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Summary 

Pancreatic Human islet of Langerhans (IL) transplantation is a promising clinical approach for 

the treatment of severe type 1 diabetes. However, the restoration of endogenous insulin 

secretion remains subject to many uncertainties (donor history, pancreas harvesting, cell islet 

processing, etc.), and the prediction of transplant success depends primarily on the quality of 

the insulin-secreting cells; hence the importance of being able to accurately evaluate a cell 

preparation before it is released to the transplant surgeon. 

Among the various assessment techniques, the glucose-stimulated insulin secretion (GSIS) 

test remains the gold standard for evaluating beta cell function. However, the static or 

dynamic (perifusion) GSIS used have limitations in terms of information, as they focus 

exclusively on insulin stimulation. Increasing experimental throughput to facilitate parallel 

studies is a crucial aspect in refining perifusion systems for more efficient and comparative 

GSIS analysis.  

Furthermore, due to the cellular heterogeneity of IL and inter-individual variability, it appears 

essential to combine other indicators for the evaluation of isolated IL. 

This thesis establishes several advances: (1) to study the beta cell heterogeneity in human 

donors of islet Perifusions (2) by developing CAD (Computer Aided Design) modeled 

prototype, (3) by developing Stereolithography-based 3D-fabricated perifusion mono 

chambers, (4) assembling a 4-stream perifusion system with associated components to access 

parallel perifusion studies and (5) to adopt a measurement of oxygen consumption during the 

perifusion process. 

The results of a single-center study of insulin secretion assessed by perifusion on a large 

number of IL preparations (n = 168) identified that donor physiological parameters, such as 



Body Mass Index (BMI), Body Surface Area (BSA) and HbA1c, influenced insulin secretion, 

particularly at low glucose concentrations, independently of sex. This study confirmed the 

importance of fasting insulin secretion as an indicator of the functional quality of isolated IL. 

In collaboration with IMT Nord Europe, we used CAD (SolidWorks) to model perifusion 

chambers and developed fluid flow analysis to ensure uniform perifusion that does not stress 

the IL during carbohydrate stimulation. 

We therefore manufactured perifusion chambers (mono chambers) using 3D printing 

technology based on stereolithography (SLA). These chambers confirmed the uniformity of 

flow and stability during assembly. 

 Furthermore, an optical probe system was integrated post-chamber to monitor glucose-

stimulated oxygen consumption rates (OCR). Our preliminary results confirmed measurable 

and reproducible metabolic responses in human islets within a single perifusion framework, 

and established a foundation for future studies. 

This thesis has demonstrated the high intra- and inter-individual heterogeneity of insulin 

secretion by isolated human islets of Langerhans and have led to the development of a tool 

for evaluating the in vitro metabolic functionality of isolated IL used in clinical practice or in 

scientific studies. This tool should contribute to the development of standardised platforms 

for future research on IL hormone secretion and provide a better understanding of the 

physiology of insulin secretion. 

(Graphical abstract page : 154) 

  



Résumé (French) 

La transplantation d'îlots pancréatiques humains de Langerhans (IL) est une approche clinique 

prometteuse pour le traitement du diabète de type 1 sévère. Cependant, la restauration de la 

sécrétion endogène d'insuline reste soumise à de nombreuses incertitudes (antécédents du 

donneur, prélèvement du pancréas, traitement des îlots cellulaires, etc.) et la prédiction du 

succès de la transplantation dépend principalement de la qualité des cellules sécrétrices 

d'insuline, d'où l'importance de pouvoir évaluer avec précision une préparation cellulaire 

avant qu'elle ne soit remise au chirurgien transplanteur. Parmi les différentes techniques 

d'évaluation, le test de sécrétion d'insuline stimulée par le glucose (GSIS) reste la référence 

pour évaluer la fonction des cellules bêta. Cependant, les tests GSIS statiques ou dynamiques 

(périfusion) utilisés présentent des limites en termes d'informations, car ils se concentrent 

exclusivement sur la sécrétion insulinique. De plus, du fait de l'hétérogénéité cellulaire des IL 

et de la variabilité interindividuelle, il semble essentiel de combiner d'autres indicateurs pour 

l'évaluation des IL isolées. Aussi perfectionner les analyses par périfusion semble crucial pour 

l’évaluation des cellules endocrines utilisées en clinique ou lors de protocoles expérimentaux.  

Au cours de ce travail de thèse, nous avons pu : (1) étudier, à l'aide de la technique de 

périfusion, l'impact de l'hétérogénéité des IL humains sur la sécrétion d'insuline ; (2) 

développer et fabriquer, à l'aide de l'impression 3D, des chambres de réactionnelles adaptées 

à la physiologie fine de l'IL ; (3) développer un système de périfusion permettant plusieurs 

analyses en parallèle et (4) adapter une mesure de la consommation d'oxygène continue 

pendant le processus de périfusion. 

Les résultats d'une étude monocentrique sur la sécrétion d'insuline évaluée par perfusion sur 

un grand nombre de préparations d'IL (n = 168) ont montré que les paramètres physiologiques 



des donneurs, tels que l’Indice de Masse Corporelle (IMC), la Surface Corporelle (SC) et 

l'HbA1c, influençaient la sécrétion d'insuline, en particulier à de faibles concentrations de 

glucose, indépendamment du sexe. Cette étude a confirmé l'importance de la sécrétion 

d'insuline à jeun comme indicateur de la qualité fonctionnelle de l'IL isolée. 

En collaboration avec l’IMT Nord Europe, nous avons utilisé la CAO (SolidWorks) pour 

modéliser des chambres de périfusion et développé une analyse des flux des fluides périfusés 

afin de garantir une périfusion uniforme qui ne stresse pas l'IL pendant la stimulation 

glucidique. 

Nous avons fabriqué des chambres de périfusion individuelle (mono-chambre) à l'aide d'une 

technologie d'impression 3D basée sur la stéréolithographie (SLA). Ces chambres étaient 

chargées par le bas, et des tests itératifs ont confirmé l'uniformité du flux et la stabilité 

opérationnelle pendant la stimulation cellulaire.  Un système de sonde optique a été intégré 

en aval de la chambre de perfusion afin de mesurer les taux de consommation d'oxygène 

(OCR) pendant la stimulation au glucose.  

Cette thèse a démontré la grande hétérogénéité intra- et interindividuelle de la sécrétion 

d'insuline par les îlots de Langerhans humains isolés et a conduit au développement d'un outil 

permettant d'évaluer la fonctionnalité métabolique in vitro des IL isolés utilisés dans la 

pratique clinique ou dans les études scientifiques. Cet outil devrait contribuer au 

développement de plateformes standardisées pour les futures recherches sur la sécrétion 

d'hormones IL et permettre une meilleure compréhension de la physiologie de la sécrétion 

d'insuline. 

(Page du résumé graphique : 154) 
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1 Chapter I: Introduction 

1.1 Glucose homeostasis 

Endocrine insufficiency plays a significant role in the development of diabetes, a group of 

metabolic disorders characterised by impaired glucose regulation. In most vertebrates, 

glucose serves as the primary energy source. After consuming food, glucose derived from 

complex carbohydrates enters the bloodstream and is transported to various tissues 

throughout the body. Once inside cells, glucose can be converted into energy, stored or used 

as a building block for other essential molecules (Figure 1). These metabolic conversions 

ensure that glucose is used efficiently to meet the cell’s energy needs, support growth, repair, 

and maintenance.  

Maintaining proper blood glucose levels is critical, as both low (Hypoglycemia, typically under 

70 mg/dL) and high (Hyperglycemia, above 180 mg/dL after a meal, above 130 mg/dL during 

fasting) blood sugar levels create significant risks to the body, leading to severe health 

conditions (Amiel, 2021). Glucose homeostasis is regulated by a balance between glucose 

appearance (hepatic glucose production, intestinal absorption) and glucose disappearance 

(e.g., tissue uptake, storage) through the modulating effect of insulin, counterregulatory 

hormones (glucagon), and incretin hormones (Jiang and Zhang, 2003; Aronoff, Berkowitz et 

al., 2004). In healthy individuals, the endocrine pancreas maintains glucose homeostasis 

primarily through the coordinated secretion of insulin and glucagon. 

1.2 Endocrine pancreas 

The pancreas has three main regions: the head, the body, and the tail. On average, it measures 

around 15 centimetres in length and weighs approximately 70 to 150 grams. It is a soft, 

glandular organ with a somewhat elongated, flattened shape and a curved form, and the  
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Figure 1: Glucose Homeostasis 

The body tends to maintain a stable range, accomplished by a negative feedback loop that 
involves the release of two hormones. If the blood glucose increases beyond the normal range, 
for example, after a meal, it triggers the pancreas to release insulin that triggers body cells 
(adipocytes, myocytes), especially liver cells, to take up the glucose and convert it into 
glycogen for later use. If blood glucose decreases, it will also trigger the hormone glucagon, 
which will break down glycogen from the liver and release glucose into the blood, thereby 
bringing the levels back to normal (Fu, Gilbert et al., 2013; Podobnik, Korosak et al., 2020), 
figure adapted from (Richter, Albert et al., 2022). 
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organ exhibits a dual nature within its tissue glands. Firstly, the Endocrine function constitutes 

a mere 2% of the entire pancreas but carries a significant role (Longnecker, 2021). The small 

clusters in the endocrine called Islets of Langerhans (IL) encompass five distinct cell types: 

alpha cells (producing glucagon), beta cells (producing insulin), delta cells (producing 

somatostatin), PP cells (producing pancreatic polypeptide), and epsilon cells (producing 

ghrelin) (Cabrera, Berman et al., 2006). These cells consume over 25% of the organ's blood 

supply and collectively release hormones into the bloodstream, orchestrating the dynamic 

regulation of blood glucose levels. The IL are surrounded by the body’s extracellular matrix 

and supported by a network of blood vessels, nerves, and other pancreatic cells. Secondly, a 

larger fraction of the pancreas is dedicated to its Exocrine gland aspect, characterised by duct 

and acinar cells that release enzymes and facilitate their conveyance to the duodenum (Zhou, 

Brown et al., 2008). Human islets exhibit a more heterogeneous and intermingled cellular 

composition compared to the organised structure seen in mouse islets (Brissova, Fowler et al., 

2005). 

1.3 Physiological regulation of insulin secretion: 

1.3.1 Insulin biosynthesis and secretion 

When food is consumed, the digestive system breaks it down into basic components, including 

carbohydrates, which are further digested into glucose. As blood glucose levels rise, beta cells 

from the pancreas detect these changes, and glucose enters through facilitated diffusion via 

glucose transporters. Inside the beta cells, glucose undergoes oxidative glycolysis, leading to 

the production of ATP, which plays a key role in the subsequent release of insulin (Figure 2) 

(Matschinsky and Ellerman, 1968; Fridlyand and Philipson, 2010; Navale AM, 2016). The 
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causes of diabetes may vary, but generally include insulin resistance, genetic influences, 

endocrine destruction or disorders & environmental factors. 

1.3.2 Variability in insulin secretion 

Research on insulin regulation consistently highlights that secretion and sensitivity are highly 

variable between individuals and across different stages of metabolic health (Hansen, Wium 

et al., 2020). Several studies emphasise that insulin secretion is not a fixed process but one 

that adapts to body composition, genetic background, and environmental influences (Ishida, 

Harada et al., 2025). Studies demonstrated that biphasic glucose-stimulated insulin secretion 

shows distinct changes over decades, and large inter-individual differences in insulin 

sensitivity are also observed, even among similar glucose levels (Peng, Wang et al., 2025). 

Besides glucose, other factors such as hormones and signals in the body can influence how 

insulin is produced (Henquin, 2021). 

1.3.3 Biological and technical determinants of functional human islet quality 

The functional beta cell mass at transplanted sites is influenced by various factors, including 

the preservation of islet yield after isolation, the condition of the donor pancreas, the effects 

of immunosuppressive therapy, the ability of islets to adapt to a new microenvironment, and 

the impact of hormones and neurotransmitters (Hiriart, Velasco et al., 2014; Rickels, Stock et 

al., 2018; Czarnecka, Dadheech et al., 2023; Langlois, Pinget et al., 2024). The integrity of the 

pancreatic islets is governed by complex biological processes involving the interplay of various 

cell types, variations in cellular composition, viability, ATP/ADP ratio, mitochondrial function 

and so on. Another layer of variability is heavily influenced by donor-specific factors, including 

age, BMI, cause of death, ischemia time and challenges to their standardization. Glucose 

remains the primary trigger for insulin release, entering beta cells through transporters. In 
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vitro models, such as perifusion and static incubation, stand as an important tool to study 

human islet secretion. Differences in perifusion methods, quantification, normalization which 

make the discrepancies in interpretation. Another layer of variability lies in donor-related 

factors such as islet purity, glycemic and weight-based parameters. Therefore, paying 

attention in in-vitro assays and reproducibility of data analysis is more important. 

1.4 Diabetes trends, alternative therapy for Type 1 diabetes & evaluation procedures 

1.4.1  Prevalences 

In recent years, diabetes has become a significant global cause of death. In 2021 alone, 

approximately 6.7 million people lost their lives due to this condition. According to the 

international diabetes federation report, currently, there are around 589 million individuals 

(aged 20-79) living with diabetes, and this number is projected to rise to 643 million by 2030.  

This count is expected to rise to 853 million people in 2050 (IDF, 2024) . Diabetes is a chronic 

metabolic disorder characterised by elevated blood glucose levels (Hyperglycemia), often 

resulting from the progressive loss of pancreatic beta-cell function. Among the various types, 

Type 2 diabetes (T2D) is the most prevalent and arises from a combination of impaired insulin 

secretion and insulin resistance. During the progression of T2D, both fasting and postprandial 

glucose levels typically increase due to impaired insulin secretion and growing insulin 

resistance. Donor characteristics, such as genetic background, age, BMI (Body Mass Index), 

and metabolic health, can significantly influence the risk and severity of diabetes as they affect 

beta cell function and insulin sensitivity (how effectively the body responds to insulin). This 

dysfunction can lead to damage in multiple organs, including the kidneys, eyes, and heart. 

Management typically begins with lifestyle modifications and oral antidiabetic medications. 

Type 1 diabetes (T1D), on the other hand, is caused by an autoimmune destruction of beta 
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cells, leading to less or no insulin production. It requires immediate medical intervention. In 

2024, an estimated 9.2 million people worldwide were living with Type 1 diabetes, including 

1.8 million under the age of 20 (Atlas, 2024). Several challenges are involved in managing T1D 

due to the complexity of maintaining optimal glucose levels. The precise computation of 

insulin dosages and regular monitoring of glucose is taxing and invasive, but it is essential to 

avoid complications. 

The requirement for ongoing observations and glucose modifications can affect day-to-day 

functioning and mental health (Ajjan, Battelino et al., 2024). Left untreated, the risk of hyper- 

and hypoglycaemia can result in serious health issues. It is important to bring alternative 

therapies for lifelong insulin dependence. (Shapiro AM, 2016; Dabas H, 2023). 

1.4.2 Currently used therapy: Allogenic Islet Transplantation 

There are numerous treatments available for managing T1D, such as continuous glucose 

monitors and insulin pumps. However, one of the most advanced and promising alternative 

approaches is Human Islet Transplantation (IT) (Shapiro, Lakey et al., 2000). This procedure 

involves transplanting insulin-producing islet cells from a donor pancreas into a person with 

T1D, aiming to achieve better glucose regulation. A significant milestone was recently 

achieved at Lille University Hospital, where the 10-year outcomes demonstrated sustained 

insulin independence (28% recipients) and improved metabolic control in patients (78% 

recipients) (Vantyghem MC, 2019). This success has been further validated by the French 

healthcare system, which has fully reimbursed for islet transplantation treatments since 2021, 

marking a significant step forward in the accessibility and recognition of this life-changing 

therapy. Despite significant advances in transplantation procedures, immunosuppression 

protocols, and safety concerns, the challenge of reliably assessing islet function before graft 
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remains a critical barrier to optimising clinical outcomes. After isolation, islets are chosen 

based on islet yield (should be more than 200,000 IEQs), viability (more than 80%) and sterility 

(to check the islets away from microbes). Most of the time, the in-vitro Glucose-Stimulated 

Insulin Secretion is performed after the transplant.  

