presented in (19,23) with individualised scenarios, a new set of controller 

parameters was generated for the Bios-AP, and for the 10 virtual T1D patients of the T1DMS (the 11th 

adult#average patient was not used in this study).  

2.3. Simulation benefits for robust control problem formulation 

 In parallel to the development of an islet-based closed-loop architecture for BG regulation, we 

also attempted to formulate a control problem compliant with a robust solution. For that purpose, it has 

been proposed to derive a family of LTI models of thirteen-order from the UVA/Padova simulator able 

to capture the interpatient variability in the glucose-insulin dynamics. These models were then used to 

design a unique feedback controller K(s), for a population of T1D patients, which delivers a control 

signal called insulin basal. To quickly react to food intake, a meal announcement feature was 

implemented in this second part to trigger the delivery of meal boluses. Contrary to more standard meal 

bolus features involving a patient-provided estimation of the quantity of ingested carbohydrates (37), 

Figure 4: Body weight-dependent definition of 

the glucose intake scenarios. Example for 

adult#005 of the T1DMS. 
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we developed a bolus strategy which diminish patient’s workload and anxiety by only requesting a 

meal announcement, i.e., a constant insulin bolus is delivered for each sizeable meal (breakfast, lunch 

and dinner). This meal-independent bolus feature was individualised by integrating the patient CIR2 

knowledge of the clinician in charge of the T1D patient. The control algorithm, proposed in this 

subsection, thus delivers the following insulin signal u(t): 

 𝑢(𝑡) = {
𝐾(𝑟(𝑡) − 𝑆𝐺(𝑡))  + 𝑢bolus for one minute at meal announcement

𝐾(𝑟(𝑡) − 𝑆𝐺(𝑡)) otherwise
 (3) 

where SG(t) is the subcutaneous glucose signal delivered by a CGM sensor. r(t) is the glucose target. 

With a duration of one minute after a sizeable meal announcement, the signal 𝑢bolus is given by the 

following mathematical expression: 

 𝑢bolus = 12000𝐿(CIR),   𝐿(CIR) = {
1 if CIR > 15 g/U
2 if CIR ≤ 15 g/U

 (4) 

where the value of 12000 pmol/min (2 unities of fast insulin) has been chosen to be compliant with the 

requirements of (30). This magnitude can be adapted by considering the CIR of the T1D patient to 

schedule the adaptive gain L, see equation (4). Hence, the retained closed-loop insulin setup in this 

sub-part obeys to the architecture shown in Figure 5. 

 In the following subsection, we first provide guidelines showing how it is possible to derive a 

family of linear models for the considered population of T1D patients. Next, a robust control technique 

was used for control design purpose.  

Getting a family of linear models of T1D patient population  

From (21), the nonlinear dynamical model of a T1D patient can be written according to :  

 {
𝑥̇(𝑡) = 𝑓(𝑥(𝑡), 𝑢(𝑡), 𝜃(𝑡))

𝑦(𝑡) = 𝐶0𝑥(𝑡)
 (5) 

where 𝐶0 = (01×12𝑉𝐺
−1  01×5) with 𝑥(𝑡) ∈ ℝ18, 𝑢(𝑡) ∈ ℝ3, 𝜃(𝑡) ∈ ℝ9 and 𝑦(𝑡) ∈ ℝ are respectively 

the model state, input, time-varying parameter and output vectors, with the functional 𝑓:ℝ18 × ℝ3 ×
ℝ9 → ℝ18. All time-varying parameters and the physiological parameter 𝑉𝐺 are defined in (21). As we 

                                                 

2CIR : Carbohydrate-to-Insulin Ratio 

Figure 5: Standard setup for closed-loop insulin therapy. In this work, the controller K is a unique robust 

controller for the whole T1D patient population. Personalization is deported in the bolus calculator rule. 
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were considering closed-loop insulin systems, the model given by equation (5) was reduced to a state 

vector of 13 states by taking out the contribution of the last 5 states (𝑥14, 𝑥15, . . . , 𝑥18) relative to the 

glucagon dynamics. Hence, the reduced model became 

 {
𝑥̇𝑟(𝑡) = 𝑓𝑟(𝑥𝑟(𝑡), 𝑢𝑟(𝑡), 𝜃𝑟(𝑡))

𝑦(𝑡) = 𝐶𝑥𝑟(𝑡)
 (6) 

where 𝐶 = (01×12  𝑉𝐺
−1) with 𝑥𝑟(𝑡) ∈ ℝ

13, 𝑢𝑟(𝑡) ∈ ℝ
2, 𝜃𝑟(𝑡) ∈ ℝ

7 and 𝑓𝑟: ℝ
13 × ℝ2 ×ℝ7 → ℝ13. 

𝑢𝑟(𝑡) =  (𝑢1(𝑡) 𝑢2(𝑡))
𝑇 where u1 refers to the carbohydrate intake (i.e. the meal) and u2 corresponds 

to the insulin infusion rate, which is delivered to the patient through an insulin pump. 

To obtain a family of linear models able to fit the nonlinear model equation (6), the set of operating 

points (𝑥𝑟
∗, 𝑢𝑟

∗)  had to be choosen judiciously, i.e., the time-varying parameters 𝜃𝑟 were constant on a 

time interval described later. For each operating point (𝑥𝑟
∗, 𝑢𝑟

∗), a first-order Taylor approximation was 

thus performed and the nonlinear model equation (6) were reformulated as follows: 

 {
𝛿𝑥̇𝑟(𝑡) = 𝐴(𝑥𝑟

∗, 𝑢𝑟
∗)𝛿𝑥𝑟(𝑡) + 𝐵(𝑥𝑟

∗, 𝑢𝑟
∗)𝛿𝑢𝑟(𝑡)

𝛿𝑦(𝑡) = 𝐶𝛿𝑥𝑟(𝑡)
 (7) 

where 𝛿𝑥𝑟(𝑡) = 𝑥𝑟(𝑡) − 𝑥𝑟
∗ and 𝛿𝑢𝑟(𝑡) = 𝑢𝑟(𝑡) − 𝑢𝑟

∗ . 𝛿𝑦(𝑡) is the variation of the output with respect 

to the fasting basal glucose 𝐺𝑏 and 𝐴, 𝐵 are the Jacobian matrices of vector field 𝑓𝑟 with respect to 𝑥𝑟 

and 𝑢𝑟, evaluated at (𝑥𝑟
∗, 𝑢𝑟

∗). The key element was then to define a set of values (𝑥𝑟
∗, 𝑢𝑟

∗) sufficiently 

dense to obtain an accurate approximation of equation (6) with (7). To proceed, the nonlinear model 

of the T1DMS was used to simulate a single meal scenario with basal insulin input (𝑢2 = 𝐼𝑏). The 

meal corresponded to 50 g of carbohydrates, ingested during 15 min (i.e. 𝑢1 = 3333 mg/min). The 

basal insulin 𝐼𝑏 is the proper quantity of insulin that allows to reach a steady-state condition during 

fasting periods (38). For the considered population of adult T1D patients, we have 94.6 pmol/min ≤
𝐼𝑏 ≤ 150.0 pmol/min. From this simulation, the spatial discretization is achieved on 𝑥𝑟 and 𝑢𝑟 in 

order to produce a set of adequate values for (𝑥𝑟
∗, 𝑢𝑟

∗) such that time-varying parameters 𝜃𝑟 are constant 

on the considered interval, i.e. let the simulation time horizon [0, 𝑇] be divided into subintervals as 

follows: 0 = 𝑡0 < 𝑡1 <. . . < 𝑡𝑛 = 𝑇. The set 𝜆 = (𝜆0, 𝜆1, . . . , 𝜆𝑘, 𝜆𝑛) is defined such as: 