1.5 Glucose-Stimulated Insulin Secretion (GSIS) 

Although several in vitro assays are available to evaluate pancreatic islet function, glucose-

stimulated insulin secretion (GSIS) remains the most widely used and reliable method due to 

its direct assessment of beta cell responsiveness to glucose. Glucose-stimulated insulin 

Secretion closely mimics the physiological mechanism by which pancreatic beta cells secrete 

insulin in response to elevated blood glucose levels, thus serving as a functional indicator of 

beta cell health and viability. In this assay, isolated islets are sequentially exposed to low and 

high glucose concentrations, and the amount of insulin secreted is quantified. The difference 

between basal and stimulated insulin release reflects the cell’s ability to sense glucose and 

mount an appropriate secretory response (Deepa Maheshvare, Raha et al., 2023; Lorza-Gil, 

Kaiser et al., 2023). The GSIS can be performed either statically or dynamically to evaluate the 

islet’s beta cell function. 

1.5.1 Static incubation 

This widely used standard criterion for assessing islet function Measures glucose 

responsiveness by manually shifting islets from low to high glucose conditions. Although 

straightforward, the procedure is more time-consuming and requires careful attention to 

handling and filter activation. Insulin secretion is typically reported as the average response 

under low and high glucose stimulation (Molano, Pileggi et al., 2024). 
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Figure 2: Beta Cell Metabolism 

An increase in the ATP-ADP ratio causes ATP-sensitive potassium channels to close, leading to 
cell membrane depolarisation. This change prompts voltage-gated calcium channels to open, 
allowing calcium ions into the beta cell. The rise in intracellular calcium concentration triggers 
exocytosis, causing secretory vesicles to merge with the cell membrane and release insulin. 
This hormone is essential for maintaining stable blood sugar levels. In summary, this complex 
process ensures tight glucose regulation in the body (Gembal M, 1992; Rorsman P, 2018; 
Henquin JC, 2006), figure adapted from (Henquin, 2009; Petersen and Shulman, 2018). 
 

 



10 
 

1.5.2 Dynamic perifusion 

Dynamic perifusion offers temporal resolution, allowing detailed insight into biphasic insulin 

secretion (Henquin, Dufrane et al., 2015; Alcazar and Buchwald, 2019; Hart and Powers, 2019; 

Misun, Yesildag et al., 2020). This release of kinetic provides crucial insights into beta cell 

function that static methods cannot capture. 

Our laboratory has employed dynamic perifusion since 2017 to investigate insulin secretion 

and beta-cell function. In this technique, isolated pancreatic islets are maintained in a 

controlled environment to assess their functional response. The experiments require an 

assembled perifusion system with supporting components, operated according to a 

standardised protocol (Figure 3). A schematic representation of the setup is shown in Figure 

4. The interpretation of insulin secretion data is complex and influenced by various factors, 

including donor characteristics, such as sex, age, Body Mass Index (BMI), Body surface Area 

(BSA), and islet preparation variables like size, purity and cold ischemia (Henquin, 2019). While 

perifusion techniques have become widely adopted for islet characterisation, the variability in 

protocols across different centers gives significant challenges for data comparison and 

standardisation (Nano, Kerr-Conte et al., 2020).  

Quantification and normalisation strategies are essential in islet biology to ensure accurate 

interpretation of functional assays. Conventional normalisation methods typically rely on DNA 

or protein content  (Squires, Harris et al., 2000; Keymeulen, Gillard et al., 2006; Hanley, Austin 

et al., 2010; Pisania, Papas et al., 2010; Chowdhury, Dyachok et al., 2013; Oh, Stull et al., 2014; 

Xie, Zhu et al., 2015; Qi, Bilbao et al., 2018), which may reflect not only endocrine but also 

exocrine cell contributions, thereby limiting their specificity. Moreover, these parameters may 

not fully capture the inherent variability between islet preparations. Therefore, it is important 
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to determine beta cell-specific parameters, in conjunction with purity-based normalisation, 

which can provide a more reliable and biologically relevant framework for analysing islet 

function. 

Over the years, the GSIS technique has helped us to gather data across many donor samples, 

which we’ve used to build a large cohort study and allows us to perform quantitative and 

qualitative analysis of pancreatic islets. Considering the pronounced heterogeneity across 

donors and islet characteristics, how should these perifusion results be interpreted? Which 

parameters contribute most significantly to insulin secretory responses? As more labs turn to 

perifusion to assess islet function, especially in research and preclinical work, it's become 

increasingly important to understand what this data tells us and fits the bigger picture of islet 

quality assessment. It is also quite important to have a closer look at how perifusion itself 

changed and improved over time. 

 Evolution: Perifusion techniques and their role in insulin secretion studies 

The first perfusions were performed on pancreatic tissues in 1969-70 by Burr in Wistar rats by 

stimulating with 3g/L of glucose, and the range of proinsulin secreted was 1-2%, detectable 

30-40 minutes after stimulation (Burr, Balant et al., 1969). In 1972, Paul (Lacy, Walker et al., 

1972) described a simple perifusion system for in vitro studies of insulin secretion from 

isolated rat islets. A biphasic pattern of insulin secretion by glucose is demonstrated, where 

the first phase of secretion is due to the release of beta granules already associated with the 

microtubular system, and the second phase is the result of stored and newly synthesised 

granules which are secondarily associated with the tubular system. The Geneva team (Kikuchi 

M, 1974) showed interest by comparing perifusion with a static method, several variables to 

compare samples from the same pancreas in parallel. The other pancreatic hormones are 
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studied, and Assan R et al. (Reach G, 1979) (Ashby JP, 1975) show that perifused pancreatic 

tissue releases glucagon in response to arginine, norepinephrine, and decreased glucose 

concentration in the medium. Insulin production from human pancreatic tissue in response to 

glucose stimulus in vitro by perifusion system was performed by Ferguson J et al (Ferguson J, 

1977). The perifusion technique becomes essential to study the role of intracellular and 

extracellular calcium in the two phases of glucose-induced insulin release (Wollheim CB, 1978) 

showed the results on increased calcium uptake during the second phase rather than the first 

phase. The Orsetti team (Orsetti A, 1980) has shown that a double glycemic stimulation was a 

good physiological test and that viable isolated islets showed a significant increase in insulin 

during the second period at 16.5 mM glucose. Likewise, a model mathematical formula of 

insulin secretion was constructed by analysing insulin secretion induced by glucose using 

control theory (Nomura M, 1984). Perifusion also made it possible to test the physiology of 

pseudo-islets (Hopcroft DW, 1985). For this, pancreatic islets isolated from adult rats were 

dispersed and cultured in free suspension for 3 to 4 days, during which islet cells 

spontaneously reaggregate into spherical or pseudo-islands. The gross morphology of these 

tissues resembled that of undissociated islets, and insulin release dynamics assessed in vitro 

by perifusion showed a biphasic, dose-dependent response to glucose. In an automated 

method for isolating human pancreatic islets  (Ricordi C, 1988), the team conducted 

purification of the islets by ficoll gradients remained morphologically and functionally intact 

for 7 days in culture at 24° C to allow their islet function before their transplantation. While 

evaluating cell preparations, Ricordi recommended using dithizone as a specific dye for 

immediate detection of beta cells to determine purity (Ricordi, Gray et al., 1990). Microfluidic 

devices have emerged as a tool for biomedical research (Hansen C, 2003), and they have been 

extended to observe mitochondrial potential changes in response to insulin (Cabrera O, 2008).  
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The multi-islets dynamic insulin secretion by microfluidics revolutionised in 2010 (Adewola, 

Wang et al., 2010). This study resulted in optical imaging by Lee and team (Lee D, 2012). Since 

its inception in 1969, perifusion has continuously evolved, reflecting advancements in 

technology and understanding of islet physiology. The currently used perifusion system in our 

laboratory (Using Professor Henquin’s machine) has a set-up with two islet chambers 

assembled with supporting components such as a peristaltic pump, gas connection for 

carbogen, water bath and fraction collector (Figure 5). This perifusion setup provided a robust 

framework for dissecting islet behaviour, facilitating multiple layers of analysis that expanded 

our understanding of insulin dynamics. 

1.5.3 Replicated perifusion system: Lab’s need 

To comprehend the perifusion system’s action and also its need for the laboratory to perform 

more manipulations, the perifusion system was replicated using a 2-way chamber, 

appropriate tubing and readily available components, including a peristaltic pump, a heating 

immersion circulator, and a fraction collector (Figure 6). Altogether, as a functional element 

to run the perifusion system. 

Perifusion System Overview: 

 Peristaltic pump: 

The perifusion system primarily utilises a Master flex Ismatec peristaltic pump as its core 

component. This pump features a user-friendly touch interface that allows easy access and 

real-time monitoring. It ensures a consistent flow rate in a minimum volume, which is crucial 

for maintaining the islet suspension in a glucose medium, thereby facilitating continuous 

insulin measurement.  
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Figure 3: Evaluation Protocol 

The protocol involved a one-hour preincubation with fasting glucose at 3mM (G3) to allow 
islet stabilization, followed by sample collection at 10 minutes post-preincubation. 
Subsequently, the islets were continuously stimulated with high glucose for 40 minutes by 
15mM to assess the biphasic insulin secretion profile, and then returned to basal glucose 
stimulation for an additional 20 minutes. 

 

 

Figure 4: The schematic diagram 

The Perifusions were performed with 300 IEQ per chamber with the flow rate of 1ml/min by 
using a peristaltic pump, and it was constant throughout the experiment with the continuous 
flow of carbogen and Bovine Serum Albumin (BSA) (1ml/100 ml) added with Krebs ringer 
bicarbonate (KRB) medium. In all experiments, the islets were maintained at 3mM glucose as 
basal before being stimulated with a high glucose concentrations 15mM; During the 
stimulation phase, sample were taken at every 2 minutes by fraction collector (FC), and the 
secreted insulin was measured, as well the intra cellular insulin content (IIC) after the recovery 
of the islets at the end of the procedure in order to calculate the % of insulin by taking the 
ratio of absolute and IIC and multiplied by 100. 
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Figure 5: Dynamic perifusion set-up with all supporting components 

Throughout the experiment, carbogen supply to the KRB (Krebs-Ringer Bicarbonate Buffer) 
medium, a Peristaltic pump to maintain a flow rate of 1 ml/min, the islet chambers facilitate 
the accommodation of 0.5ml of volume (300 IEQ approximately), a temperature regulator 
maintains 37° C, and a fraction collector – regular interval sample collection. A water bath, to 
maintain the samples at a regular temperature. This perifusion system is currently engaged 
with 2 chambers, accumulating 300IEqs per chamber, and two individual collector machines 
can be used to collect the samples by either number of drops or by minutes. 
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To achieve an optimal continuous flow rate of 1ml/min, a tube with an inner diameter of 

1.5mm was used. This specific tube size was chosen to guarantee accurate delivery while 

minimising resistance and pressure drop. Selecting an appropriate tube diameter is vital to 

prevent those limitations. Furthermore, we adjusted the tube length to secure proper flow, 

lower energy loss, and further reduce pressure loss. This consideration for tube size and length 

is also crucial in minimising shear stress, preventing cell damage, and avoiding apoptosis in 

the beta cells.  

 Current chamber information: 

The polished, smooth-surfaced dual chamber integrated in the same mini water bath, received 

from Arras Lab. It was well protected by using screws and sponges by avoid leakages. Each 

chamber was designed to hold 300 IEQs as the sample volume of 0.5mL. 

 Fraction Collector (FC): 

Subsequent to the chamber is a piping connection, leading to a fraction collector, the Bio-Rad 

2110. Each FC has one arm integrated with the sensor to count by either drops or minute-

based flow. Each FC has a spiral holder to support 80 tubes, and each can bear up to 5 mL of 

sample. Its advanced automation and customizable settings permit effluent collection every 2 

minutes during the perifusion process. FC takes a continuous fluid stream and automatically 

divides it into equal fractions by using a stepper the tube position. FC is composed of a 

collection arm/nozzle to guide the effluent into the current tube, a rack as a holder case 

controlled by motors, and Sensors for a drop counter. 
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 Temperature regulation: 

To ensure consistent results, the bath tank temperature remains steady at 37° Celsius 

throughout the perifusion. This consistency is made possible by the Julabo corio CD immersion 

circulator, which sustains the KRB medium at the required temperature.  

 Tubing system 

These tubes mainly connect all the components and maintain the flow rate by calibrating 

through the pump, and it was maintained with the tube 1/16*30, which has an outer diameter 

of 1.6mm and a length of 30 inches (762mm). 

 Assisted components: 

The water bath dimensions are 30 (width) *45 (length) *20 (height) cm to hold the sample 

containers and have the capacity to hold 25L of liquid, which will always be added with an 

antimicrobial additive (stabilising agent). 

 Gas unit 

Carbogen (95%O2, CO2) connection was added to the system to gas the samples before 

experiment and during the experiment. Four separate gas tubes with regulators for whole set 

up used to control the flow. 

1.5.4 Discrepancies in the classical set-up  

This setup enables the capture of donor islet behavior based on donor characteristics, allowing 

for various analyses to be conducted. However, to refine and improve this process, it is 

necessary to develop a new perifusion chamber prototype. The classical setup consists of only 

two chambers, which is insufficient and not ideally suited for research applications.  
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Figure 6: Replicated Perifusion system 

A) illustrates the complete perifusion set-up assembly by connecting all individual 
components with tubing and the bath chamber, demonstrating the continuous flow path for 
the dynamic stimulation of beta cells. B) displays the individual parts of the replicated 
perifusion system, including the perifusion chamber, the peristaltic pump, the fraction 
collector, and silicone tubing (1.6 mm outer diameter) used for interconnection – engineering 
components for measuring biological information. 
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Representativeness of pancreatic islets: The current system is designed to accommodate 300 

islet equivalents (IEQs) per chamber, enabling a total of 600 IEQs to be assessed 

simultaneously for beta-cell functionality through insulin secretion measurements. While this 

capacity may suffice for routine clinical evaluations, research applications often require 

additional experiments. These experiments are delayed due to the limited number of 

chambers, increasing the risk of islet loss, as a few hundred IEQs are typically lost each day in 

culture. This configuration also restricts comparative analyses between multiple treatments 

or replicates. 

This limitation raises a key question: How can the existing two-chamber perifusion system be 

effectively expanded to improve experimental flexibility and efficiency? 

One potential solution is the development of an advanced perifusion chamber prototype using 

microfluidic technology. However, microfluidic systems can restrict the number of islets that 

can be accommodated and may pose challenges in integrating new tools for monitoring islet 

behavior. Furthermore, due to the intrinsic heterogeneity of islets, using a single islet—or 

worse, a single cell—as a representative for the entire population is problematic. This 

laboratory previously attempted to assess glucose-stimulated insulin secretion in human islets 

using a Biorep-based perifusion system. Although the platform allowed dynamic monitoring 

of islet responses, several technical challenges limited its utility. The available quantity of 

human islets was relatively low (approximately 100 IEQs per run), which restricted the 

experimental reproducibility. Moreover, the structural configuration of the perifusion 

chamber imposed mechanical and shear stress on the islets, leading to instability of glucose 

stimulation assays. Therefore, the use of commercially available systems was discontinued, 

and the focus shifted toward establishing a customized experimental set-up capable of 
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accommodating the same islet equivalents by adding a number of chambers in parallel. After 

extensive consultations with industrial experts, the team concluded that an in-house solution 

would provide greater flexibility and experimental control than existing market options. 

Consequently, a decision was made to design and fabricate a bespoke chamber tailored to the 

specific requirements of human islet studies, utilising advanced 3D modeling and 3D printing 

technologies. This approach facilitates rapid prototyping and streamlines the platform tailored 

for islet physiology. 

1.6 Engineering approach: Design & Fabrication of a novel chamber 

1.6.1 Evolution and application of 3D modeling 

The basic form of visual representation of 3D objects began with wireframes, constructed 

using curves, vertices, and edges, in the 1960s (Weiwei Fan a, Xinyi Liu a b 1 et al., 2025). Since 

then, 3D modeling has evolved dramatically, from simple geometric outlines to highly realistic, 

interactive, and physics-based simulations. Initially applied in engineering and architecture 

through computer-aided design (CAD) (Weisberg, 2023), its scope quickly expanded into 

diverse fields such as medicine, manufacturing, entertainment, and education (Fujita, 2020; 

Hunde and Woldeyohannes, 2022). Today, 3D modeling supports virtual prototyping, 

structural analysis, medical imaging, surgical planning, and the creation of customised 

biomedical devices, while also driving innovation in gaming, animation and virtual reality. 

Technological advancements over the past decades have been extensive, and the future of 3D 

modeling lies in its fusion with emerging technologies such as artificial intelligence and 

extended reality, making it an indispensable tool across scientific, industrial, and cultural 

domains (Huang, You-Min et al., 2005; Alghazzawi, 2016; Pokojski, Szustakiewicz et al., 2022; 

Shah, Khan et al., 2023). 
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1.6.2 Understanding 3D modeling and the use of SolidWorks 

3D modeling is the process of creating a mathematical representation of a three-dimensional 

object (Chowdhury, Bhunia et al., 2023). Among many modeling approaches, parametric 

modeling is the primary approaches used in CAD. A 3D model represents the physical form of 

an object by defining its points, edges, faces and internal structure. Among various modeling 

techniques, solid modeling is one of the most widely used in product development (Requicha 

and Voelcker, 1983; Raghothama and Shapiro, 1998). It involves creating models by sketching 

2D profiles and then using operations such as extrusion, feature addition, and feature removal 

to form 3D objects. 

 The integration of advanced design software has shortened development cycles, improved 

precision and enhanced collaboration across disciplines. One key enabler of this 

transformation is SolidWorks, a powerful computer–aided design (CAD) tool that has become 

essential for professionals and students alike across multiple areas. SolidWorks has become a 

game-changer across many industries by making it easier to bring ideas to life (Aboshweita, 

Masood et al., 2024).  Whether it’s designing complex mechanical parts in manufacturing, 

planning and visualising structures in construction, or creating precise models for medical 

devices like prosthetics and diagnostic tools, SolidWorks helps turn concepts into working 

models with accuracy (Bauer, Pobiel et al., 2023). With a multi-set of tools, it still stands as 

user-friendly, supports beginners. SolidWorks enables real-time simulations directly with the 

same platform used for modeling, eliminating the need to switch between separate software 

packages (Pant, Shukla et al., 2021; Rounak Mahakul, Dhirendra Nath Thatoi et al., 2021). 

Alongside the capabilities of advanced CAD tools like SolidWorks, technical guidance was 

sought through collaboration with Fab Lab, IMT Nord Europe, Douai. SolidWorks flow 
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simulation is a computational fluid dynamics (CFD) integrated within SolidWorks itself. It 

allows users to simulate real-world fluid flow and thermal behavior directly on their CAD 

models (Hunde, 2022), helping the model meet performance standards before physical 

prototypes are fabricated.  

1.6.3 3D printing  

Since the 1980s, 3D printing technology has undergone revolutionary development, finding 

applications in various fields and industries, ranging from small-scale to large-scale (Fujita, 

2020). 3D printing, popularly known as additive manufacturing, building 3D objects layer by 

layer from the base upward by adding material (Ilbey Karakurt and Liwei Lin, 2020). 3D printing 

has advanced to the point where oral tablets can be fabricated directly from digital designs. 

This capability supports personalised therapy by tailoring dose and size and by integrating 

multiple drugs into a single polypill. As a result, 3D printing is emerging as a powerful tool that 

accelerates development and improves treatment precision (Kuldeep Rajpoot, Muktika 

Tekade et al., 2020). The development of 3D printing technology began with Stereolithography 

(SLA) by Charles Hull in 1986 (Bogue, 2013). Multiple embodiments of 3D printing are 

available; the commonly used additive manufacturing is FDM and SLA (Rami H. Awad and Sami 

A. Habash, 2018).  

Types of 3D printing Technologies:  

 Fused Deposition Modeling (FDM) 

Industrial use began with the emergence of Fused Deposition Modeling (FDM) in the 2000s, 

the Explosion of 3D printing in medical, automotive, aerospace, bioprinting development and 

multi-material printing in the 2010s (Berman, 2012) (Ngo, Kashani et al., 2018) (Sun Chunhua, 

2020). FDM uses melted filaments to create objects layer by layer. This technique does not 
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require post-curing, but the removal of supports after fabrication can be challenging due to 

the hardened material. Though FDM is commonly employed for rapid prototyping, its 

suitability for biomedical applications remains uncertain, as the materials used may not always 

meet the necessary biocompatibility and performance requirements. 

 DLP (Digital Light Processing) 

3D printing uses a digital projector as a source to cure the resin layer by layer, and it's widely 

used for high-detail models and functional prototypes. As a projector, it uses a digital 

micromirror device (DMD) that consists of thousands of tiny mirrors to project an entire image 

of one layer onto the resin surface using light from the UV projector. This light selectively 

solidifies the resin where the image I projected, forming the layer all at once. However, the 

print size is limited by the pixel resolution and field of view, and it is typically suitable for small 

to medium parts, not large-scale objects (Ge, Jiang et al., 2022; Yi, Yang et al., 2025). 

 Masked Stereolithography (MSLA) 

MSLA has proven highly valuable in biomedical prototyping, offering higher throughput and 

the ability to produce intricate prints with fine detail, making it well-suited for creating 

complex biomedical models and small-scale devices (Ahmed, Sullivan et al., 2022; Stefan Junk, 

2023). Despite these advantages, MSLA also presents notable drawbacks: the printed parts 

are often brittle, the built area is relatively small, and the LCD screens degrade quickly under 

prolonged UV exposure. Furthermore, the XY resolution is limited by the pixel size of the LCD, 

which may result in stair-stepping curves, while maintaining even light distribution is critical 

to avoid layer inconsistencies. 
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 Stereolithography (SLA) 

In contrast, SLA uses a precise laser spot that can trace smooth curves, achieving higher 

accuracy and better surface finish since it is one of the earliest and most established resin-

based 3D printing technologies (Hideo, 1981). SLA supports a wide range of applications in 

biomedical research, product development and industrial design, where stable and durable 

models are prominent (Ngo, Kashani et al., 2018; Zhang, Zhu et al., 2021; Tasnim Tuli, Khatun 

et al., 2024). Due to the remarkable growth and advancements in 3D printing, we are keen to 

incorporate our innovations into this technology.   

1.7 Collaboration with other labs 

For innovation, we plan to collaborate with IMT Nord Europe, which is a leading French grande 

école d’ingénieurs that specialises in engineering, digital systems, energy & environment, and 

materials & processes. It’s part of the institute Mines-Télécom (IMT) network, one of the 

largest groups of engineering and technology schools in France. We engaged with an 

experienced engineer from Fab Lab, which supports both student-based projects and 

community-oriented projects focused on 3D modeling and additive manufacturing.  

To advance prototype development, we plan to collaborate with a Research Engineer from 

Centrale Lille, one of France’s leading grandes écoles, renowned for its high-level scientific and 

technical education. The engineer brings extensive experience in various 3D printing 

technologies and has managed multiple research and industrial projects involving design 

optimization, additive manufacturing, and rapid prototyping.  

This collaboration is expected to strengthen our technical capabilities, enhance design 

precision, and accelerate the transition from conceptual modeling to functional prototypes 

through the integration of advanced fabrication techniques. 
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1.8 Routine quality assessment in U1190 

As part of a routine procedure for several years, systematically, 2% of the islet preparations 

after the isolation are used to perform quality checks, mainly focused on assessing purity, 

viability, islet yield post culture, and perifusion. Before grafting, a mandatory overnight cell 

culture is performed to detect potential contamination. Testing also allows performing other 

quality checks, QIVIPA (in-vivo model) (Caiazzo, Gmyr et al., 2008). The main parameter is that 

the consideration of islet yield should be greater than 200,000 islet equivalents, even when 

the donor is normoglycemic or prediabetic (Vantyghem, Kerr-Conte et al., 2009), with a 

viability of around 80%. 

1.9 Cellular respiration as a key study for islet functionality 

In recent years, numerous laboratories have focused on expanding the range of parameters 

used in evaluating islet functionality, aiming for a more comprehensive understanding of islet 

health and viability (Sweet, Gilbert et al., 2005). Among these parameters, cellular respiration 

has emerged as a critical indicator, providing direct insight into the metabolic activity and 

energy production capacity of the islets (Papas, Colton et al., 2007; Kelly, Smith et al., 2019). 

Respiration is essential for cellular survival, as it reflects the cell's ability to utilise oxygen to 

generate ATP, the primary energy currency required for maintaining normal physiological 

function (Goto, Holgersson et al., 2006). In the context of pancreatic beta cells, efficient 

respiration is not only vital for sustaining cellular integrity but also for supporting insulin 

secretion, which is tightly coupled to metabolic activity (Kitzmann, O'Gorman et al., 2014; 

Papas, Bellin et al., 2015). An increase in oxygen consumption (OCR) in response to glucose 

stimulation has emerged as a meaningful indicator of islet metabolic health; the dynamic 

metabolic shift offers a more functionally relevant measure of islet quality (Sweet, Gilbert et 
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al., 2008). In line with this, reports exploring the role of islet oxygen consumption rates in 

diabetes reversal are steadily increasing, reflecting growing interest in metabolic markers 

(Sweet, Khalil et al., 2002; Papas, Colton et al., 2007; Papas, Suszynski et al., 2009; Shang, 

Suzuki et al., 2025). Thus, investigating how beta cells respire under various conditions is 

central to understanding their functional competence. 

1.10 Beta cell respiration mechanism:  

In human pancreatic beta cells, glucose enters via facilitated diffusion through glucose 

transporters. Once inside the cell, glucose undergoes glycolysis in the cytosol, where it is 

broken down into pyruvate, generating small amounts of ATP and NADH. Glycolysis is, most 

common metabolic pathway that all cells use. Pyruvate is then transported into the 

mitochondria and converted into acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle. 

Pyruvate is reduced to lactate where cells that lack mitochondria (anaerobic conditions).    

The TCA cycle produces NADH, FADH2, CO2, and a small amount of ATP. In the inner 

mitochondrial membrane, NADH and FADH2 donate electrons to the electron transport chain 

(ETC). This drives the pumping of protons into the intermembrane space, creating a proton 

gradient. The return flow of protons through ATP synthase enables the production of a large 

amount of ATP. The resulting increase in the ATP-ADP ratio causes the closure of ATP-sensitive 

potassium (K+-ATP) channels on the plasma membrane (Figure 7). This leads to membrane 

depolarisation, opening of voltage-dependent calcium channels, calcium influx and ultimately, 

insulin secretion.  (Fernie, Carrari et al., 2004; Dashty, 2013). Dysfunction at any step of the 

cellular respiration pathway – from glycolysis to oxidative phosphorylation – can lead to 

metabolic impairments that may contribute to the development of pathological conditions, 
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including diabetes, cancer and various genetic disorders (Jucker, 2010; Ruggeri, Camp et al., 

2014; Schmidt, Fisher-Wellman et al., 2021). 

1.11 Techniques currently used to assess islet quality 

To explore how these islets, breathe and produce energy, researchers have turned to a variety 

of experimental tools. Early approaches relied on traditional devices, such as Clark-type 

oxygen electrodes and classical respirometers, which measure the amount of oxygen cells 

consume (Li and Graham, 2012; Silva and Oliveira, 2018). In recent years, phosphorescence-

based techniques using oxygen-sensitive dyes have enabled real-time monitoring and non-

invasive tracking of oxygen levels within small chambers, providing insight into cellular 

respiration (Sweet and Gilbert, 2006; Rivera, Pozdin et al., 2019; Wang, Chen et al., 2021; 

Witthauer, Roussakis et al., 2023). At the cutting edge, platforms like Seahorse XY analyser 

have transformed the approach by integrating many assays to study mitochondrial activity. 

This system can measure multiple aspects of respiration simultaneously: basal respiration, ATP 

production, proton leak, and spare respiratory capacity by selected drugs (oligomycin, FCCP, 

Antimycin &Rotenone) to see how they respond under pressure (Papas, Colton et al., 2007; 

Wikstrom, Sereda et al., 2012; Plitzko and Loesgen, 2018; Rocha, Manucci et al., 2024). Many 

cell lines, such as INS-1 and MIN6, have been widely used to study metabolic function, 

particularly mitochondrial respiration, using the above-mentioned techniques. While all 

assess oxygen consumption, they differ significantly in protocols, sensitivity and biological 

context (Koshkin,  et al., 2008; Li and Graham, 2012). However, it is challenging to find 

mitochondrial respiration data derived from a perifusion-based system with the same 

protocol in public datasets. Perifusion is more commonly used for studying islet physiology or 

insulin secretion by glucose stimulation rather than for direct measurement of mitochondrial 
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respiration. The context of glucose stimulation-based respiration through dynamic perifusion 

on specific beta cell lines is limited, scattered, and often not directly comparable to Seahorse 

data.  For seahorse analysis, plates must undergo overnight preparation and calibration to 

ensure assay readiness. However, the system is not intended for direct measurement of 

insulin secretion in response to glucose. Given these growing limitations, can perifusion 

systems be evolved into platforms that not only assess dynamic hormone release but also 

capture key metabolic indicators such as oxygen consumption, thereby bridging the gap in 

functional islet assessment? 
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Figure 7: Mitochondrial ATP production through glycolysis, TCA cycle, ETC in pancreatic 
beta cells 

Glut1&3 serves as a high-capacity glucose transporter in pancreatic β-cells, facilitating rapid 
glucose uptake. In the cytoplasm, glucose undergoes glycolysis, where one molecule is 
converted into two molecules of pyruvate. Pyruvate is then transported into the mitochondria 
and converted into acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle. Within this 
cycle, substrates are oxidized and electrons are transferred to the coenzymes NAD⁺ and FAD, 
reducing them to NADH and FADH₂. These reduced coenzymes subsequently donate electrons 
to the respiratory chain in the inner mitochondrial membrane, ultimately transferring them 
to molecular oxygen. The reoxidation of these coenzymes drives the proton gradient required 
for ATP synthesis through oxidative phosphorylation. Both the TCA cycle and oxidative 
phosphorylation occur in all cells that contain mitochondria, providing the primary source of 
cellular energy. Figure adapted from (Merrins, Corkey et al., 2022; Garcia, Gupta et al., 2023). 
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To address these limitations and also find the answers to the raised questions, this thesis aims 

to: 

Chapter 3 

Aim: To investigate how donor physiological variables – including age, HbA1c, body mass index 

(BMI), Body surface area (BSA), and sex -influence in vitro insulin secretion dynamics using 

perifusion assays in a large donor cohort. This study also aims to investigate the correlation of 

clinical data with in-vitro parameters to understand physiologically relevant assessment of 

beta cell function. 

Chapters 4 & 5 

Aim: The objective of this project is to design and develop a multi-perifusion chamber through 

computer-aided design (CAD) modeling and to fabricate a functional prototype using an 

appropriate 3D printing technology. The system will be assembled into a 4-stream perifusion 

setup capable of controlled, parallel flow operations. Additionally, the study includes the 

design and modeling of a fraction collector case – also created using CAD and additive 

manufacturing – to accommodate a 4-stream fraction collection system, thereby completing 

the integrated perifusion setup. 

Chapter 6 

Aim: To enhance the functional performance of the perifusion system by integrating a real-

time sensing module capable of monitoring glucose-stimulated islet respiration. The system 

will be designed to enable precise, continuous measurement of key bioenergetic parameters 

such as oxygen consumption. By incorporating advanced sensor technology and optimized 

data acquisition, the developed set up aims to provide a robust, automated platform for 



31 
 

dynamic analysis of islet metabolism, improving reproducibility, and efficiency of perifusion-

based studies.  