 

{
 
 

 
 𝜆0 ∈ [𝑡0,

𝑡1
2
]

𝜆𝑘 ∈ [
𝑡𝑘 + 𝑡𝑘−1

2
,
𝑡𝑘+1 + 𝑡𝑘

2
]  for  1 ≤ 𝑘 < 𝑛

𝜆𝑛 ∈ [
𝑡𝑛 + 𝑡𝑛−1

2
, 𝑡𝑛]

 (8) 

On each subinterval, 𝑡 ∈ 𝜆𝑘 for 𝑘 ∈ {0, . . . , 𝑛}, a linear model for each patient denoted with patient 

index 𝑖 = {1, . . . ,11} is deduced as 

 {
𝛿𝑥̇𝑟

𝑖 (𝑡) = 𝐴𝑘
𝑖 𝛿𝑥𝑟

𝑖 (𝑡) + 𝐵𝑘
𝑖 𝛿𝑢𝑟

𝑖 (𝑡)

𝛿𝑦𝑖(𝑡) = 𝐶𝑘
𝑖 𝛿𝑥𝑟

𝑖 (𝑡)
 (9) 

where 𝐵𝑘
𝑖 = (𝐵1𝑘

𝑖 𝐵2𝑘
𝑖 ) with 𝐵1𝑘

𝑖 , 𝐵2𝑘
𝑖 ∈ ℝ13×1. Figure 6A shows the spatial discretization for the 

considered scenario. This protocol was thus repeated several times (a total of n = 222 models per 

patient) in order to have a family of linear models able to guarantee a good approximation of the 

nonlinear model equation (6), see (29) for more details. 
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Before formulating the control design problem, two sources of uncertainty must be considered: i) the 

inter- and intra-patient variability within a T1D population due to patient’s characteristics (e.g., fasting 

basal, total daily insulin need, weight) and ii) the dynamics of the glucose diffusion from the 

intravascular space to the subcutaneous one. Note that the output of model equation (9) gives 

information on the 13th model state corresponding to the level of subcutaneous glucose (SG(t)). To 

have information of BG level, it is necessary to refer to the 4th model state. 

Regarding the uncertainty of patient’s characteristics, the so-called unstructured multiplicative 

uncertainty form (39) is used to derive the family of linear models (Equation 9), which can be rewritten 

by using the Linear Fractional Transformation (LFT) representation according to: 

 
𝐺𝑏𝑘

𝑖 (𝑠) = 𝐶𝑘
𝑖 (𝑠𝐼 − 𝐴𝑘

𝑖 )−1𝐵2𝑘
𝑖     ∀𝑖, 𝑘

= 𝐺𝑏0(𝑠)(1 +𝑊unc(𝑠)Δ𝑏(𝑠)) = ℱ𝑢(𝑃𝑏(𝑠), Δ𝑏(𝑠))
 (10) 

where the matrix 𝐶𝑘
𝑖  is used to refer to the 4th state of equation (9). ℱ𝑢 is the upper LFT defined as 

ℱ𝑢(𝑀,𝑁) = 𝑀22 +𝑀21𝑁(𝐼 − 𝑀11𝑁)
−1𝑀12. 𝑊unc(𝑠) is a wheigting function used to normalize the 

uncertainty Δ𝑏, ||Δ𝑏||∞ ≤ 1. Hence, 𝑊unc has to guarantee: 

 |𝑊unc(𝑗𝜔)| ≥ |
𝐺𝑏𝑘

𝑖 (𝑗𝜔)

𝐺𝑏0(𝑗𝜔)
− 1| ∀𝑖, 𝑘, 𝜔 (11) 

Equation (11) gives a constructive solution to determine the couple (𝐺𝑏0,𝑊unc). To have the smallest 

conservative LFT, the optimal solution (𝐺𝑏0
∗,𝑊unc

∗ ) is constructed such that ||𝑊unc||∞ is minimal. This 

optimization problem leads to the results given in Figure 6B, where 𝑊unc
∗  is found of order 11 to 

perfectly fit the upper bound. However, choosing a simple constant for 𝑊unc ≈ 0.45 leads to a LFT 

ℱ𝑢(𝑃𝑏(𝑠), Δ𝑏(𝑠)), which is less complex (dimension of Δ𝑏 is one), with a small conservativeness since 

Figure 6: Use of the T1DMS for modelling purpose: two important steps (A) Spatial discretization for the 

considered single meal scenario on the 13th states of the nonlinear model in UVA/Padova simulator for the 

patient adult#001 of T1DMS. (B) Results of the constructive solution to obtain the upper LFT of the entire 

family of linear models. In blue, it is the frequency behaviour of ห𝑮𝒌
𝒊 (𝒋𝝎)/𝑮𝟎(𝒋𝝎) − 𝟏ห∀𝒊, 𝒌,𝝎. The optimal 

solution 𝑾𝐮𝐧𝐜
∗  is plotted in green and the retained value 𝑾𝐮𝐧𝐜 for this study case is plotted in red. 
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the maximum gap between the optimal solution 𝑊unc
∗  and 𝑊unc is inferior to1.5𝑑𝐵. Towards this end, 

the constant solution is retained in this study case. 

Next, a parametric uncertainty is considered to integrate the time lag variability in T1D patients 

(between 6.83 and 10.83 min for the adult cohort of T1DMS) of glucose from intravascular to 

interstitial space (40). A deeper analysis of the equation (4) reveals that this variability is reflected by 

a gain variation of the transfer between the 4𝑡ℎ (BG level) and the 13𝑡ℎ (SG level) state. Such variation 

can be easily captured by an upper LFT so that 

 𝐺𝑠𝑐𝑘
𝑖 (𝑠) = ℱ𝑢(𝑃𝑠𝑐(𝑠), Δ𝑠𝑐), ∀𝑖, 𝑘 Δ𝑠𝑐 ∈ ℝ: ||Δ𝑠𝑐||∞ ≤ 1 (12) 

where Δ𝑠𝑐 is the uncertainty block used to capture this variability. The input of 𝐺𝑠𝑐𝑘
𝑖 (𝑠) must be the 

BG level and its ouptut corresponds to the SG one. 

Design of the unique controller K 

We then aimed to design a unique controller K(s) for a population of T1D patients – the adult cohort 

in this study case – able to maintain the BG level in a specified range despite T1D patient variabilities. 

For feedback controller design purpose, it is proposed to work on the feedback architecture given in 

Figure 7. The block Gzoh(s) has been introduced to model the digital-analogue converter integrated in 

the insulin pump, as a delay of Ts/2 where Ts is the considered sample time. Here, we modelled Gzoh(s) 

by a Pade approximation of first order. Hence, the unique controller K(s) must be designed to control 

the augmented system 𝐺̃∆(𝑠) shown in Figure 7. In this work, the loop shaping method fitted with an 

H∞ optimization problem was used to guarantee robustness and the closed-loop stability (41). Such 

robust technique usually involves two main steps,  i) define a pre-compensator W1(s) and a post-

compensator W2(s) to enforce the desired open-loop specifications on the shaped plant 𝐺̃𝑠(𝑠) =
𝑊2(𝑠)𝐺̃∆(𝑠)𝑊1(𝑠) and ii) use the normalized coprime factor (42) to solve an H∞ optimization problem 

according to (41). All theoretical justifications dedicated to the considered Glover-McFarlane H∞ 

normalized coprime factor loop-shaping algorithm are given in (41,42). 

 

 

According to (41), we consider the nominal plant 𝐺̃0(𝑠) (Δ𝑠𝑐 = 0 and Δ𝑏 = 0) for design purpose. 

Thereby, the constructive solution based on equation (11) becomes a crucial step to obtain the smallest 

conservative LFT. To design a controller Ks(s) able to stabilize a family of systems of the nominal 

Figure 7: Feedback control setup for design purpose 
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shaped plant 𝐺̃𝑠0(𝑠) = 𝑊2(𝑠)𝐺̃0(𝑠)𝑊1(𝑠),  weighting functions W1(s) and W2(s) have to be defined. In 

a preliminary study (29), PID controllers achieved acceptable performance and the worst-case 

performance was observed for the patient 8 of the adult cohort. Thus, we selected  𝑊2 = 1 and chose 

the continuous state-space representation of the individualised Proportional-Integral-Derivative (PID) 

controller dedicated to the eighth T1D patient for 𝑊1(𝑠). Interested reader can refer to (30) to have the 

guidelines for PID tuning with two physiological parameters: the body weight and the total daily insulin 

dose. The last optimization step can be applied to improve worst-case results and be robust against the 

uncertainty ball in the normalized coprime factors. With the following H∞ cost function: 

 𝛾(𝐾𝑠(𝑠)) = ‖[
1

𝐾𝑠(𝑠)
] (1 − 𝐺̃𝑠0(𝑠)𝐾𝑠(𝑠)) [1 𝐺̃𝑠0(𝑠)]‖

∞

 (13) 

the optimal performance is obtained by minimizing the following cost: 

 𝛾 ∶= min
𝐾𝑠

𝛾(𝐾𝑠(𝑠)) (14) 

γ is linked with the normalized coprime stability margin. In the range 1 < 𝛾 < 3, stability margins are 

judged satisfactory to be robust against the considered unstructured uncertainties. In our case, we are 

in this expected range (𝛾 = 1.69). Hence, the unique robust feedback controller K(s) for a population 

of T1D patients is finally built by combining the H∞ controller Ks(s) designed on the worst-case results, 

with the shaping functions W1(s) and W2(s) according to 𝐾(𝑠) = 𝑊1(𝑠)𝐾𝑠(𝑠)𝑊2(𝑠). 

Note that the authors are aware that a µ-analysis should be required to know if the resulting controller 

is able to theoretically satisfy the control specifications for all uncertainties Δ𝑠𝑐 and Δ𝑏. Due to the 

scope of the journal, it is proposed here to only perform several simulations in the result section to 

assess this requirement. Interested readers can however consider the preliminary works (29,32) to know 

how this concern can be theoretically addressed. 

2.4. Metrics for closed-loop therapy assessment 

In this study, eight of the metrics recommended in (43–45), i.e. the Time Below Range (TBR) with 

too different levels, the Time In Range (TIR), the Time Above Range (TAR) with also two different 

levels, the Low Blood Glucose Index (LBGI), the High Blood Glucose Index (HBGI), and the mean 

BG, were used for performance assessment. In addition, we also considered the Total Daily Insulin 

(TDI). For the time spent in the different glycaemic  ranges the targets recommended in (46) for normal 

T1D adult patients were used. Definitions of these metrics and recommended targets are provided as 

Supplementary Material. Note that there is no official recommended value or target for the TDI metric. 

Indeed, the insulin need is highly dependent on the physiological status (e.g., stress, physical activity) 

and characteristics of the patients. This metric was therefore used to monitor the aggressiveness of the 

studied closed-loop solutions, and for comparison purpose. 

2.5. Statistical analysis  

To complete the performance analysis, normality of datasets was tested using the Shapiro-Wilk test 

and statistical significance was then assessed using either the two-sided paired sample t-test or the two-

sided Wilcoxon signed rank test. P-values lower than 0.01 were considered significant. 
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3. Results 

 As mentioned above, the objective of this work is to present and assess two different manners 

to handle the interpatient variability, which still challenges AP systems. The first subsection presents 

the results of a highly individualised approach with the islet-based closed-loop (Figure 3). In contrast, 

the second subsection presents the results obtained with a more common CGM-based AP system where 

a unique controller is tuned, for the whole adult cohort of the T1DMS, using a robust control theory 

approach (Figure 5). The results presented in both subsections are based on meal scenarios 

individualised with the method presented in subsection 2.2. Two realistic 48-hour scenarios, where the 

same meal pattern is repeated on two consecutive days, are simulated. The first pattern, referred to as 

the “standard scenario”, consists in five carbohydrate intakes, 0.62, 0.96, 0.27, 1.10 and 0.27 grams of 

glucose per kilogram of body weight respectively at time t = 180, 480, 720, 900, and 1080 minutes 

(corresponding, on average, to 45, 70, 20, 80 and 20 grams of glucose over the whole adult population, 

see section 2.2). The second pattern, referred to as the “challenging scenario”, consists in three large 

carbohydrate intakes, 0.89, 1.24, and 1.10 grams per kilogram of body weight respectively at time 

t = 180, 480, and 960 minutes (corresponding to 65, 90 and 80 grams on average). The default meal 

duration of 15 minutes was used for all meals. 

3.1. Islet-based closed-loop therapy assessment 

 Our GA-based tuning method was used to tune the parameters of a PDBASAL controller for each 

adult patient of the T1DMS cohort. Contrary to our previously published works, the controllers are 

tuned here using individualised single meal scenarios (see Methods section). These controllers are 

associated with the biosensor model presented in (23) to form the islet-based closed loop. To assess 

Figure 8: Simulation results for the ten T1D adults submitted 

to a 48-hour, 3-meal 2-snack scenario (last 24 hours are 

displayed) and treated with the islet-based closed-loop therapy 

(via subcutaneous routes). Meal intakes are labelled in g/kg 

and marked with black vertical bars on the chart. Regions with 

no glycemic risk, moderate glycemic risk and high glycemic 

risk are color-coded, respectively in white, pink and red. 

Table 1: Performance metrics for the 10 

T1D adults treated with the islet-based 

closed loop and submitted to the “standard 

scenario”. 