To achieve these objectives, a retrospective analysis was conducted using a large cohort 

comprising 168 human donors to evaluate in-vitro insulin secretion under different 

experimental settings. This included a comparison between classical static incubation assays 

and dynamic perifusion-based assessments, allowing investigation of donor-specific 

heterogeneity in insulin secretion. 

In parallel, a collaborative effort was established with IMT Nord Europe and TechSanté to 

design and fabricate a functional prototype. 

Furthermore, to explore the bioenergetic behavior of human islets, two different oxygen 

sensing technologies were implemented without altering the standardized protocol to 

establish glucose-stimulated respiratory analysis. 
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CHAPTER 2 

Materials and Methods 
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2 Chapter II: Materials and Methods 

2.1 Biological part 

2.1.1 Human islet donor information  

Pancreata were procured from adult, brain-deceased donors through our clinical islet 

transplantation program (French “Agence de la BioMedecine”: PFS16-008). The study was 

conducted in accordance with French Regulations and approved by the Institutional Ethical 

Committee of the University of Lille and the Centre Hospitalier Universitaire (CHU) in Lille, 

France. Next of kin provided informed consent for scientific research following consultation 

with the French National Registry of Organ Refusal. The clinical characteristics of each donor 

are summarized in Table 1. 

2.1.2 Primary islet culture 

Human islets were isolated by the isolation team of the Translational Research for Diabetes 

laboratory UMR 1190 as described (Kerr-Conte J, 2010). Human pancreatic tissues were 

harvested from brain-dead donors in accordance with the traceability requirements 

(ClinicalTrials.gov, NCT01123187, NCT00446264, and NCT01148680). Islets were cultured in 

CMRL 1066 (Thermo Scientific, France) enriched with 0.625% human serum albumin along 

with penicillin (100IU/ml), streptomycin (100μg/ml), and insulin (0.18mg/l) (Kerr-Conte, 

Vandewalle et al., 2010) as supplements. 

2.1.3 Evaluations of cell preparations 

 Islet count 

Post cell culture, the quantification of islets was performed using Ricordi’s manual method 

with the aid of a microscope, which involved evaluating the size of the islets by dividing them 
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into classes since their sizes vary from 50µm to >500µm. One islet equivalent was 

approximately 150 micrometres in size, corresponding to a volume of 1.77nl (Ricordi, Tzakis 

et al., 1991).  

 Viability 

The state of persistence is assessed using the staining method by Trypan Blue, which involves 

membrane penetration, which determines the ability to maintain metabolic activity and 

integrity of isolated pancreatic cells in islets. To provide a comprehensive assessment, the 

dithizone and trypan blue were used together to have a complete picture of viability (Avelar-

Freitas, Almeida et al., 2014).  

 Purity 

Achieving cell purity Is essential to ensure accurate and reliable results in experiments, which 

refers to the degree of the cell population of the desired cell type. The samples were taken in 

small Petri dishes with a few dithizone drops to assess the islet cell structures. This dye 

selectively stains insulin-producing beta cells within pancreatic islets. Dithizone binds to zinc 

ions, which are abundant in the insulin granules of beta cells, giving them a characteristic red 

colour. This helps to identify beta cells within the islets. 

 Static incubation technique 

For static GSIS assessment, 40 IEQs were placed on cell culture inserts (3 µm pore size, 

PITP01250, Merck Millipore, Cork, Ireland). Each donor sample (from 2009-2017) underwent 

sextuplicate testing, utilizing 240 IEQ in parallel, islets were equilibrated for 50 minutes in 

KREBS buffer (124 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2-H2O, 1.2 mM MgCl2-6H2O, 25 mM 

NaHCO3, pH 7.3) containing 3mM glucose and 0.1% bovine serum albumin at 37°C. Glucose 
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stimulation was performed by transferring inserts to KREBS buffer containing 15mM glucose 

for 30 minutes. Following the collection of supernatants, islets were resuspended in acid-

ethanol solution (1.5% HCl, 70% EtOH, 28.5% H20), sonicated, diluted 1/400, and stored with 

supernatants at -20°C pending insulin measurement as described (Vandewalle, Douillard et 

al., 1999; Kerr-Conte, Vandewalle et al., 2010).  

 Dynamic in vitro 

Dynamic perifusion studies utilized 300 IEQ per reaction chamber, with continuous flow 

maintained at 1 ml/min and fractions collected every 2 minutes, as described (Henquin, 

Dufrane et al., 2006). The protocol employed KREBS buffer supplemented with 1mg/ml Bovine 

Serum Albumin and consisted of three phases: 60-minute equilibration in 3mM glucose 

without sampling, followed by sequential collection at 3mM glucose (10 minutes, 0.54 g/L), 

15mM glucose (40 minutes, 2.72 g/L), and return to 3mM glucose (20 minutes). Perifusion 

parameters, including flow rate (1 ml/min), temperature (37°C), and oxygenation (95% O₂ / 

5% CO₂), were rigorously standardized across all experiments using automated, calibrated 

perifusion systems. Throughout the procedure, flow rate, pressure, temperature, and oxygen 

concentration remained constant. Each run included internal controls, and islet batches were 

randomly assigned across experimental days to minimize batch effects. Additionally, all 

experiments were conducted using identical buffer compositions and glucose ramping 

protocols, ensuring consistency in stimulus delivery and measurement conditions. Post-

experiment, islets were processed in acid-ethanol, sonicated, serially diluted (1/2114, 1/3844, 

and 1/5761), and stored with outflow fractions at -20°C.  
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 Absolute and Insulin Content Measurement (IIC) 

Secreted and intracellular insulin was assessed using the automatic Unicell DXi 600 access 

immune assay System from Beckman Coulter (Beckman Coulter France, Villepinte, France). 

For the intracellular insulin determination, ethanol-acid-resuspended islets were 

ultrasonicated to release intracellular insulin into the solution. Secreted insulin was expressed 

as an absolute value (IU/ml/min) or as the percentage of secretion /time normalised to the 

intracellular insulin content. For perifusion experiments, the stimulation index (SI) was 

calculated from the mean of first-phase peak (S1) with or without second-phase plateau (S2) 

at 15 mM glucose, relative to baseline (B) secretion at 3 mM glucose. Static incubation SI was 

determined as the ratio of combined first and second phase secretion (S1 + S2) at 15 mM 

glucose to baseline (B) secretion at 3 mM glucose.  

2.1.4 Cell culture – Ins-1 immortalized cell lines 

Rat insulinoma cells clone 32 were cultured at 5% CO2 at 37°c in RPMI 1640 11mM glucose 

(Gibco, cat No. 21875-034, UK) supplemented with 10% FBS (Eurobio, cat No CCVSVF06-oU, 

France), 100 U/ml P/S (Gibco, cat No 15140122, USA), 10 mM HEPES (Gibco, cat No 15630-

080, USA), 1mM sodium pyruvate (Gibco, cat NO 11360-039, UK) and 50µM β-

mercaptoethanol (Gibco, cat No 21985-023, USA). 

2.1.5 Statistical analysis 

Data analysis was performed using Prism 10.4.1 (GraphPad Software, La Jolla, USA), with 

results expressed as means ± SD or SEM. Statistical evaluation included Pearson correlation 

coefficients and linear regression analysis (beta coefficients and regression equations). Group 

comparisons were conducted using Kruskal-Wallis tests, with significance set at p < 0.05. Body  
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Surface Area (BSA) calculations employed Mosteller's formula (Mosteller, 1987), incorporating 

height (cm) and weight (kg). 

2.1.6 Cluster analysis 

Data stratification by cluster analysis performed by a biostatistician using R software with an 

unsupervised k-means algorithm; the number of clusters was chosen based on the silhouette 

method. The cluster stability was tested with Jaccard indices. 

2.2 Engineering Part – 3D modeling  

2.2.1 A CAD Tool 3D Model Design 

Three-dimensional models were developed using SolidWorks CAD software (Dassault systems, 

version 2024). The software was employed to define geometrical constraints and perform 

preliminary fit and tolerance checks before fabrication. 

2.2.2 Code conversion for 3D printing 

The 3D parts were exported from SolidWorks in STL (Standard Triangle Language) (meshing) 

format and imported into the respective slicing software (Z-suite for FDM printing and 

Preform for SLA printing).  The slicing software converted the STL models into machine-specific 

toolpaths, generating Z-code for FDM and G-code for SLA, which were subsequently used to 

guide the 3D printing process. For MSLA, the STL to G-code conversion method was used for 

3D fabrication.  
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2.2.3 Flow simulation analysis 

Flow analysis was carried out using the integrated SolidWorks flow simulation module. The 

computational domain was defined and discretised into an appropriate mesh, with boundary 

conditions specified for inlet and outlet parameters. The simulation was iterated until 

convergence, and flow behaviour was visualised through generated flow trajectories. 

2.2.4 Pre-processing tool 

Pre-processing of the finite element model was conducted in Hypermesh, and simulations 

were carried out in Optistruct with the assistance of an external collaborator to evaluate 

pressure, stress, and displacement responses. 

2.2.5 3D modeling - 4-way fraction collector 

For the 3D modeling of the fraction collector, we used SolidWorks, software that had already 

been used for modeling 4-chamber perifusion. The collector case sketches were modeled by 

using SolidWorks and handed over to IMT fab lab for further development. Further assembly 

for the arm, wooden base support, and provisions for the stepper motor were modeled from 

the same tool. 

2.3 Engineering Part – 3D Printing 

2.3.1 3D Printing technologies – 3D fabrication 

   Fused Deposition Modeling (FDM) – for testing 

Fabrication was performed for initial testing using a Zortrax M200 3D printer (Fab Lab-IMT 

Douai) based on fused deposition modeling (FDM) technology. The thermoplastic filament Z-

ABS was chosen, heated and extruded through a nozzle (diameter 0.4mm), depositing 

material layer by layer from bottom to top. Support structures were automatically generated 
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and printed as needed to maintain geometric stability during the build. The tolerance for 

dimensional accuracy is ± 0.2mm. 

   MSLA (Masked Stereolithography) – for testing 

An Anycubic Mono X LCD-based 3d printer was used to fabricate the islet chamber with an 

integrated four-leg support alone without mini water bath. 

   SLA (Stereolithography) – final fabrication 

The developed CAD model was sliced using Halot box slicing software for the CAD file edited, 

in Fusion 360°. The functional prototype was then fabricated using a Formlabs 3BL printer 

(Central Lille), which operates with a 3-litre resin tank capacity. A layer thickness of 50 microns 

was selected to achieve high-resolution detail. The tolerance used for dimensional accuracy ± 

0.05mm. 

   Post processing 

Supports were removed and washed in isopropyl alcohol (IPA) 90-99% to remove uncured 

resin with agitation for over 20-30 minutes. Parts were dried and exposed to UV light at a 

specific wavelength (405nm) at 65°C for 15 to 60 minutes for final strength quality.  

2.3.2 3D materials 

 FDM 

ABS (Acrylonitrile butadiene styrene) and HIPS (High Impact Polystyrene) thermoplastic 

filaments were used for testing a printing material for fabrication, which has a tensile strength 

between 26-45 megapascals. The hips have the property of being more flexible and brittle, 

and ABS is more rigid. The prints were performed using Zortrax M200, with a nozzle 

temperature of 290°C. 



40 
 

   SLA – Grey pro Resin 

Grey pro resin was employed as the printing material, undergoing layer-by-layer 

photopolymerization to construct the 3D object. This resin was selected for its toughness, 

tensile strength of 2.6 GPa, and heat resistance, with a thermal expansion range of 0-150°C, 

thermal conductivity 0.2 w/m-1/K-1, making it well-suited for durable applications. 

2.4 Assembly part of the 4-stream Perifusion system 

2.4.1 Islet chamber lid 

The 4 holes were created on each islet chamber lid at equal distances using manual drilling 

with a 4.5 cm diameter. Small drilling with 1.98mm at the middle of the cap to insert inox and 

glued later. The rings with a thickness of 2.9mm were used to make it tight when it is closed. 

2.4.2 Inox tube cutting 

PRESI micro cutting machine was used for the inox tube to shape the inner dimension for both 

the islet chamber and lid, a butterfly nut was used for the 4 chambers to fix. 

2.4.3 Mini water bath cover plate & drill 

Aluminium material was cut to precise dimensions of 112 * 112 mm using the Trotec Speedy 

400 laser cutting and engraving machine. Inlet and outlet holes were made on the aluminium 

plate for the water flow of 37°C with a dimension of 6mm. 

2.4.4 Tubing  

Male-female Luer locks were used for both inlet and outlet – combi stopper red has an inner 

diameter of 5 mm. The 1 ml/min flow rate was maintained with the silicone tube 1/16*30, 

which has an outer diameter of 1.6mm.  
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2.5 Bio sensor integration 

2.5.1 PreSens technology – O2 sensor, CO2 sensor 

A pre-calibrated, single-use disposable chemical optical oxygen sensor (Flow-through cell, 

FTC-Pst3, equipped with Luer lock connectors) was installed downstream of the chamber to 

measure the oxygen concentration in the sample.  CO₂ sensor (0.3mL volume) is maintained 

in a saline solution to prevent drying, with a measurement range of 1-25% CO₂ and for O2 – 

45mg/L, the limit of detection for oxygen is 0.03%O2. The response time achieved for both 

sensors is < 60s. Measurement Studio 2 software is employed for data analysis and processing. 

2.5.2 Pyroscience technology 

A Luer-Lock T connector with a removable oxygen probe is included, allowing a standard 

measurement range of 0 to 250% air saturation. Calibration is performed before the 

experiment using a two-point method: the lower point in an oxygen-free sample by using an 

oxygen-free capsule to take 0% oxygen point (Anoxic), and the upper point in either KRB 

medium or ambient air at experimental temperature. The sensor is positioned as close as 

possible to the chamber for optimal accuracy, with an inner diameter of 4.8 mm. After each 

experiment, the sensor is cleaned with ethanol, followed by distilled water. Real-time 

measurements are facilitated by a PC-controlled analyte meter via the Pyro Workbench 

software, and data analysis is carried out using the Pyro Data Inspector tool during or after 

the experiment. The curve resolution was obtained with an average number of values of 6 per 

minute. 
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3 Results: Chapter III Importance of Glucose-Stimulated Insulin 

Secretion (GSIS): Uncovering islet dynamics by the perifusion 

technique 

3.1 Introduction 

Glucose-stimulated insulin secretion (GSIS) testing of isolated islets of Langerhans is crucial for 

assessing β-cell function, yet protocol variability complicates result interpretation. This study 

investigated insulin secretion heterogeneity across 576 donors and examined the influence of 

donor characteristics on secretory responses. We compared static incubation (n = 408) and 

dynamic perifusion (n = 168) techniques using standardized glucose stimulation protocols (3 

mM versus 15 mM). While both methods showed comparable stimulation indices (r2 = 0.652), 

dynamic perifusion uniquely captured temporal secretion patterns and revealed greater 

dynamic range in insulin responses. Notably, dynamic perifusion, with insulin content 

normalization, revealed a 22-fold variation in stimulation index across donors. BMI and HbA1c 

significantly influenced basal insulin secretion, particularly in donors with glucose intolerance 

and type 2 diabetes (T2D) (HbA1c ≥ 6.5%). Cluster analysis identified two distinct groups based 

on age, BMI/BSA, and HbA1c, which strongly predicted insulin secretion patterns, whereas 

donor sex had no measurable impact. 

This large-scale study demonstrates the superiority of standardized perifusion over static 

incubation for resolving islet glucose responses. By capturing dynamic secretion profiles, 

perifusion reveals substantial donor heterogeneity, primarily driven by BMI and HbA1c 

through their effects on basal insulin secretion. 
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3.1.1 Dynamic characterization of insulin secretion 

The perifusion system enabled real-time observation of insulin secretion kinetics from isolated 

human islets. When stimulated with glucose, islets (300 IEQ) demonstrated a characteristic 

biphasic response (Figure 8A). At baseline (3 mM glucose), islets maintained stable basal 

secretion (B phase). Upon exposure to 15 mM glucose, insulin secretion exhibited two distinct 

phases: an initial rapid and intense peak (S1), followed by a sustained but lower plateau (S2). 