Patient 
LBGI 

(-) 

HBGI 

(-) 

TDI 

(U) 

Mean BG 

(mg/dl) 

1 0.1 2.3 42.4 131.4 

2 0.2 1.6 44.9 124.4 

3 0.5 1.2 55.3 122.3 

4 0.3 1.5 33.3 125.5 

5 0.4 1.6 39.1 123.3 

6 0.2 2.8 68.3 134.7 

7 0.6 1.6 39.5 120.4 

8 0.2 4.1 59.7 146.6 

9 0.1 2.4 32.0 132.4 

10 0.1 1.6 44.8 125.2 

The metrics extracted for this analysis are the Low 

Blood Glucose Index (LBGI) (unitless), the High 

Blood Glucose Index (HBGI) (unitless), the Total 

Daily Insulin (TDI) units injected, and the mean BG 

level (Mean BG). 
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the performance of this system, the ten T1D adults were submitted to the “standard scenario”. Figure 

8 presents the BG profiles obtained for each patient during the last 24 hours of this realistic 3-meal 2-

snack scenario. For every patient, the BG regulation system provided satisfactory performance with 

limited postprandial hyperglycaemia and no hypoglycaemic event during the 48 hours. To complete 

the assessment of our islet-based closed-loop system, we computed the performance metrics detailed 

in the Methods section. Concerning the time spent in the 5 glycaemic ranges defined by Danne and 

colleagues (45), the islet-based closed loop permitted to all patients to reach the recommended targets 

(46). Excellent results were obtained for all the patients (TIR ranging from 78.7% to 97.0%) with a 

particularly satisfactory mitigation of the hypoglycaemic risk (TBR = 0% for every patient), see Figure 

9. According to the T1DMS User Manual, the mean LBGI and HBGI are minimal for all patients (see 

Table 1). Concerning the mean BG, most patients present levels below 140 mg/dl, which allow them 

to achieve the recommended HbA1c3 target level of 6.5%4. 

3.2. Assessment of the robust closed-loop therapy 

We integrated the unique robust controller K and the bolus calculator rule (4) (both described in the 

Methods section) in the UVA/Padova T1DMS according to the setup shown in Figure 5. Closed-loop 

was assessed with respect to standard recommendations introduced previously. A standard CGM 

sensor model was used for these simulations.  Ten T1D adults were submitted to two multi-meal 

scenarios: the first one is the “standard scenario” mentioned above (a 3-meal 2-snack pattern repeated 

on two consecutive days) and the second is the “challenging scenario” (three heavy meals daily for 48 

hours). Scenarios were also individualised using the patient body weight. As for the islet-based closed-

loop, the performance assessment was made on the last 24 hours (second day). In addition, scenarios 

were repeated 25 times to account for the random inaccuracies of the CGM sensor (47). 

                                                 

3 HbA1c = glycosylated hemoglobin A1c 

4 The conversion was computed using the online eAG/A1C Conversion Calculator provided by the American Diabetes 

Association. 

Figure 9: Time spent in the different glycemic ranges for the ten adults of the T1DMS treated with the islet-

based BG regulation closed loop and submitted to the “standard scenario”. The recommended targets (see 

Battelino et al. (43)) are plotted on the right side of the chart. 
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 For both scenarios, three closed-loop therapies were evaluated. In all cases, the unique robust 

controller designed in subsection 2.3 was used. The changes only concern the insulin bolus delivery 

triggered by the announcement of a sizeable meal. First, we considered the standard of Medtronic’s 

bolus rule (see for instance the equation (6) of (47)) with a perfect estimate of carbohydrate (CHO) 

intakes, i.e. the patient enters, to the nearest gram, the exact carbohydrate content of the meal into the 

AP device. Since it has been reported that errors in carbohydrate counting by patients can range from 

-30% to +40% (48), a second series of simulations is performed with the same therapy, but with random 

CHO estimation errors. Finally, the third closed-loop therapy evaluated here, integrates the proposed 

meal bolus solution called “adaptive bolus”, and whose bolus rule is given in the equation (4). Figure 

10 and Table 2 show the simulation results and the corresponding performance metrics. 

 For the “standard scenario” (left plots of Figure 10), the BG levels remained mostly in the TIR 

interval without snack bolus. The same trend occurred for the “challenging scenario” reported on the 

right side of Figure 10. For the so-called “standard scenario”, the three assessed closed-loop insulin 

Figure 10: Simulation results for two realistic 48-hour multi-meal scenarios in adults (last 24 hours are 

displayed), for three closed-loop therapies. The proposed robust controller is assessed with three different meal 

bolus solutions: the Medtronic bolus, the Medtronic bolus with errors introduced in the patient-provided 

carbohydrate (CHO) counting, and the proposed adaptive bolus. Mean glucose profile (curve) and standard 

deviation (coloured patches) are displayed on the top panels. Regions with no glycaemic risk, moderate 

glycaemic risk and high glycaemic risk are color-coded, respectively in white, pink and red. Bottom panels 

display the basal and bolus insulin infusion for the three evaluated closed-loop (left axis for the basal and right 

axis for the bolus).  
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therapies presented a mean TIR above 90% (see Table 2). Moreover, the unique controller fitted with 

the adaptive meal-independent bolus rule possessed the smallest TDI, causing de facto a small increase 

of TAR1, TAR2 and HBGI metrics. Nevertheless, all metrics followed the recommended values, see 

Supplementary Material. These data motivated the use of a unique robust controller designed according 

to the protocol introduced in section 2.3. As one would expect, the best TIR (97.1%) was obtained with 

the standard rule of Medtronic bolus delivery, without CHO errors. Removing the CHO estimation in 

the bolus calculator (i.e., using the adaptive bolus) caused a performance drop of 6.5% for the TIR. An 

equivalent gap (6.4%) can be observed with the second scenario. However, this gap was attenuated 

when the CHO counting errors were considered: the drop decreased to 5.2% between the Medtronic 

bolus with CHO errors and the adaptive one in the standard scenario, and was further reduced to 2.8% 

in the challenging one. In other words, when realistic CHO counting is considered, the price to pay to 

mitigate the patient’s workload and anxiety is a deterioration of the time spent in the TIR of 2.8% on 

the last 24 hours, with slightly better results for the TBR2, TBR1 and LBGI metrics. 

3.3. Comparison with other works 

During the last decade, many algorithms have been proposed for the Artificial Pancreas 

controller and tested with the UVA/Padova T1DMS (49–52). Varying levels of closed-loop 

performance have been achieved in silico depending on the complexity of the control algorithm and 

Table 2: Metrics for closed-loop therapy assessment - Robust control laws - Adult cohort 

Standard scenario 

Category 
TBR 2 

(%) 

TBR 1 

(%) 

TIR 

(%) 

TAR 1 

(%) 

TAR 2 

(%) 

LBGI 

(.) 

HBGI 

(.) 

Mean BG 

(mg/dl) 

TDI 

(U) 

MED 
0.0 

(0.1) 

0.5 

(1.6) 

97.1 

(3.5) 

2.4 

(3.2) 

0.0 

(0.0) 

0.6 

(0.4) 

1.0 

(0.5) 

117.9 

(5.6) 

48.4 

(12.3) 

MED-ERR 
0.5 

(2.1) 

1.8 

(4.0) 

95.8 

(5.6) 

2.4 

(3.3) 

0.0 

(0.0) 

0.9 

(1.0)* 

1.0 

(0.5) 

116.3 

(6.5)* 

48.8 

(12.8)* 

ADAPT 
0.2 

(0.8) 

3.0 

(4.4) 

90.6 

(10.1) 

6.4 

(7.6) 

0.6 

(1.8) 

1.1 

(0.7)* 

1.7 

(1.3) 

121.5 

(9.8) 

46.8 

(10.7)*† 

Challenging scenario 

Category 
TBR 2 

(%) 

TBR 1 

(%) 

TIR 

(%) 

TAR 1 

(%) 

TAR 2 

(%) 

LBGI 

(.) 

HBGI 

(.) 