Return to 3mM glucose resulted in a gradual descent to baseline levels over 20 minutes. This 

secretion pattern remained consistent whether expressed in absolute terms (mIU/ml/min, 

Figure 8A) or as a percentage of total insulin content (Figure 8B). 

3.1.2 System reproducibility and method comparison 

To validate system reliability, parallel perifusion chambers were tested using the same islet 

preparations and conditions. While absolute insulin measurements (IU/ml/min) showed 

approximately 1.6-fold variation between chambers (Figure 9A), normalization to intracellular 

insulin content eliminated this sampling variation, yielding superimposable secretion profiles 

(Figure 9B). Comparative analysis of static versus dynamic glucose stimulation was performed 

using matched islet preparations from 10 donors. Perifusion demonstrated greater dynamic 

range in Stimulation Indices (SI) (SI: 1.8-13.4) compared to static incubation (SI: 0.9-2.6) while 

maintaining a significant positive correlation (r2 = 0.652, p = 0.005) between methods (Figure 

10A), same if both phases taken also gives the huge variation in stimulation index (r2 = 0.683, 

p = 0.0034) (Figure 10B). 

Large cohort study: stimulation indices & qualitative analysis  

This enhanced sensitivity of perifusion was further confirmed across the first-time full dataset 

by non-islet selection, with significantly higher SI in the perifusion group (4.28 ± 3.25, n = 168) 
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compared to static incubation (1.88 ± 1.26, n = 408) (p < 0.0001, Figure 11A). Intracellular 

insulin content per IEQ showed comparable but statistically different values between static 

incubation (31.8 ± 21.9 ng) and perifusion (36.4 ± 22.8 ng) groups (P=0.024, Figure 11B), 

suggesting subtle variations in islet sampling or preparation methods between techniques. 

3.1.3 Donor heterogeneity: substantial variations  

Dynamic glucose stimulation of 168 islet preparations revealed substantial inter-individual 

variation in insulin secretion kinetics (Figure 12A). Mean secretion rates were 0.011% ± 0.009 

at low glucose (B phase) and 0.038% ± 0.034 at high glucose (S1 phase), yielding an average 

stimulation index of 4.25 ± 3.22. While all preparations demonstrated glucose responsiveness 

(SI > 1), the magnitude varied dramatically. The highest responding preparation showed a SI 

of 5.70 (B = 0.0412%, S1 = 0.2351%), while the lowest had a SI of 1.28 (B = 0.0021%, S1 = 

0.0027%), representing remarkable inter-individual variations: 19.5-fold in basal secretion, 87-

fold in stimulated secretion, and 22-fold in stimulation indices. Figure 12B shows the minimum 

and maximum secretion levels noticed in this large cohort, expressed as percentages of 

content. 

3.1.4 Donor characteristics impact on insulin secretion 

Correlation analysis of donor variables 

Multiple donor characteristics were found to significantly influence islet function, as 

summarized in Table 2. Basal insulin secretion correlated significantly with BMI, HbA1C, and 

BSA, whereas insulin secretion under high-glucose conditions was primarily associated with 

BMI. In contrast, the SI correlated with a broader range of factors, including age, HbA1C, ICU 

duration, and cold ischemia time. Given the strong correlation between BSA and BMI (r2 = 

0.62, p < 0.0001), the specific effects of BSA are detailed in Figure 13. Based on arbitrary and 
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using Mosteller’s formula, BSA was calculated and compared with BMI and a positive 

correlation was noticed (Figure 13A), and the time course analysis showed groups with the 

BSA >2.1 have higher basal insulin secretion (Figure 13B). Basal and stimulated insulin 

secretion based on arbitrary notice and represented as mean ± SEM (Figure 13C). 

3.1.5 Impact of glycemic status 

Donors were stratified based on HbA1c levels, following the WHO criteria: normoglycemic 

(<5.7%), pre-diabetic (5.7-6.5%), and diabetic (≥6.5%). Diabetic donors showed significantly 

elevated basal insulin secretion compared to normoglycemic donors (1.8-fold increase, p < 

0.01), while pre-diabetic donors displayed intermediate levels (Figure 14). Despite these 

differences in basal secretion, all groups retained robust glucose responsiveness, showing 

comparable secretion kinetics during both stimulation and return to baseline phases. 

3.1.6 Effect of BMI on insulin secretion 

Donors were grouped by BMI into normal weight (< 25 kg/m²), overweight (25–30 kg/m²), and 

obese (≥ 30 kg/m²). Clear differences in insulin secretion patterns emerged across groups 

(Figure 15). Both basal and glucose-stimulated insulin secretion increased progressively with 

BMI. Normal-weight donors showed significantly lower basal secretion compared to 

overweight (p < 0.05) and obese donors (p < 0.01). Under high-glucose conditions, obese 

donors demonstrated significantly higher insulin secretion compared to normal-weight 

donors (p < 0.01). 



47 
 

3.1.7 Impact of donor physiological variables on insulin responses: clustering analysis 

 Identification of distinct donor clusters 

A multivariate factorial mapping was conducted, incorporating key physiological variables, 

including age, BMI, HbA1c, and BSA, to explore underlying donor phenotypes. Despite strong 

correlations between some variables, such as BMI and BSA, all variables were retained to 

maximize analytical depth. Data were standardized through centering and reduction to ensure 

comparability. Clustering via the silhouette method identified two optimal donor groups 

(Figure 16A), with no individuals excluded to ensure representation of clinically relevant 

extremes such as severe obesity and diabetes.  

3.1.8 Cluster Characterization 

Distinct metabolic profiles emerged between the two clusters. Cluster 1 (n = 102) comprised 

donors with normal metabolic variables: mean BMI of 25.1 kg/m2, normal HbA1c (5.5%), and 

BSA of 1.9 m2. In contrast, Cluster 2 (n = 56) reflected a metabolically impaired cohort 

characterized by obesity (mean BMI: 33.6 kg/m2), elevated HbA1c (5.8%, pre-diabetic range), 

and higher BSA (2.3 m2). Age distribution was comparable between clusters (52.7 vs 48.3 

years). Cluster robustness was confirmed through bootstrap techniques, with high Jaccard 

indices for both Cluster 1 (0.98) and Cluster 2 (0.99), exceeding the accepted stability 

threshold of 0.75 (Table 3). 

 Impact on insulin secretion dynamics 

Comparison of insulin secretion profiles revealed significant functional differences between 

clusters. Both basal (3 mM glucose) and glucose-stimulated (15 mM glucose) insulin secretion 

were significantly higher in Cluster 2 (Figure 16B; Wilcoxon test, p = 0.012 and p = 0.014, 
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respectively). These differences were further illustrated in the full dynamic secretion curves 

(Figure 16C), highlighting altered insulin kinetics in donors with metabolic dysfunction. 

3.1.9  Gender analysis 

Gender analysis revealed significant differences in the groups with normal BMI and BSA<1.9. 

These subgroups were further analyzed, while females showed a modest increase in (1.3-fold, 

p=0.023) glucose levels than males, there was no significant impact on insulin secretion 

variables during perifusion (low glucose: P=0.13; high glucose: P=0.18). This was further 

confirmed by Pearson's chi-squared analysis (P=0.08), indicating that metabolic variables, 

rather than gender, were the primary drivers of clustering (Figure 17). The sex-based cluster 

analysis shown in Table 4. 

3.1.10 Islet function indices and graft performance 

We evaluated the relationship between in-vitro islet function and the beta-2 score – a clinical 

index predicting graft success-measured 1 month after the final islet infusion (each recipient 

received 2-3 grafts). As reported by Bachul and colleagues (Bachul, Golebiewska et al., 2020), 

a BETa-2 score >17.4 during follow-up reflects islet function consistent with long-term insulin 

independence. In our cohort (n=12), lower perifusion basal secretion (<0.02%) tended to 

associate with higher BETA-2 scores, and an in-vitro stimulation index (SI) >2 likewise showed 

higher BETA-2 values. Although these patterns were evident, no statistically significant 

correlation was detected (Figure 18). 
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Figure 8: Dynamic glucose-stimulated insulin secretion profiles 

Time-course analysis of insulin secretion from perifused islets (n = 168), expressed as A) 

absolute values (IU/ml/min) and B) percentage of insulin content (%/ml/min). Phases of 
secretion are indicated: basal (B, 3 mM glucose), first-phase peak (S1), and second-phase 
plateau (S2) at 15 mM glucose. The blue line indicates glucose concentration. Data in (A-B) are 
presented as mean ± SEM.  
 

B 

A 
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Figure 9: Method of comparison 

Assessment of reproducibility using parallel perifusion chambers (300IEQ/chamber), showing 
insulin secretion expressed as A) absolute values and B) percentage of insulin content.  
 

A 

B 
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Figure 10: Correlation between static and dynamic 

A) Stimulation indices (n = 10, r² = 0.652, p = 0.005); red dotted lines indicate 95% confidence 
intervals. Comparative analysis of static versus dynamic glucose stimulation was performed 
using matched islet preparations from 10 donors. Perifusion demonstrated a greater dynamic 
range in Stimulation Indices (SI) (SI: 1.8-13.4) compared to static incubation (SI: 0.9-2.6), while 
maintaining a significant positive correlation (r² = 0.652, p = 0.005) between the methods. B) 
huge heterogeneity if both phases are considered as the same as static (r² = 0.683, p = 0.0034). 
 

A 
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Figure 11: Large-scale study of comprehensive insulin secretion comparisons 

A) Comparison of stimulation indices between static & dynamic, B) intracellular insulin content 
per islet equivalent (IEQ) between static incubation (n = 408) and perifusion (n = 168) 
techniques. Static IIC/IEQ is 31.8 ± 21.9 ng, dynamic IIC/IEQ is 36.4 ± 22.8 ng (revealed a closer 
mean in intracellular insulin content). 
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Figure 12: Heterogeneity of beta cells from 168 donors 

A) Individual insulin secretion profiles from different categories (Normoglycemic, prediabetic 
& diabetic), n = 168 islet preparations during glucose stimulation (3 mM to 15 mM), expressed 
as percentage of insulin content. B) Representative maximum (red) and minimum (black) 
secretion profiles illustrate the range of response.

A 

B 
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Figure 13: Analysis of Body Surface Area (BSA) influence on islet function 

A) Correlation between BMI and BSA (calculated using Mosteller's formula) in the perifusion 
cohort (n = 168, r2 = 0.621, p < 0.0001). Dotted lines indicate BSA stratification thresholds. B) 
Time-course analysis of glucose-stimulated insulin secretion stratified by BSA: BSA ≤ 1.9 m2 (n 
= 58, green), 1.9 < BSA < 2.1 m2 (n = 48, red), and BSA ≥ 2.1 m2 (n = 62, blue). Data are 
presented as mean ± SEM. C) Comparison of mean insulin secretion at basal (3 mM glucose, 
left) and stimulated (15 mM glucose, right) conditions across BSA groups. Statistical 
significance was determined by an unpaired nonparametric t-test: *p < 0.05. 

A B 

C 
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        Static incubation Perifusion Range  P value 

   (static+perif) 

N    408 168 

Sex (M/F) (n)    216 / 192 103 / 65  

Age (years)  48.9 ± 13.2  50.8 ± 13.0 13 - 86 0.111 

Weight (kg)  78.2 ± 16.8  84.3 ± 19.9 42 - 150 0.0002 

Height (cm) 170 ± 10 173 ± 10 140 - 203 0.007 

BMI (kg/m2) 26.8 ± 5.4 27.9 ± 5.6 16.6 - 46.9 0.023 

BSA (m2)  1.92 ± 0.23    2.03 ± 0.28 1.35 - 2.82 <0.0001 

HbA1c (%)  5.7 ± 0.5  5.6 ± 0.6 4.2 - 9.3 0.175 

ICU (days)  3.0 ± 2.7  2.9 ± 2.5 0.5 - 13  0.541 

 

Table 1: Demographic and Clinical Characteristics of Islet Donors in Static and Dynamic 
Perifusion Studies 

Comparison of donor characteristics between static incubation (n = 408) and perifusion (n = 
168) groups. Data are presented as mean ± standard deviation or counts for categorical 
variables (sex). Range values represent the combined data from both groups. Statistical 
comparisons between groups were performed using unpaired nonparametric t-tests, with 
significant differences (p < 0.05) indicated in italics. BMI: Body Mass Index; BSA: Body Surface 
Area; HbA1c: Glycated Hemoglobin; ICU: Intensive Care Unit length of stay. 
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N=168 R2 P value significant 

Age vs B 0.005 0.359 NS 

       vs S1 0.003 0.473 NS 

       vs S1/B 0.023 0.047 * 

BMI vs B 0.034 0.015 * 

       vs S1 0.029 0.026 * 

       vs S1/B 0.001 0.628 NS 

HbA1c vs B 0.042 0.009 ** 

            vs S1 <0.001 0.827 NS 

            vs S1/B 0.040 0.011 * 

BSA vs B 0.047 0.005 ** 

        vs S1 0.018 0.079 NS 

        vs S1/B 0.002 0.526 NS 

UCI vs B 0.001 0.640 NS 

       vs S1 0.001 0.200 NS 

       vs S1/B 0.035 0.015 * 

Cold ischemia vs B <0.001 0.866 NS 

                       vs S1 0.011 0.179 NS 

                       vs S1/B 0.034 0.017 *  

 

Table 2: Correlation analysis of aonor characteristics with insulin secretion variables in 
dynamic perifusion studies 

Linear regression analysis between donor physiological variables and insulin secretion kinetics 
(n = 168). Secretion variables were measured during basal stimulation (B, 3 mM glucose), the 
first-phase secretion peak (S1, 15 mM glucose), and calculated as the stimulation index (S1/B). 
R2 represents the coefficient of determination; p-values were determined using the Kruskal-
Wallis multiple comparisons test. Statistical significance is indicated as: *p < 0.05, **p < 0.01, 
NS: not significant. BMI: Body Mass Index; BSA: Body Surface Area; HbA1c: Glycated 
Haemoglobin; ICU: Intensive Care Unit length of stay. 
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Figure 14: Insulin secretion heterogeneity and its stratification associated with donor 
HbA1c 

A) Insulin secretion kinetics stratified by (normoglycemic: <5.7% n=91, pre-diabetic: 5.7-6.5% 
n=57, diabetic: ≥ 6.5% n=10); B) same kinetics in absolute value; C) Comparison of mean basal 
(3 mM glucose, left) and stimulated (15 mM glucose, right) insulin secretion across HbA1c 
groups.  Data are presented as mean ± SEM, & Statistical significance was determined by an 
unpaired nonparametric t-test: *p < 0.05, **p < 0.01. 
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Figure 15: Insulin secretion heterogeneity and its stratification associated with donor BMI 

A) BMI stratification (normal: < 25 kg/m2 n=56, overweight: 25-30 kg/m2 n=59, obese: ≥ 30 
kg/m2 n=53). B) same kinetics in absolute value. C) Comparison of mean basal (3 mM glucose, 
left) and stimulated (15 mM glucose, right) insulin secretion across BMI groups. Data are 
presented as mean ± SEM Statistical significance was determined by an unpaired 
nonparametric t-test: *p < 0.05, **p < 0.01. 
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Figure 16: K-means clustering of donor characteristics in relation to insulin secretion. 

16) K-means clustering was performed using donor age, BMI, HbA1c, and BSA about insulin 
secretion at low (3 mM) and high (15 mM) glucose. (A) Two distinct clusters emerged from the 
analysis. (B) Wilcoxon test comparing insulin secretion medians between clusters at low and 
high glucose levels. (C) Time-course profiles of insulin secretion (mean ± SEM) for the two 
clusters. Cluster-specific data with statistical comparisons of individual variables using an 
unpaired nonparametric t-test.  
 
 

C 
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Table 3: K-means clustering stratification based on donor characteristics 

Cluster stratified groups based on donor characteristics: Age, BMI & HbA1c (n=158). R 
stratified groups, cluster 1 included normoglycemic and normal BMI groups, whereas Cluster 
2 with obese and prediabetic & diabetic groups. 
 