Mean BG 

(mg/dl) 

TDI 

(U) 

MED 
0.5 

(1.7) 

4.6 

(6.4) 

90.5 

(11.3) 

4.8 

(6.3) 

0.0 

(0.0) 

1.6 

(0.9) 

1.3 

(0.6) 

113.7 

(3.5) 

48.9 

(12.7) 

MED-ERR 
1.9 

(4.1) 

8.0 

(7.5)* 

86.9 

(10.8) 

5.0 

(5.7) 

0.0 

(0.0) 

2.2 

(1.7)* 

1.3 

(0.6) 

112.6 

(5.8) 

49.5 

(13.1)* 

APAPT 
1.1 

(3.0) 

6.5 

(8.9) 

84.1 

(16.4)* 

9.4 

(9.5)*† 

0.8 

(2.4) 

2.0 

(1.3)* 

2.2 

(1.5) 

119.2 

(8.5)*† 

46.6 

(10.7)*† 

Simulation results were obtained with the 10 adult patients of the T1DMS. Three closed-loop strategies are compared: the unique robust 

controller K fitted with the bolus calculator of Medtronic without (MED) and with CHO counting errors (MED-ERR), and the proposed 

meal-independent adaptive bolus rule associated to the unique robust controller K (ADAPT) shown in Figure 5. Standard and 

challenging individualised meal scenarios consider realistic daily glucose intakes of a five-meal intakes (45g, 70g, 20g, 80g and 20g) 

and three heavy meals (65g, 90g, 80g). The metrics extracted for this comparison are the Time Below Range (TBR) (level 1 and 2), 

Time In Range (TIR), Time Above Range (TAR) (level 1 and 2), the Low- and High- Blood Glucose Index (LBGI and HBGI), mean 

Blood Glucose (Mean BG) concentration in mg/dl, and the Total Daily Insulin (TDI) in units of insulin. Standard Deviations (SD) are 

displayed for all metrics, see values into the parentheses. Symbol * indicates statistical significance (p<0.01) with respect to MED and 

symbol † indicates statistical significance (p<0.01) with respect to MED-ERR. 
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on the degree of user input (meal and exercise announcement). To compare our results to the literature, 

we selected recent works, published by Gondhalekar et al. (51) and Colmegna et al. (52), for their 

similarities with our work and their use of the same simulator version, which enables a fair comparison. 

The meal scenarios used in these works were simulated 25 times for each adult of the T1DMS cohort 

(note that the individualisation function presented in section 2.2 was not used here). In (51), a MPC 

law which uses a discrete-time LTI model of glucose-insulin dynamics is proposed. The control 

algorithm integrates two main features: a velocity-weighting to mitigate controller-induced 

hypoglycaemia and a velocity-penalty to correct postprandial hyperglycaemia. For this comparison, 

our unique controller K was associated with the Medtronic bolus rule. The 27-h meal scenario consisted 

in three large glucose intakes of 90 grams each. Contrasting results were obtained as the TIR increased 

by 8.8% with our controller but with a poorer mitigation of the hypoglycaemic risk (2.53% vs 0.07% - 

see Table 3). Of note, this comparison presents two limitations lying in the number of patients used 

(the full cohort of 111 patients was used in (51)) and the different premeal bolus strategies. In (52), 

Colmegna and colleagues proposes a control strategy based on hyperglycaemia detection to switch 

between two controllers of varying aggressiveness, both designed using an LPV model of the glucose-

insulin dynamics and the H∞ framework. This second comparison permitted to assess the performance 

of our unique robust controller alone, i.e., without premeal bolus. The 28-h meal scenario consisted in 

3 glucose intakes of 40, 70 and 60 grams of glucose. Here, our controller was outperformed by the 

switching controller which permitted both a lower TBR (respectively 2.96 % vs 0.00 %) and a better 

TIR (88.0 % vs 73.4 %). This result did not come as a surprise since the design of a unique controller 

for the whole adult cohort (our work), compared to two individualised controllers per patient in (52), 

induces reduced closed-loop performance due to an increased conservatism.  

  

 

Ref. Controller 
Premeal 

Bolus 

Mean BG 

[mg/dl] 

TBR 2  

[%] 

TBR 1  

[%] 

TIR  

[%] 

TAR 1  

[%] 

TAR 2 

[%] 

Risk index 

LBGI HBGI 

This work a 𝐻∞  Yes 119.7 0.09 2.53 88.1 9.33 0.00 1.11 1.77 

(51)b MPC Yes N/A 0.00 0.07 80.8 19.2 1.80 0.12 3.63 

This work a 𝐻∞  No 145.2 1.33 2.96 73.4 23.7 2.91 1.00 4.59 

(52)a Switched 𝐻∞  No 133.2 0.00 0.00 88.0 12.0 N/A 0.32 2.49 

a. Simulated in T1DMS S2013 with 10 adult patients 
b. Simulated in T1DMS S2013 with 111 adult patients 

Table 3: Performance indicators for the comparison with literature 
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4. Discussion 

Modelling the biological diversity to improve simulation realism 

Variability in diabetes takes many forms, which can be classified as inter- and intra-patient 

variabilities. Intra-patient variability is linked to the evolution, over time, of the general body status 

and physiological features for each T1D patient. Interpatient variability corresponds to the variation of 

body characteristics between patients, by genetic differences and environmental factors, since past and 

present lifestyles shape the body and its response to nutrient intake. These variabilities result in a very 

specific response to meal intake which, paired with the individual response to insulin therapy, still 

constitute major hurdles to the development of fully automated Artificial Pancreas systems able to truly 

restore glucose homeostasis. In this context, numerical simulation tools are now commonly used to 

assess control algorithms with respect to different sources of variability in a cost-effective manner. In 

particular, the UVA/Padova T1DM Simulator accurately models the interpatient variability observed 

in response to meal intake in real T1D patients (53).  

Concerning the intrapatient variability, we are aware that one limitation of the version 3.2 of 

the UVA/Padova T1DMS (the version used in this work), is the time-invariant definition of some 

important physiological parameters, e.g., Insulin Sensitivity (IS), which has been clearly stated in the 

Assumption 1. This limitation led the US FDA to approve the simulator for single-meal simulations 

only (21). Several methods were proposed to address this issue (54–56). In particular, Visentin et al. 

proposed in (56) an upgrade of the T1DMS where a time-varying definition of the model parameters 

kp3 and Vmx is used to account for the intraday and interpatient variabilities of IS. This version of the 

T1DMS is however not commercially available yet. 

In the context of the DIABLO project, other limitations of the T1DMS were highlighted in a 

precedent in silico work, where the simulator was used to validate the concept of an islet-based closed-

loop therapy (23). The current metabolic model of the UVA/Padova T1DMS cannot model the 

dynamics of lipids, amino acids and hormone concentrations in blood, besides insulin and glucagon, 

which all reflect the general body status. As we already demonstrated in vitro that our biosensor 

properly captures the modulation of islet responses induced by GLP-1, adrenaline, and amino acids 

(12,14), it is impossible to fully assess in silico the potential of our biosensor with the current metabolic 

model of the T1DMS. The secretion of GLP-1 by intestinal cells is closely related to nutrient intake 

(57). GLP-1 concentration variations could thus be extrapolated from variables already modelled in 

the simulator, e.g., glucose mass in intestine, rate constant of intestinal absorption. However, it appears 

more complicated to include adrenaline, fatty acids or amino acids concentration variations to the 

T1DMS metabolic model without new clinical data. Despite the above-mentioned limitations, the 

version 3.2 of the UVA/Padova T1DMS still is a powerful tool to assess different approaches to handle 

interpatient variability and compare control strategies towards the integration of our islet-based 

biosensor in an AP system. 

Result analysis and learnt lessons for interpatient variability management 

To elaborate further on the modelling of interpatient variability, we developed a method which 

accounts for the specific energy need of each T1D patient by individualising meal scenarios based on 

patient body weight. Our meal scenario individualisation method is not a built-in feature of the 

T1DMS, and therefore needs to be discussed further. To ascertain that the method yields realistic 

glucose intake distributions for T1D adults, we computed the daily energy intakes corresponding to the 

daily glucose intakes outputted by the individualisation function. We considered three hypotheses 
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regarding the proportion of daily energy intake 

provided by carbohydrates: 45%, 55% and 65%. 

These hypotheses are in line with the American 

Diabetes Association recommendation for T1D 

adults: 45-60% of energy requirements covered by 

carbohydrates (58). The corresponding daily energy 

intakes are plotted in Figure 11 for each hypothesis. 

Unsurprisingly, the total energy intake increased 

when the proportion of carbohydrates decreased, and 

fell between 1300 to 2800 kcal/day depending on the 

carbohydrate proportion hypothesis. As this result is 

consistent with the range of daily energy intakes 

reported in the literature for T1D adults (35,59), we 

can conclude that the weight-dependent definition of 

meal scenarios is functional for adult patients, and 

does not yield aberrant results. 

Furthermore, the benefits of numerical 

simulation were exploited to assess two different 

approaches to handle interpatient variability. First, 

controllers highly individualised using our GA-

based optimisation method and individualised meal 

scenarios were used to define the best performance 

that could be achieved with a biosensor-based closed 

loop and unannounced meals. In so doing, we 

intended to investigate the relative contribution of 

controller individualisation and control algorithm 

complexity. The results obtained with these highly individualised controller parameters were 

satisfactory as excellent regulation performance was observed without meal announcement. Compared 

to our previous work (23), the weight-dependant definition of our “standard scenario” resulted in a TIR 

improved by 1.0% on average (88.1% in (23) vs 89.1% here) with a similar standard deviation (5.4% 

vs 5.0%), thanks to a better mitigation of the hypoglycaemic risk, - 1.3% on average (1.6% vs 0.3%). 

In both cases, the adult cohort was submitted to a very similar 3-meal 2-snack scenario with an average 

daily glucose intake of 235 grams. As there is no other obvious reason why our controller tuning 

methodology would yield better performing controllers in the second case, we conclude that the use of 

a unique scenario for all patients could introduce a bias when assessing closed-loop systems with the 

T1DMS. 

As the level of individualisation obtained with the GA could not realistically be achieved in 

vivo, controllers need to be tuned more conservatively. Through the DIABLO project, we thus 

investigated a second approach based on the design of a unique H∞ robust controller tuned for all virtual 

T1D adults and the infusion of a bolus to reduce postprandial hyperglycaemia. Note that we firstly 

developed this approach with a traditional CGM sensor. The advantage of this approach is that it could 

theoretically handle both intra- and interpatient variabilities. To manage trade-offs of control 

requirements, H∞ control theory is known as a powerful tool. Among the pioneering works, Kienitz et 

al. (60) addressed for the first time the BG regulation with H∞ control theory to manage the 

considerable amount of model uncertainty. This work has been followed by (61) where a sensitivity 

analysis provides the three-parameter set having the most significant effect on insulin and glucose 

dynamics. In spite of advances in the H∞ framework, it is important to underline that an efficient robust 

Figure 11: Boxplots of the daily energy intake 

corresponding to the individualised “standard 

scenario” of each virtual adult. Three hypotheses are 

considered for the proportion of energy intake 

covered by carbohydrates: 45%, 55%, and 65%. For 

each box, the central mark and the edges of the box 

are respectively the median and the 25th and 75th 

percentiles.  Data points, without outliers, are 

delimited by the whiskers, and outliers are plotted 

individually as red crosses. 
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control solution can be obtained if and only if it is designed on an accurate model able to capture all 

variabilities. In this context, the work reported in (24) highlights the benefits of simulation by providing 

control-relevant nonparametric models identified from the UVA/Padova simulator. Based on the 

structure of LTI models, the authors proposed to model glucose-insulin dynamics by a unique LTI 

model of third order. This work encouraged us to develop the methodology introduced in section 2.3 

where a family of thirteen-order linear models is derived by using mathematical formalisms like the 

unstructured multiplicative uncertainty and the LFT representation. From the results obtained with the 

proposed closed-loop architecture (Figure 5), acceptable performances (TIR above 90%) were reached 

thanks to the announcement of sizeable meals. The price to pay to be robust (or as insensitive as 

possible) against variabilities within a population of T1D patients with a standard CGM sensor (the 

default sensor configuration of T1DMS (21), with a sampling time of 5 min), is to include the patient 

in the loop.  

To better assess the performance of our unique controller, we compared its performance to two 

control laws published recently: the velocity-weighting and velocity-penalty MPC law proposed by 

Gondhalekar et al. (51) and the switching LPV approach proposed by Colmegna et al. (52). The first 

conclusion of these comparisons introduced in section 3.3 is that safety features to prevent 

hypoglycaemia are necessary (an Insulin-On-Board (IOB) limitation in the control algorithm is 

implemented in both cases), even when meal announcement lessen the constraint on the controller. The 

second conclusion is that the need to include the patient in the loop could be relaxed by individualising 

the H∞ controller using the patient’s previous therapy parameters (e.g., the Total Daily Insulin as in 

(25)). In addition, control-oriented models have to be designed to capture other physiological factors 

than the ones included in the v3.2 of T1DMS. This statement motivated other investigators to develop 

LPV models capable to integrate the variability of insulin sensitivity in models used for control design 

purpose (28).  

Bridging model-based control theory and the islet-based biosensor  

As previously mentioned, the overall objective of the DIABLO project is to gather the sensing 

capabilities of pancreatic islets and the benefits of robust control theory in a biosensor-based AP 

system. Thanks to its sensitivity to other insulin secretion modulators, the biosensor could alleviate the 

patients’ burden by reducing the need for meal and physical activity announcement, while providing a 

new insight on the very specific response of each patient to nutrients. By providing a finer image of 

the patient’s physiological status and multiple signals, we hope that this sensor could also help solving 

the well-known problem of unstable diabetes. The different simulation campaigns presented in this 

paper allowed us to highlight the relative contribution of algorithms to the overall closed-loop 

performance of AP systems. From the first conclusion of the comparison study, hypoglycaemia-

prevention features, such as IOB, seem to be necessary. In addition, modern hybrid closed-loop systems 

frequently integrate a hypoglycaemic alarm to trigger the suspension of basal insulin delivery, referred 

to as Low Glucose Suspend (LGS). Although the biosensor response presents a natural glucose-

dependent hysteresis protecting from hypoglycaemia (12,62), it may have a shortcoming that is worth 

mentioning: β-cell activity at low glucose, i.e., the SP frequency, is not yet fully explored and the 

biosensor output may eventually not suffice, when the patient BG level is below the islet glucose 

stimulation threshold, to trigger such hypoglycaemia-prevention feature. The co-integration of a CGM 

technology and our biosensing one into a single device, may thus be necessary. This proposal appears 

reasonable from a technological standpoint as a glucose-oxidase electrode could be placed on the same 

MEA as the pancreatic islets embedded in the biosensor, and meets the recommendation expressed in 

(2) to integrate new signals for algorithm improvement. The combined use of multiple input signals 
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with an LPV formalism to capture other physiological factors (see the second conclusion of the 

comparative study), would also further highlight the benefits of H∞ robust control theory for the 

regulation of T1D patient’s BG level. In particular, this method could permit the development of a 

Multi-Input Single-Output (MISO) controller, involving a better dimensioning of the control problem 

and a possible improvement to manage variability. 