 
Table 4: Sex-stratified cluster analysis of a cohort study (n=168) 

Comparison of donor characteristics in cluster-stratified groups based on sex (n = 168). Data 
are presented as mean ± standard deviation. Range values represent the combined data from 
both groups. Statistical comparisons between groups were performed using unpaired 
nonparametric t-tests, with significant differences (p < 0.05).  
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Figure 17: Sex stratified cluster analysis on cluster one based on the significance found 

A) Comparison of mean insulin secretion between males and females under basal (3 mM 
glucose) and stimulated (15 mM glucose) conditions for the groups with Normal BMI; B) BSA 
less than 1.9, & C) group normoglycemic. Statistical analysis was assessed using an unpaired 
nonparametric t-test; ns: not significant. 
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Figure 18: Directional and non-significant links between in vitro islet function and post-

transplant Beta-2 score 

A) Perifusion basal secretion (% content) vs BETA-2 score. B) Stimulation index vs Beta-2 score. 
Each point represents one recipient (n=12, 32 total grafts, 2-3 per recipient). BETA-2 was 
assessed 1 month after the final infusion. Trends observed. 

A 

B 
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3.2 Discussion 

This large-scale, single-center study provides the first comprehensive comparison of insulin 

secretion between static (n = 408) and dynamic perifusion (n = 168) techniques using 

standardized experimental variables. While both methods showed comparable stimulation 

index measurements (r2 = 0.652), dynamic perifusion offered superior resolution in assessing 

secretion kinetics relative to donor physiological variables. Standardization was crucial given 

the intrinsic heterogeneity of pancreatic islets in size, endocrine cell distribution, and 

molecular expression patterns (Dybala and Hara, 2019; Saponaro, Muhlemann et al., 2020). 

The observed variability in insulin secretion capacity, influenced by donor characteristics 

(Buemi, Mourad et al., 2024) and isolation center protocols (Kayton, Poffenberger et al., 2015; 

Henquin, 2018; Nano, Kerr-Conte et al., 2020), highlights the necessity for consistent 

assessment methods. Our approach of normalizing secretion to total islet insulin content 

effectively mitigated islet-specific heterogeneity (Henquin, Dufrane et al., 2006; Henquin, 

2018). Notably, we observed higher intracellular insulin content (~34 ng/IEQ) compared to 

previous multi-center studies (13.3 ng/IEQ) (Henquin, 2019), emphasizing the impact of 

standardized protocols on measurement outcomes. The discrepancy likely reflects differences 

in islet isolation protocols, donor demographics (age, BMI, metabolic status), and 

measurement methodologies, including insulin quantification techniques and culture 

conditions. Variations in assay sensitivity and data normalisation may further contribute to 

inter-study variability. 

Our perifusion studies revealed substantial heterogeneity in stimulation indices (ranging from 

1 to 20), consistent with previous findings (Kayton, Poffenberger et al., 2015; Alcazar and 

Buchwald, 2019). The selected glucose concentrations (3 mM and 15 mM), while differing 
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from other studies using 4–16 mM or 5.6–16.7 mM (Alcazar and Buchwald, 2019) (Kayton, 

Poffenberger et al., 2015), were intentionally chosen. The use of 3 mM glucose, below 

physiological fasting levels, provided valuable insights into hypoglycemic responses, which 

may be predictive of islet graft function in T1D patients. Furthermore, the chosen 15 mM 

glucose as it reliably elicits robust, physiologically relevant insulin responses, enabling clear 

resolution of secretion kinetics without inducing non-specific stress. 

Analysis of donor variables traditionally associated with islet isolation yields (O'Gorman, Kin 

et al., 2005) revealed novel insights into their influence on secretion kinetics. Our findings 

demonstrate that obesity and diabetes significantly affect both basal and stimulated insulin 

secretion, particularly under low glucose conditions. The enhanced insulin secretion observed 

under low glucose conditions in donors with obesity and prediabetes may reflect β-cell 

compensatory mechanisms in response to systemic insulin resistance. In these individuals, 

peripheral tissues exhibit reduced insulin sensitivity, prompting β-cells to increase basal 

insulin output to maintain euglycemia (normoglycemia). This chronic compensatory demand 

may lead to an upregulation of glucose-independent insulin secretion pathways, including 

enhanced basal exocytosis and altered ATP-sensitive potassium channel activity. Additionally, 

low-grade inflammation and lipotoxicity associated with obesity may modulate islet function 

by sensitizing β-cells to non-glucose stimuli, such as free fatty acids, further contributing to 

elevated basal secretion. These adaptations, while initially protective, may precede β-cell 

dysfunction and are consistent with early-stage hyperinsulinemia seen in prediabetic 

individuals. 

The combination of advanced age (> 48 years), obesity (BMI > 33kg/m2), and pre-diabetes 

(HbA1c > 5.8%) was associated with higher insulin secretion kinetics. These results extend 
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previous observations about BMI's importance (Henquin, 2018) and challenge earlier 

conclusions regarding age effects. Our in vitro findings align with clinical observations of 

primary insulin hypersecretion (Trico, Natali et al., 2018) and underscore the role of basal 

insulin secretion in glycemic regulation (Investigators, Gerstein et al., 2012). The absence of 

gender-based differences in our study aligns with existing literature (Henquin, 2021), 

suggesting that while subtle hormone-mediated differences may exist, gender does not 

significantly impact insulin secretion capacity.  

Regarding islet quality assessment, it’s important to contextualize our findings alongside 

established donor scoring systems such as the North American Islet Donor Score (NAIDS) 

(Wang, Kin et al., 2016; Golebiewska, Bachul et al., 2019) and the Kansas City Islet Score 

(Ramachandran, Huang et al., 2015). These tools, developed to predict islet isolation 

outcomes based on donor characteristics like age, BMI, cold ischemia time, and HbA1c, have 

demonstrated utility in estimating islet yield and viability (Hering, Clarke et al., 2016). 

However, they do not directly assess functional potency. Our work aims to complement these 

predictive scoring systems by offering a high-resolution functional evaluation of islet insulin 

secretion via dynamic perifusion. By doing so, we provide additional insight into islet quality 

that may further inform graft selection and improve transplantation outcomes. 

3.3 Conclusion 

Dynamic perifusion reveals that inter-individual heterogeneity in isolated islet insulin 

secretion is primarily driven by donor BMI and HbA1c, especially under hypoglycemic 

conditions. These findings have important implications for donor selection and the 

optimization of islet transplantation protocols, reinforcing the value of standardized quality 

criteria in advancing cell therapy outcomes.
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4 Chapter IV: CAD – based design and 3D modeling of a monochamber 

prototype simulation, and fabrication validation 

4.1 Introduction 

3D modeling enables conceptual ideas to be turned into virtual representations that can be 

tested, optimized, and prepared for downstream processes such as additive manufacturing. 

Among the different software tools available, SolidWorks stands out as both an accessible and 

powerful solution for creating detailed models, ranging from simple to complex assemblies 

(Kurniawan, 2023). By considering geometry, functionality, and manufacturability, a 

parametric-based approach and integrated simulation features make it suitable for projects 

(Ciprian Dragne, Corina Radu (Frenț) et al., 2022). This tool is not merely seen as a tool for 

drawing, but an essential environment design where geometrical constraints, coupling 

strategies, and fluid interactions can be investigated before physical fabrication (Trojan, 

2025).  

The objective of this work is to design and model a functional chamber and its supporting 

components using Solidworks CAD software, with particular emphasis on defining the internal 

volume, liquid capacity, flow dynamics and coupling interfaces. Special attention is given to 

the islet chamber geometry, as it forms the foundation for subsequent analysis and 

reproducibility of perifusion conditions. The modeling process also focuses on achieving a 

smooth internal surface finish to support cell survival and facilitate uniform flow for biological 

applications. Several models were iteratively tested and fabricated using different 3D printing 

technologies to choose a suitable manufacturing approach and surface quality. The main focus 

is to develop 4 independent mono chambers to ensure that the performance of one chamber 

does not influence or interfere with the others. Each mono chamber is modeled with a mini 
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water bath, legs for support, an islet chamber with a volume of 0.5 ml, a Chamber lid and a 

dado joint for coupling interface. 

4.2 Phases of developing a 3D model by CAD tool - SolidWorks 

4.2.1 Base of the model, mini water bath and Lid  

The water chamber base was designed on a sketch plane with dimensions of 112 X 112 mm 

and extruded to a height of 10 mm. An extrude cut of 1.96 mm diameter was made to insert 

the inox tube entry featuring 4 holes for samples to pass. The base serves as a foundational 

support for both the water chamber wall and the islet chamber. The side walls were extruded 

with a thickness of 6 mm and a height of 56.41 mm from the sketch plane, resulting in a final 

water chamber dimension of 100 x 100 mm.  

Four legs, each measuring 15 x 15 mm, were created at the corners using the mirror tool, and 

small cuts of 9 x 6 mm were added to provide stability as stands, and the legs of the chamber 

were around 50 mm long. Fillets were applied to all edges to ensure smoothness and eliminate 

rigid corners, enhancing the structural integrity and usability of the model. The water chamber 

or mini water bath Lid sketches were made with the final dimension of 112 x 112 mm with a 

thickness of 3 mm to fit with the water chamber (Figure 19A). 

4.2.2 Islet chamber 3D model 

The sketches were created at the top plane, with a height of 52 mm and the islet volume is 

built with 8 mm. The design made sure to have a hole which passes through the islet chamber 

from the base with a diameter of 1.98 mm. From the axis, the revolution was made to have a 

configuration model of an islet chamber with support. For the 65 mm circular base, the cut 

was made to have the final dimension of 51.7 mm surface with 4 holes at equal spacing to fix 
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Figure 19: 3D sketches and models of the Mono chamber 

A) Geometric model of water & islet chamber with its leg parts (Individual set-up 3D model 
without assembly) (Top figure), 3D sketch of water bath lid with the dimensions, extruded 
with 3 mm (Top plane view), bottom figure.  

A 
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B) 3D sketch of the islet chamber revolution with its support dimensions.  The sketch was 
developed at the front plane with a height of 52mm, 8mm for the islet chamber volume.  The 
radius is 32 mm for the pillar support.   The islet chamber with a pillar created with a 33mm 
radius for the revolution.

B 
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C) Generated 2D drawings with annotations of top, bottom and side views from the individual 
setup (Mono chamber). 
 
 
 
 
 
 
 
 

C 
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the screws with a diameter of 4.5 mm, which facilitate screws fixation after fabrication. At the 

top of the surface, small cuts were made to fix the filter paper that is going to be used during 

the experiment with a porosity of 0.8µm in the islet chamber. The fillet was created at the 

base of the support with 8 mm (Figure 19B). The generated 2D drawings with annotations are 

shown in Figure 19C. 

4.2.3 Islet chamber lid sketch 

The height of the lid was modelled for 25 mm concerning the axis, with the hand of 7 mm from 

the middle to the top at a distance of 15 mm, and these sketches were made before the 

revolved cut. A small deep cut of 6 mm was created for the ring provision at the bottom of the 

lid at a distance of 12 mm from the base of the Lid (Figure 20A). The small plus symbol cut at 

the bottom of the lid created a rectangular form with a dimension of 12.6 x 6.3 mm at the 

middle of the bottom lid (Figure 20B), and on the top screw provisions were given. The entire 

2D sketch with annotations is shown in Figure 20C & D. 

4.2.4 Dado's joint 

These joints were made to fix the other chamber set-up in parallel or adjacent to make a 

complete set-up of the assembly. These joints were made and tested with different clearances 

to have a fit coupling.  

 Extrude cut (Female part) 

These joints were made by choosing a distance of 25 mm from the origin front plane. The base 

of the joint was sketched with a dimension of 16.6 mm, and the two parallel lines from the 

base narrowed with the same angle of 80°. The draft dimensions were made with a radius of 
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4.35 mm at the top of the joint. The mirror tool was used to replicate the same dimension on 

the opposite face, and the thickness used for the inside cut is 3.2 mm (Figure 21).  

 Extrude boss (male part) 

This joint needs to be bigger than the extruded cut joint. The Broader base with a length of 

14.9 mm and the two connecting perpendicular lines were narrowed down by drafting the 

part with a radius of 4.45 mm to fix a tight fit when both parts connect. The middle of the joint 

was distanced 25mm from the mid-plane, and it was replicated by the mirror option in the 

opposite plane. The thickness was around 3mm for the boss joint (Figure 22). 

4.2.5 Individual set-up & assembly of 3D parts 

The final assembly of individual parts, including the water chamber lid, islet chamber lid, inox 

tube, and dado joints, is shown in Figure 23. The mating has been done in assembly between 

the lid and the islet chamber to bring the whole setup, shown in Figure 24. 

4.2.6 Testing dado joints clearances  

The initial dimensions for the draft phase of the dado joint clearances were tested, but due to 

post-processing effects, the joints did not achieve a perfect fit. To address this, we plan to test 

various clearance settings on the extrude cut (female part) phase using the Halot Box 3D 

printing slicing software, which supports Fusion 360° (Figure 25). Support structures were 

manually selected to avoid any negative impact on the extruder boss and cutting areas, 

ensuring precise results during the printing process. The final 0.1 mm clearance allowed the 

joints to fit properly with the extruder boss. With this adjustment, a 0.1 mm increase was 

applied to both sides of the base, and a 0.1 mm clearance was maintained for the draft from 

its original value. These versatile joints on the exterior of the water bath enabled multiple 
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connections to be made simultaneously. Figure 26 shows the printed form of checking final 

clearance for the dado joint fix (0.1mm). 

4.2.7 Pre-analysis of prototype 

Testing a prototype before it is introduced to real-world applications is essential to reduce the 

risk of costly errors, save materials, and ensure easier maintenance and repairability. The flow 

analysis was divided into two key phases. The first phase focused on assessing the durability 

of the 3D model surfaces, ensuring that they could withstand the applied water load over 

time. The second phase was centered around evaluating the specific area within the chamber 

where the islets would reside. This region was subjected to detailed scrutiny, as it is crucial to 

maintain the prescribed flow rate conditions that are conducive to the islet’s survival 

throughout the experiment. 

4.2.8  Water chamber flow analysis – static test 

The pre-processing analysis of the finite element model was conducted using Hypermesh and 

tested through OptiStruct by applying Hydrostatic pressure (outside source). In this 

simulation, pressure was applied at intervals of every 10 cm in height, assuming a constant 

water density throughout. The goal was to generate contour plots that highlight areas of 

maximum structural variation. This approach allowed us to evaluate the model’s response to 

pressure, focusing on structural integrity. 
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Figure 20: 3D sketch of the islet chamber lid for a 0.5 mL volume and its top and bottom 
views 

A) Geometrical 3D sketch of the islet chamber lid with a 2mm ring cut, B) bottom view of the 
islet chamber cap 3D model, with a small plus sign to support a nitrocellulose filter (0.8µm) 
(left). Top view of 3D model with 4 screw holes (4.5mm) (right), islet chamber lid 3D model 
front and back side sketch view. 

B 

A 
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C) 2D drawings of the islet chamber include a top view that illustrates the annotation of the 
tube inox (middle hole) (top figure), a bottom view that illustrates the male and female parts 
annotations with inlet and outlet (5.5mm) dimensions (bottom figure). 
 

 

 

C 
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D) 2D drawings of side, top and bottom views of the islet chamber lid with annotations 
generated from the SolidWorks Drawing tool. The middle of the cap is extruded with a 1.96mm 
dimension for the inox insert. The four holes with a dimension of 4.5mm are created for screw 
fixation. 

D 
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Figure 21: Dado’s joint female 3D sketch with geometrical dimensions 

Female part, Dado’s joint extrudes a cut 3D sketch with dimensions, with a draft radius of 
4.35mm. The elevation from both sides, angle of 79.2°, was chosen. 
 