At our current state of knowledge and advance of the biosensor, we thus propose the following 

setup for a realistic biosensor-based Artificial Pancreas (Figure 12). The integration of this two-sensor 

device could provide multiple signals to improve the performance of control algorithms (e.g., 

controller, bolus calculator, Insulin-On-Board estimation, fault detection). A data fusion algorithm 

could also be developed, to improve the real-time monitoring of patient’s physiological state, like in 

aeronautical systems (63). Such a system would be perfectly in line with the conclusions DCCT-EDIC 

study (64) concerning the need to mitigate hypoglycaemia in intensive insulin therapy and the 

recommendations formulated in (2) to integrate new signals to the Artificial Pancreas. Depending on 

our ongoing research, the set-up may in the long-term be simplified to a pure biosensor capable of 

detecting hypoglycaemic states by fully using the multiple inborn detection capacity of pancreatic islet 

sensors.  
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Conclusion and perspectives: 
 

Development of the project 

 

 

 

Conclusion biological substrate 

Through the recent years we have been able to make progress on the development of a 

biosensor based on the electrical activity of the islets of Langerhans. First, we have searched 

the most suitable biological substrate to serve as a biosensor within our device. We studied 

two clonal cell lines, INS and EndoCβH1, which we seeded on MEA as a monolayer or after 

spheroid formation. EndoC-H1 spheroids provide a model to test the effect of different 

variables on physiological cell-cell coupling by MEA analysis in line with the advocated utility 

in drug testing. In the same vein CX-36 transduced cells may be suitable, but obviously 

restricted to rodents. Electrical signals, in these cell lines are significantly lower than that of 

native islets from primary cultures. For the development of our biosensor, a strong electrical 

signal in terms of frequency and amplitude is essential. Native islets are optimal glucose 

sensors, and their cellular complexity, as well as the richness of the interactions between the 

different cell types present in this natural organoid, give it a great advantage as a blood 

glucose sensor. It is not only sensitive to glucose, but also to lipids, amino acids and hormones. 

This natural ability has not been found within the cell lines and there are also difficulties within 

the clonal cell lines due to the fact that they are often homotypic in terms of hormone 

secretion as mentioned in the literature (Masur et al. 2005; Nakashima et al. 2009).  
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Perspectives biological substrate 

A future solution should guarantee homogeneous biological material allowing the production 

of a standardised medical device. Dissociated/reassociated human islets from InSphero 

(location) could therefore be one possibility for optimising the system in an industrial 

development strategy. However, the cost of these organoids is relatively high. Another 

possibility may be given by the most recently described derivative of ENDO-H1, ie ENDO-

H5, which have been shown an improved glucose sensitivity. 

 

Conclusion development of a microfluidic device 

Another essential step in the development of the islet-based biosensor was the design, 

fabrication and experimental validation of a microfluidic device adapted to the various 

technical constraints (loading of the islets, culture, dead volumes during experimentation). 

We tested two strategies: a complex design, allowing the recording of the electrical activity of 

islets trapped on an electrode independently, and a simple design allowing the loading of the 

islets and a static culture in an incubator before the connection to the microfluidic device on 

the day of the experiment. 

The first strategy employed was not compatible with long experiments because of various 

problems of loading the chip with islets, of islet detachment during the experiment, but also 

and above all of nucleation problems leading to the formation of bubbles blocking the entire 

system. The second strategy of using a simple design allowed us to obtain results and to carry 

out long experiments, compatible with the dead volumes and constraints imposed by the use 

of a microdialysis system as a pressure pump as well as the anaesthesia times imposed on the 

animal. 

 

 

Perspectives development of a microfluidic device 

Among the perspectives considered, there is first of all the standardisation of the 

manufacturing of these chips with a simple linear design. Indeed, at the beginning we used on 

the moulding of pieces of syringe in PDMS. I designed and launched the manufacture of a Siu-

8 wafer in order to manufacture a large quantity of standardised chips per batch. The use of 

polymers other than PDMS could also be an important step in the development of the 

manufacturing process, with a view to standardising and optimising the service life of the 
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chips. Finally, the design could be made more complex in order to reduce the number of islets 

required within the chip.  

More broadly, in the field of organ on chip, another thesis project is currently underway in the 

team, that of developing a multi-organ on chip platform, in order to study the complex 

metabolic relationships between the liver, the muscles and the pancreas. The work on islets 

on chip will have served as a starting point for the development of this project. 

 

Validation of the proof of concept in rodent 

We were able to establish the proof of concept in vivo on rodents. Further validation of the 

assembly of the various constituent elements of the islet-based biosensor allows us to 

envisage two possible development paths. Firstly, further development and validation in the 

clinic was planned in the ANR project. However, it turned out that non-human material cannot 

be introduced in the Bordeaux CHU. 

 

 

 

Figure 35: Diagram of the components of the islet-based biosensor. In green: elements 
validated during the thesis project. In orange: elements still to be validated. In blue: 
commercial insulin pump 
 

An alternative would be static off-line testing of samples taken from the patient This step is 

simple to implement and does not face the constraints imposed by clinical protocols or the 
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entry of murine islets into the biosensor within the hospital. However, the workload and stress 

on the device would increase considerable with 48 consecutive pipetting steps and around 

48h hands-on time to replace some 4h on-line testing. We are not certain that the device will 

support this recurrent manipulation at the actual stade and also wonder how to normalize 

between these discontinuous measurements. 

 To reach the stage of clinical trials allowing a complete validation of the system including 

microdialysis, microfluidics linked to the patient and connected to the electrophysiological 

recording device in real time, it seems necessary to involve industral partners in order to 

optimise and standardise each element according to the ISO standards for medical devices. In 

spite of this complexity of development to carry out the validation in clinic, the simulations 

according to various patient scenarios in silico within the UVA-PADOVA simulator carried out 

by the electronic and automation partners of the ANR allow us to be confident as for the 

advantage of an islet-based biosensor over the CGMs currently present on the market. 

The second area of development is for use in fundamental research. Indeed, this system can 

be used as an in vivo study platform to address different pharmacological and biological 

questions. Current bioassay systems allow to address more and more precise questions, such 

as ELISA or mass spectrometry, but these techniques are cut off from physiology and are 

performed after the in vivo experiment that gave rise to the collection of the samples of 

interest. With our device, we can simultaneously perform electrophysiological and optical 

monitoring and assays of different metabolites in the dialysate before or after the microfluidic 

chip without losing the physiological study aspect of the in vivo system. 

 

General conclusion and perspectives 

In conclusion, we have succeeded in developing a proof of concept for a new glucose sensor 

based on the electrical activity of the islets of Langerhans and have demonstrated the 

advantages of such a biosensor over the CGMs currently on the market.  In the future, we can 

envisage testing different biological substrates by adapting the microfluidic chip to the 

structure of the substrates studied (pancreas slice, potentially bio-printed vascularised islets) 

or replacing commercial MEAs by transistors currently developed by various collaborations of 

the team. The use of transistors could allow the acquisition of an even richer electrical signal, 

notably by recording slow potentials but also action potentials. The prospect of ion-specific 
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transistors, particularly for zinc, could also enable us to enrich our platform and to study the 

secretory activity of insulin islets in an even more precise manner. 

This work therefore opens up multiple perspectives both on the clinical and fundamental 

levels for the study and characterisation of islets. 

 

What would be the next step for another thesis? 

Several lines of research could be developed on the time scale of another thesis. Indeed, it 

would be interesting to focus on one of the axes of the biosensor for three full years. For the 

biological substrate part, it could be interesting to work with stem cells in order to study the 

behaviour of beta-like cells in the device. Once a system such as the one mentioned in the 

microfluidic studies section is available, it would be interesting to work with stem cells, to 

differentiate and form organoids under microfluidic conditions within the device and to link 

the system to the animal by characterising the electrical activities of these cells. Indeed, we 

have worked on anaesthetised animals, and perfecting the protocols for habituating animals 

to restraint devices could be a continuation of the development in order to follow the activity 

of the islets in response to the dialysate of the vigorous rat. We have also performed 

intraperitoneal glucose tolerance protocols; however, this in vivo platform has many 

possibilities and could allow testing the effect of hormones such as adrenaline or drugs such 

as sulfonyl ureas and thus characterise the system under these experimental conditions. 

To conclude this manuscript, we tried to imagine what the DiaSENSOR would look like once 

industrialisation is complete. 
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Figure 36: prototyping of the DiaSENSOR after industrialisation. A: View of the open device 
scaled to a 2 euros coin. B: view of the device without the cover, insulin/dialysate reservoir in 
blue. C: detail of the insulin/dialysate reservoir in blue and the microfluidic MEA removed. D: 
top view of the biosensor housing, insulin/dialysate reservoir removed. E: exploded view of 
the biosensor allowing visualization of the components. Drawing by A. Pirog 
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Annexe 1 : Table 1 : Methods of islets analyses 

 

 



Annexe 2 : Table 2: CGMs features and limitations 
Industry 

Name of the 
sensor 

Accuracy 
(MARD)% 

Calibration 
Lifetime 

(Day) 
Features Limitations 

Medtronic 

Enlite 
sensor 

13.6 12hr 6 
Trend arrows, rate-of-change alerts, 

hypo/hyperglycemic alarms, integration with 
Medtronic's pumps 

Approved only as an adjunctive device, 
acetaminophen interference 

Guardian 
sensor 3 

10.6 12hr 7 
Trend arrows, rate-of-change alerts, 

hypo/hyperglycemic alarms, integration with 
Medtronic's pumps 

Approved only as an adjunctive device, 
acetaminophen interference 

Abbott 

Freestyle 
Navigator II 

14.5 
2, 10, 24, 72 hr 
after insertion 

5 
Trend arrows, rate-of-change alerts, 

hypo/hyperglycemic alarms 
Approved only in some European countries 

as adjunctive device 

Freestyle 
libre 

11.4 No 14 Trend arrows 

Sensor need to be scanned, not 
recommended for patient with 

hypoglycemic unawareness, confirmatory 
SMBG still recommended  

Freestyle 
libre 2 

No data No 14 
Trend arrows, rate-of-change alerts, 
hypo/hyperglycemic alarms, remote 

monitoring 

Sensor need to be scanned, not 
recommended for patient with 

hypoglycemic unawareness, confirmatory 
SMBG still recommended  

Dexcom 

G4 Platinum 9 12 hr 7 
Trend arrows, rate-of-change alerts, 
hypo/hyperglycemic alarms, remote 

monitoring 
Approved only as an adjunctive device 

G5 mobile 9 12hr 7 

Trend arrows, rate-of-change alerts, 
hypo/hyperglycemic alarms, remote 

monitoring, wireless communication with up to 
5 devices 

Confirmatory SMBG still recommended 
when specific episodes occur, 
acetaminophen interference 

G6 10 No 10 

Trend arrows, rate-of-change alerts, 
hypo/hyperglycemic alarms, remote 

monitoring, wireless communication with up to 
5 devices 

Confirmatory SMBG still recommended 
when specific episodes occur 

Senseonics Eversense 11.4 No 90 
Trend arrows, rate-of-change alerts, 

hypo/hyperglycemic alarms 

The sensor needs to be inserted and 
removed in doctor's office, approved as 

adjunctive device in Europe only 

 



Annexe 3 : Table 3: Non invasive methods for glucose monitoring 
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Titre : CAPTEURS BIO-ÉLECTRONIQUES POUR LE CONTRÔLE DE LA 
GLYCÉMIE EN BOUCLE OUVERTE ET FERMÉE 
Résumé :  
Les technologies de mesure continue de la glycémie (CGM) et d'insulinothérapie 
révolutionnent le traitement du diabetes mellitus (DM). Les capteurs sont toutefois 
limités à la mesure de glucose et les algorithmes d'insulinothérapie sont améliorables. 
DIABLO rassemble des diabétologues et des spécialistes de la biologie des îlots, de 
la microélectronique et de l'automatique, pour développer un nouvel outil de CGM. 
DIABLO propose: (i) des techniques de mesure et un capteur bio-électronique haute 
résolution pour décoder les algorithmes endogènes des îlots,; (ii) de nouveaux 
algorithmes de contrôle robustes et tolérants aux fautes, inspirés par l'avionique ; (iii) 
la démonstration in vivo de la capacité du capteur bio-électronique à maintenir 
l'homéostasie du glucose. DIABLO aura un impact sur le traitement du DM et le 
développement de pancréas artificiels, et facilitera aussi les approches thérapeutiques 
à base de cellules souches en permettant leur caractérisation fine in situ. 

Mots clés : Diabète, CGM, Biocapteur, Ilots de Langerhans, Glycémie 

 

Title : BIOSENSORS FOR OPEN AND CLOSED-LOOP GLYCEMIA 
CONTROL 
Abstract :  
In diabetes mellitus (DM), continuous glucose monitoring (CGM) linked to insulin 
delivery presents a major advance but is still limited by current algorithms and the 
nature of glucose sensors. DIABLO is a multidisciplinary project from diabetology, islet 
biology, and microelectronics to automation control, with the objective to establish a 
new model of CGM (i) by high-resolution techniques to decipher and model islet's 
endogenous algorithms, (ii) by design of novel control algorithms inspired by 
aeronautics and (iii) by the proof of concept of maintaining glucose homeostasis by 
this hybrid biosensor. DIABLO will impact research by multi-physics system modelling 
and healthcare technology as well as life quality in DM by novel algorithms and an 
innovative module for the artificial pancreas. The project will also advance for DM and 
other chronic diseases monitoring of stem-cell derived therapeutic means and the 
development of Organs-on-Chip. 

Keywords : Diabete, CGM, Biosensor, Islets of Langerhans, Glycemia  
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