 
 
 

Figure 22: Dado’s joint male 3D sketch with geometrical dimensions 

Male part, Dado’s joint Boss 3D sketch with dimensions, with draft radius of 4.45mm. The base 
of this sketch is dimensioned with 13.85mm, and the radius of the draft and midpoint of the 
base were positioned vertically to avoid misalignment. The elevation angle between the two 
faces is adjusted as per the female part dado fix.  
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Figure 23: All parts of the individual set up (mono chamber)  

A) 3D view of water bath lid with the dimensions of 112*112mm with the hole of 6mm on 2 
corners, B) Top view of the Islet chamber, C) 3D model of the tube (to represent inox) with 4 
tiny holes at the top end, D) 3D view of water bath with islet chamber. (one set up to 
accommodate 300IEQs) 
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Figure 24: Assembly 3D view in parallel connection and its 2D drawings 

A) Parallel assembly of all four-chamber set up, and Figure B) 2D drawings after the mating in 
assembly of their top, side and bottom views. 
 
 

A 

B 
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Figure 25: 3D printed different clearances by MSLA for perfect draft fitting 

A) Manual support placement for clearance checking (Female part), performed all in the same 
window; the analysis is performed by Halot box slicing software (supported version of Fusion 
360°). B) clearances checked in MSLA for Dado’s joint. 
 
 
 
 
 

A 

B 
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Actuel Clearance – Extrude cut 

 

 

0.1 mm Clearance – Extrude cut 

 

A 

B 
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0.2 mm Clearance – Extrude cut 

 

0.3 mm Clearance – Extrude cut 

 

Figure 26: Geometrical view of testing clearances with various dimensions for MSLA 

A) Female part actual draft dimensions with the base of 14.7, with a draft radius of 4.45mm 
(with a tight fit), B, C, D) draft modifications with 0.1mm, 0.2mm & 0.3mm with corresponding 
radius adjustments. The final fit was achieved with 0.1mm clearances. 

 

C 

D 
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Figure 27: Hypermesh modeling, a contour plot of pressure, stress & displacement analysis 

A) simulated pre-processing result by applying pressure at every 10 cm, negligible effect 
(4.52x10^-7 kPa), B) negligible stress (1.715x10^-5 kPa), C) and negligible displacement 
(5.823x10^-7 kPa) due to the water load. 

A 

B 

C 
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The results revealed minimal variations in pressure, stress, and displacement, as 

demonstrated in figure 27. The variations during stimulation as pressure reached a maximum 

of 4.52x10^-7 kPa. When this pressure was used as input, to calculate stress (1.715x10^-5 kPa) 

and displacement (5.823x10^-7 kPa), which is a small pressure compared to the atmospheric 

value (Figure 27A, B & C). 

The input was applied using the hydrostatic equation, where the pressure was calculated as: 

Pressure=ρ (0.99 g/cm3) × gravity (9.81 m/s2) × height 

4.3 Flow simulation in SolidWorks 

4.3.1 Islet chamber flow analysis  

Flow simulation in SolidWorks follows a systematic process for solver analysis. First, the 

geometry is divided into small cells to create a computational mesh, enabling fluid behavior 

to be analysed at discrete points. Next, boundary conditions such as pressure, velocity, and 

temperature are applied to the model's inlets, outlets, and surfaces. The solver then uses 

numerical methods to solve fundamental fluid dynamics equations across the mesh.  

Through an iterative process, the solver refines the solution until convergence is achieved, 

ensuring accuracy (Figure 28). Once the calculations are complete, the results are visualized 

using plots that display velocity, pressure, and temperature distributions.  

In real time, the islet chamber operates with a flow rate of 1 ml/min. A crucial parameter for 

the simulation is the density of the medium. Given that the KRB medium is primarily composed 

of water with dissolved salts, its density is similar to water's.  

Therefore, the flow rate can be calculated in terms of kg/s as follows: 

1 milliliter (ml) = 1 x 10^-6 cubic meters (m3) 
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So, 1ml/min = 1 x 10^-6 m3/min 

To convert minutes to seconds 

1 minute = 60 seconds 

Therefore, 1 ml/min = (1 x 10^-6 m3/min) ÷ 60 = 1.67 x 10^-8 m3/s 

Apply the density of KRB medium (1000 kg/m3) 

Mass (Q x ρ) Kg/s = 1.67 x 10^-8 m3/s x 1000 kg/m3  

For the KRB medium, 1 ml/min is equivalent to 1.67 x 10^-5 kg/s. 

 

 

 
 

Figure 28: Solver performance metrics 

227 iterations have been taken by the solver to reach a converged solution (stop changing 
significantly between steps).
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Figure 29: A) pressure plot flow analysis in the islet chamber, B) velocity plot flow analysis 
in the islet chamber 

The simulation has been performed in the islet chamber with a 1mL/min flow rate 
(1.6667×10−5kg/s) and observed negligible pressure (101.3Kpa) (A) and velocity (0.01 m/s), 
no change in temperature inside islet chamber (B) by SolidWorks flow simulation. The flux 
observed due to the flow from the pierced tube to the islet chamber. 

 

A 

B 
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this simulation, the pressure within the system ranged from a minimum of 101320 pascals to 

a maximum of 101445 pascals. These slight variations in pressure indicate a well-controlled 

environment with minimal fluctuations and consistent with atmospheric pressure, ensuring 

stability within the islet chamber (Figure 29A). The relatively narrow pressure range 

demonstrates that the design can effectively manage the internal forces, providing consistent 

conditions necessary for maintaining the functionality of the islets. 

With this flow rate of 1.67 x 10-5 kg/s, the velocity has slight variations from 0.01 m/s to 0.15 

m/s observed in the islet chamber as shown in Figure 29B. The controlled variation in flow 

velocity prevents potential turbulence or stress on the islets, which could improve the cell 

function. This steady and manageable flow pattern highlights the effectiveness of the chamber 

design in maintaining optimal conditions for the experiment, ensuring both consistency and 

protection for the biological system.  

4.3.2 Water chamber flow analysis through the inlet by integrated SolidWorks simulation  

The flow simulation of the bottom-fed mini water bath demonstrated stable hydraulic 

behavior under the applied conditions. With an inlet flow rate of 125ml/min and a mass flow 

input of 0.00208kg/s, the chamber reached full capacity (500 ml) within four minutes, 

consistent with experimental expectations. The solver achieve convergence after 40 

iterations, during which the pressure and temperature variation within the chamber were 

negligible. This uniformity indicates a steady and laminar filling behavior, suggesting that the 

bottom-fed configuration promotes even fluid distribution without significant thermal or 

pressure gradients (Figure 30). 
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Figure 30: Flow simulation setup and results for bottom-fed mini water bath 

The inlet of the mini water bath received water at a flow rate of 125ml/min supplied by the 
pump. Each Monochamber was filled with 500 ml of water over a duration of 4 minutes. The 
inlet area was defined as 100*100 mm, and with the density of water (1000 kg/m^3), the 
corresponding mass flow rate was calculated as 0.00208 kg/s and applied as the input 
boundary condition. The computational mesh was generated, and the solver was iterated until 
40 convergence steps (Figure A), resulting in negligible pressure (Figure B) and temperature 
variations (Figure C) throughout the mini water bath, indicating stable flow conditions during 
bottom feeding. 
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4.4 Fabricated part 3D printing 

4.4.1 Trial fabrication  

 Test components by FDM 

The 3D prototype was initially tested using Fused Deposition Modeling due to its low cost, 

minimal post-processing requirements, and high geometrical accuracy. This technology was 

applied to trial a developed model ranging from a single chamber to four-well perifusion 

chambers using a swept pipe configuration, 4 wells in the same water bath, and a dovetail 

coupling trial (Figure 31). A classical water chamber was also modeled as a swept pipe and 

tested for successful fluid flow; however, it was excluded from further development due to 

temperature-related issues. Additionally, male and female parts of the dado joints were tested 

and successfully validated for geometrical accuracy. None of the trialled 3D sketches were 

shown here. After the joint fabrication for both male and female parts, the amount of material 

used after removing the raft and support was 41 g and 34g, respectively. Although this 

technology can achieve the required geometry, the resulting prototype exhibits surface 

roughness and porosity that may trap cells, making it unsuitable for perifusion experiments. 

 MSLA-based tested component – mono islet chamber with support alone 

During the trial phase, different models and printing technologies were tested. For instance, 

a complete individual set-up was attempted using MSLA-based technology; however, 

alignment issues were observed. In another case, a mono-chamber unit with four single 

supports was fabricated using MSLA with tough resin, though this approach also presented 

certain limitations (Figure 32). 
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4.4.2 Final version of 3D printed monochamber prototype: SLA 

After evaluating different approaches, the limitations associated with thermoplastic 

properties and the misalignments caused by the LCD-based curing process led to both 

methods being discarded. Consequently, the final prototype was fabricated using SLA Grey 

Pro resin through stereolithography (Figure 33). This technique relies on laser-based curing, 

in which each layer is solidified sequentially, and the process was carried out on a Formlabs 

3BL printer (maximal printable volume is 335*200*300mm), capable of producing layer 

thickness between 25 and 200 microns. Since increasing the layer thickness can negatively 

impact the dimensional accuracy of the model (Salmi, 2016), a layer thickness of 50 microns 

was selected to ensure both efficiency and precision in fabrication. Upon completion of 

printing, the following post-processing steps were performed. 

 Post processing 

Once fabrication was complete, the printed part was carefully detached from the build 

platform, and the supports were removed manually and partially by tool with caution, as 

shown in Figure 34. The part was then immersed in isopropyl alcohol (90-99%) for several 

minutes to eliminate any residual uncured resin. Following this, compressed air was applied 

to ensure the surface was fully cleaned and dried. Finally, the component was placed in a 

Formlabs UV curing oven, where it was exposed to multidirectional light at a controlled 

temperature of 60°C for 40 minutes, allowing the resin to fully polymerize and stabilize its 

mechanical properties. No surface finishing was performed to enhance the look. 
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Figure 31: FDM 3D printed trial parts 

A) FDM-based Zortrax 3D printer (200*200*180mm), B) several models of fabricated 
prototypes tested by FDM with individual well (mono) and four combined, C) male and female 
parts fabrication by ABS material for dado joint clearances. After the fabrication process, the 
male joint weighed 54g, but its weight was reduced to 41g once the support material was 
removed. Similarly, the Female joint initially weighed 48g with the raft, but it decreased to 
34g after the raft (extra support) was removed. 
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Figure 32: Trailed MSLA parts 

A) 3D printer any cubic mono MSLA-LCD based, volume part (192*120*245 mm) B) 3D printed 
parts MSLA parts, noticed misalignment in the corner of the water bath, made with tough 
resin– shown in red (left), glass cut water bath with the same dimensions and the legs were 
assembled by zigzag cutting (big pores – not suitable). The separately 3D-fabricated middle 
part is shown in blue; made with Form Futura Grey - not water-tight.  

 

 

A 

B 



96 
 

 SLA printed parts 
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Figure 33: Removed the monochamber from the build platform and fabricated the lid 

A) 3D fabricated mono chamber- modeled by Solidworks, transferred to Simulation software 
(mesh) - Slicing tool (Halot box) developed by using Autodesk Fusion 360° CAD Tool. B) 
fabricated parts, half-removed supports. A printer used volume to fabricate a mono-chamber 
284.66 ml. 1957 supports were created, and the number of layers used was 1342. C) Top view 
of the fabricated 3D mono chamber (islet chamber) lid. The simulated STL file (bottom left) 
for and generated quantity of material and supports used for the fabrication is shown in the 
figure (right bottom). 
 
 
 
 
 

C 
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Figure 34: Post-processing steps after fabrication 

A) post-processing set-up, showing a cleaning tank containing isopropyl alcohol (IPA) used for 
rinsing the printed material. B) an air machine to dry the material for removing residual 
solvent. C) UV curing unit used to complete polymerization of the printed Monochamber, 
typically operated for 20-40 minutes to achieve full material hardening. 
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4.5 Discussion 

In the process of developing a 4-stream perifusion chamber, after several iterations smooth 

surface was achieved through an SLA-based fabrication technique without missing any 

alignment. This was achieved by engaging continuous design optimization, simulation analysis, 

and consultation with domain experts, which guided the evolution of our prototypes toward 

a feasible final solution.  

The design journey began with three-dimensional modeling using SolidWorks, where 

successive prototypes were developed to conceptualize the perifusion system. This stage 

proved relatively straightforward, as the software’s integration of simulation tools allowed us 

to visualize and test our designs before moving into fabrication. Integrated simulation 

analyses within SolidWorks facilitated an early assessment of feasibility, enabling us to predict 

material behavior and to identify areas of potential weakness in the prototypes.  

To validate structural robustness, the analysis under hydrostatic pressure was performed to 

test parameters. Simulations were conducted to assess stress and displacement across 

pressure conditions due to water load on the water bath. The result demonstrated that the 

impact of hydrostatic pressure on the mono-chamber water bath was negligible.  

Complementary computational fluid dynamics (CFD) simulations were carried out in 

SolidWorks to analyse flow dynamics in the islet chamber and its water bath. By defining 

appropriate boundary conditions for the inlets and outlets, and by applying static pressures, 

we were able to replicate realistic flow conditions. Meshing and iterative process imposed 

minimal additional velocity, temperature and turbulence on both the islet chamber geometry 

and mini water bath. The structurally cone-shaped islet chamber facilitated laminar flow with 
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a central stream at the flow rate of 1ml/min. These results strengthened our confidence that 

the design was mechanically viable and could be translated into fabrication.  

While the design phase was completed, the choice of fabrication technology emerged as a 

critical decision point. Selecting an inappropriate technique would not only compromise 

prototype functionality but also risk both time and resources. Thus, we systematically 

evaluated multiple additive manufacturing approaches. Initially, FDM (Fused Deposition 

Modeling) was considered due to its accessibility and widespread use in rapid prototyping. 

However, FDM is based on thermoplastic materials, which solidify upon cooling. The resulting 

surfaces were consistently rough, and the fabricated parts lacked the fine resolutions required 

for cell survival. Furthermore, the mechanical finish was unsuitable for the precise alignment 

demanded in a perifusion setup. So, FDM was excluded from further consideration.  

We next explored MSLA (Masked Stereolithography) printing, which uses LCD-based 

photopolymer curing. Although MSLA offered advantages in speed and resolution, practical 

limitations soon became apparent. The available build volume restricted the scale of the 

device, making it difficult for large integrated structures. When testing a mono chamber set-

up, adhesion using glue for stability within a water environment proved unsustainable, as it 

weakened under liquid exposure. These challenges made MSLA unsuitable for the long-term 

stability and robustness that our perifusion system required. 

Learning from these limitations, we turned our attention to SLA (Stereolithography) printing, 

specifically using Grey Pro Resin. The printer offered superior precision and large volume 

compared to MSLA. Moreover, SLA produced a smooth surface finish, eliminating many of the 

issues encountered with FDM. Grey pro resin itself has favourable mechanical and thermal 

properties; tensile strength of approximately 61MPa, and an elongation break of 13% post-
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curing. Importantly, a heat resistance of 77.5-78°C, excellent for functional prototype, fit 

testing, and low creep deformation compared to standard resins, which makes it highly 

suitable for the conditions expected in our perifusion protocol. These properties reassured us 

that the material could withstand the operational environment without deformation, 

brittleness, or failure. 

An additional consideration was the practicality of printing the entire setup as a single unit 

rather than fabricating smaller components and assembling them afterward. This approach 

eliminated the need for adhesives. By leveraging the build capacity of the Formlabs Form 3BL 

printer – with a maximum printable volume of 335 × 200 × 300 mm – we were able to fabricate 

complete structures within a single print cycle by simplifying the post-processing workflow. 

By considering this, the evolution of the chamber development underscores the importance 

of choosing fabrication technologies aligned with functional requirements. The final decision 

to adopt SLA with grey Pro Resin was not simply a matter of material compatibility, but rather 

a culmination of iterative learning and problem-solving. 

4.6 Conclusion 

In summary, through successive rounds of design, expert feedback and fabrication trials, we 

successfully developed and fabricated four individual components of the mono chamber. The 

discussion of these trials emphasizes that, though multiple technological pathways exist, the 

responsibility lies in critically matching the technology to the specific needs of the application. 

Once a fabrication path is chosen, reverting to earlier options becomes impractical. Therefore, 

the lessons learned in this development process not only shaped the present prototype but 

also provided a framework for future iterations of perifusion system assembly in islet 

research. 



102 
 

 
 
 

 

 

 

 

CHAPTER 5 

Four Independent Monochamber (islet chamber with 

supports) Assembly and validation 

 

 

 

 

 



103 
 

5 Chapter V: Four independent monochamber assembly and validation 

In preparing for the assembly of the perifusion system, several key design and operational 

requirements were carefully evaluated to ensure both functionality and reliability.  

5.1 Considerations for assembly 

5.1.1 Space requirement: 

Operating a perifusion set-up with multiple chambers presents significant practical challenges 

in terms of coordination and workflow. Even with two chambers, switching between collection 

points, monitoring flow, and ensuring synchronised sampling requires constant attention and 

manual handling. When the number of chambers increases to four, this workload effectively 

doubles, demanding precise timing and efficient organization to prevent errors or sample 

overlap. 

Therefore, a major focus during system assembly was to determine the optimal placement 

and accessibility of each component – including the chambers, tubing layout, fraction 

collector, and sampling ports to streamline operation.  

The arrangements of the chamber were planned in parallel so that each would receive equal 

flow from the peristaltic pump, avoiding discrepancies in tube length that could affect 

experimental results. I also took great consideration for the entire tube length, which needed 

to match the pump and flow lines, while being resistant to repeated use and compatible with 

the fluids involved. Particular attention was also given to the sealing of the chamber lids, since 

leakage or poor closure could compromise both sample collection and sterility.  
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5.1.2 The cover of the mono-chamber water bath 

The choice of cover plate for a mini water bath also focused on ensuring a secure closure. The 

initial decision of selecting the glass-based cover with the application of glue didn’t fix well, 

and when there was testing of liquid sample leakage noticed we then moved to choosing an 

aluminium-based cover plate set up to fix with a 3D printed mono chamber prototype. Initially, 

a glass-based cover was selected and attached to the 3D printed Monochamber prototype 

using adhesive. However, this approach did not provide a reliable seal, and leakage was 

observed during liquid testing. Consequently, the design was revised to incorporate an 

aluminium-based cover plate, which offered a leak-proof fit and high surface energy with the 

3D printed chamber (Figure 35). The parallel fixation by dado joint is established with iterative 

clearances (Figure 36). 

5.1.3 Tubing placement 

The choice of connectors and tubing was also critical. As a standard routine, a 1/16*30-

dimensional tube was used for connection to maintain the flow rate from the pump. All the 

tubes are placed at the same distances from the pump to have an equal flow. 

5.1.4 Temperature regulation 

Temperature stability represented another important consideration, as the system relies on a 

water bath to maintain controlled conditions. The regulation mechanism was also anticipated, 

and a proper water bath outlet was also fixed on the assembly area.  

5.1.5 4-stream peristaltic pump 

The peristaltic pump allows the fluid path for each stream. I have used identical tubing to 

reach maximal accuracy of delivering a sample to the chamber by enforcing the calibration for 
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the chamber volume of 0.5 ml in 20 seconds. The real calculation of the flow rate will take 

place once the assembly of the fraction collector is installed. 

5.1.6 Flow direction-driven pressure balancing in mono-chambers 

To ensure uniform temperature distribution across each individual mono-chamber 

(112*112mm), inlet and outlet provisions were incorporated to facilitate pressure release and 

flow regulation. When the fluid entered from the top of the chamber, leakage was observed 

along the sidewalls. This is likely due to the pressure gradient generated by the vertical inflow, 

which creates localized turbulence and uneven pressure distribution against the chamber 

walls, exceeding the sealing tolerance at certain points. 

In contrast, when the inlet and outlet were positioned at the bottom of the chamber with flow 

introduced through the bottom port and released through another-lo leakage occurred. This 

configuration promotes a more stable and laminar flow, minimizing vertical pressure buildup 

and preventing fluid from accumulating near the upper seals. The bottom-to-bottom flow 

path also allows better hydrostatic balance and pressure equalization within the chamber, 

maintaining structural integrity and ensuring more uniform temperature transfer (Figure 37). 

5.1.7 The whole assembly set up (without FC) 

The perifusion system was successfully assembled and calibrated to establish stable flow 

dynamics prior to biological experimentations. The configuration incorporated a regulated gas 

line and assisted components to ensure uniform perifusion. Preliminary calibration verified 

steady flow rates and pressure balance, indicating that the system is mechanically stable and 

ready for subsequent islet perifusion studies. Although no biological samples were tested at 

this stage, the calibration confirmed the reliability of the assembled setup for future 

experimental applications (Figure 38). 
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Figure 35: Plexiglas replaced by aluminium cover plate 

A) The chosen Aluminium-based sheet to cover the mono chamber water bath with a 
thickness of 3mm, with the dimensions of 112*112mm, with the inlet and outlet holes with a 
diameter of 4.5mm. SLA printed parts tested with 3D printed lids, which were locked with 
butterfly nuts, B) glass-based water chamber lid, the glue doesn’t have much effect on the 
resin edges.  
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Figure 36: 3D-fabricated 4-stream perifusion mono chamber 

parallel connection of a mono chamber by using dado joints (A), and each assembled with 4 
inox screws to facilitate the lid, aluminium cover plate with the dimension of 112*112mm 
fixed tightly to avoid leakage, each Monochamber designed with 2 inlets and outlets, the 
unused were properly closed with a combi stopper red has an inner diameter of 5 mm (B), 
between the hole of aluminium plate and stopper there was a connector used. The liquid flow 
is 125 ml/min, achieved through a separate peristaltic pump (Masterflex). Each Mono 
chamber has a volume capacity of approximately 490ml, so it takes around 4 minutes to fill 
the water chamber. 
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Figure 37: Bottom-fed set-up for flow distribution  

Flow is initiated by a peristaltic pump (A) and introduced through a tube connected to the 
bottom inlet of the first chamber. The flow exited from the bottom outlet (B) and continued 
sequentially through the subsequent chambers using the same bottom-fed configuration. The 
system was designed such that water exited through 2 outlets located at the top (C), which 
then merged and returned to the same container serving as the reservoir (D) for continuous 
circulation. All chambers were filled simultaneously, ensuring uniform water distribution and 
stable circulation throughout the system. 
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Figure 38: Assembled 4-stream perifusion system 

The perifusion system was fully assembled to enable continuous and controlled medium 
circulation through all components. The set-up included a regulated gas supply (A) to maintain 
a desired environment for cell survival, a 4-way peristaltic pump system (B) to ensure uniform 
flow distribution, and a large water bath (C) providing stable thermal control for all chambers. 
Four mono chambers (D), each equipped with individual caps, were connected in parallel using 
dado joints to achieve simultaneous perifusion and consistent flow dynamics across all units. 
The inlet and outlines (E) were carefully configured to establish a closed-loop water circulation 
between the bath of mono chambers. However, the final assembly set-up will be completed 
with the real-time fraction collection. 
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5.2 Four - stream fraction collectors 

5.2.1 Challenges 

As the individual Bio-Rad fraction collector model previously used for perifusion assays was 

discontinued, a custom four-stream fraction collector was developed to accommodate 

simultaneous sample collection from four independent chambers. The system was designed 

to be modular, efficient, and compatible with the perifusion set-up, ensuring synchronised 

collection across all channels. 

5.2.2 Collector unit 

Each collector unit was equipped with a rotating sample holder capable of accommodating 35 

collection tubes for a single rotation, with a dimension of 192mm with a height of 70 mm. For 

tube placement, the dimension of the sketch is shown in Figure B. The collector case model 

was fabricated by using FDM-based technology (Figure 39). The total weight of the collector 

case is about 400g. After placing all the tubes of 5mL, the total weight becomes 650-700g 

based on the weight of the tube. However, the regular protocol of collecting samples is every 

2 minutes (1ml/min). 

5.2.3 Assembled 4-way FC set up – half done 

The system was mounted on a custom-fabricated wooden base that provides stability during 

operation. 4 individual Stepper motors were integrated to control the rotation of each 

collector disc, providing precise movement and timing for all four collection channels. The 

entire assembly was made in IMT Nord Europe Douai-Fab lab (Figure 40). 
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Figure 39: 3D modeled and fabricated single-unit collector case 

A) Top view of a 3D model of one collector case with the dimensions of 192 mm, extruded 
with a height of 70 mm, B) sketch design for tube (~1.7mm) placement is elevated, C) side 
view of the collector case with a handle.  D) FDM fabricated the collector case (~400 g) and 
tested it with tube placements. (FDM: Fused Deposition Modeling)

A B 

C D 
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Figure 40: Assembly set-up of FC without display unit 

A) Entire 4-stream fraction collector 3D modeling set-up, including collector case (screwed 
with stepper motor), arm provisions, wood base and stepper motor provisions. On the right, 
the printed single collector case was shown, and it was tested to see if the tube could fit into 
the provisions. B) 3D printed set-up of partially assembled on a wooden base. C) 4 
independent stepper motors (NEMA 17) were fixed for each collector case. 
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5.2.4 Electronic control unit and coding support 

The development of the interface kit and associated coding is currently managed by the Fab 

Lab team. As these tasks involve technical customization, the completion of the assembly 

setup has been postponed until the integration is finalized. 

5.3 Discussion  

Proper spacing, tubing organization, and gas provisions are essential for establishing a stable 

and reproducible perifusion environment. The water chamber lid is made up of aluminium 

because its higher surface energy compared to engineered plastics provides better adhesion 

for gluing (Zdziennicka, Krawczyk et al., 2017). These parameters directly influence flow 

uniformity, oxygenation, and temperature maintenance, all of which are crucial for preserving 

islet viability during extended experimental runs. Hence, the physical layout of the setup — 

including the placement of chambers, tubing length, and accessibility of connectors — must 

be carefully planned before initiating a new perifusion configuration. 

The overall success of the perifusion system assembly depends strongly on the effective 

integration of its associated components. This collector serves as a critical element for 

enabling simultaneous and synchronised sampling from multiple chambers, thereby 

improving experimental throughput and data comparability. Precise control of the peristaltic 

pump remains the most vital factor. The pump governs the perifusion rate and ensures that 

each islet chamber receives an equal and uninterrupted flow of media. Inconsistent flow or 

pressure fluctuations could alter oxygen and nutrient delivery, thereby affecting the metabolic 

and secretory responses of the islets. Consequently, optimising pump calibration, tubing 

diameter, and connection tightness becomes essential for maintaining experimental 

reliability.  
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The direction and position of the fluid entry critically affect the internal pressure distribution. 

A top-fed system tends to create uneven vertical pressure gradients and local turbulence, 

which stresses the side seals. Bottom-fed designs support laminar, pressure-balanced flow, 

leading to structural stability and leak prevention. By considering all aspects, the system 

components were assembled properly, and it will be completed as a full setup once integrated 

with multiple FCs. The geometry of the 3D-modeled collector case, designed to accommodate 

35 collector tubes based on their specific dimensions, was successfully fabricated four times. 

All assemblies, including the arms and the collector case, were precisely aligned and mounted 

on a properly dimensioned wooden base. This complete setup will undergo final evaluation 

following the integration of the control coding developed by the Douai team. 

5.4 Conclusion 

The successful flow analysis confirms the perifusion system’s ability to maintain controlled 

conditions and support functional performance during dynamic assays. However, the proper 

installation and integration of the fraction collector, completion of coding and interface 

development, and the availability of human islets will together ensure the full operational 

readiness of the perifusion system for validation. 
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6 Chapter VI: Sensor based measurements of islet respiratory dynamics 

– preliminary data 

6.1 Introduction 

In pancreatic islets, energy metabolism is primarily governed by nutrient availability and 

cellular respiration, which are tightly linked to insulin secretion. The coupling between glucose 

metabolism and ATP production serves as a key signal for insulin release. In 2006, Ian R Sweet 

demonstrated that glucose-driven respiration in perifusion assays can serve as a predictor of 

islet quality and highlighted its islet-specific nature (Henquin, Dufrane et al., 2006; Sweet and 

Gilbert, 2006). This work also compared handpicked islets with non-islet tissue, underscoring 

the specificity of the metabolic response. The tools for assessing mitochondrial activity have 

progressed from Clark electrodes (dissolved oxygen during glucose challenges), to optical 

perifusion (islet-specific OCR), to stirred microchambers (OCR scaled to viable mass), and 

finally to partitioning of profiling by Seahorse (Papas, Pisania et al., 2007; Sweet, Gilbert et al., 

2008; Silva and Oliveira, 2018; Shirato, Hsueh et al., 2024). This study also pointed out that 

OCR increased linearly with the number of viable cells in the perifusion chamber. 

Following their work, I performed the sensor integration in the perifusion set-up by using a 

PreSens rented sensor to measure partial oxygen concentration within islet samples (n=3). 

Although oxygen concentration (PO2-mg/L) could be monitored, respiration rate could not be 

derived since it requires temporal changes in oxygen levels; benchmark CO2 release (%CO2) 

was also observed, despite its importance as a key byproduct of energy metabolism. The 

subsequent transition to the Pyro Science tool, which enabled real-time measurement of both 

oxygen concentration and respiration rate (ΔOCR µmol/L/min). The accompanying pyro 

developer software was used to process data and perform multiple analytical specific 
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intervals, converting oxygen units across more than four different scales, and applying 

smoothing algorithms. Initially, the pyro tool was tested using INS-1 cell clusters to assess 

respiration rates at varying cluster sizes. The observed results supported the groundwork to 

test the sensor in human islets (13 donors), and measure their oxygen consumption in real 

time, parallel to insulin secretion. 

6.2 Oxygen Concentration-based PreSens technology measurements 

The perifusion system has lower operational complexity due to the sensor connection. The 

tested sensor was commercially rented from PreSens Technology (limit of detection 

~0.03%O2; ~0.015-0.020 mg/L), which is a T-type miniaturised chemical optical oxygen sensor 

integrated into flow-through cells that allows non-invasive online monitoring of oxygen 

measurement by integrating post chamber placement. 300 IEQ of human islets per chamber 

were perifused with non-stimulatory glucose (basal; 3mM) for 10 mins, then stimulated with 

15 mM glucose for 20 mins, then cells are challenged with inhibitor oligomycin (5µM-20mins) 

and an uncoupling agent carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone FCCP (1µM-

20mins) to see the metabolic activity changes in islet behaviour, and the used concentrations 

inspired from previous studies (Pradhan, Lee et al., 2022). We noticed during high stimulation 

(G15), increased CO2 range for a few minutes and decreased O2 concentrations, consistent 

with increased mitochondrial oxidation under stimulatory conditions (Umeda, Ishizaka et al., 

2021). The drug-evoked shifts during ATP synthase inhibition (oligomycin) were observed next 

20 mins. In contrast, during the uncoupling effect (FCCP), both PO2 (mg/L), PCO2(%) had 

reduced concentrations. These preliminary experiments were performed in non-diabetic 

donors (n=3), and the metabolic function and efficiency of their mitochondria were monitored 

under stimulated perifusion (Figure 41). Donor characteristics are represented in Table 5. 
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Figure 41: Oxygen concentration and CO2 measurement from non-diabetic donors   

Partial pressure of dissolved oxygen over time, PO₂ (mg/l) (pink in colour): basal 
concentrations reduced over 20 mins due to consumption and increased again due to complex 
V inhibition (oligo), then decreased due to the uncoupling effect of FCCP. CO₂ (%) (green) 
concentrations at 2-minute intervals; basal concentration increased slightly during G15 and 
went down during the second phase (second 10 minutes). The insulin secretion profile due to 
metabolic flux is shown in red. Data represented as mean ± SEM from N = 3 non-diabetic 
donors. Respiration measurements by integrating PreSens Technology (response time<60s). 
(G3 = 3 mM glucose; G15=15 mM glucose; Oligo = oligomycin (5 µM), FCCP=6 µM), (Limit of 
Detection ~0.03%O2). 

 

O2 CO2 
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6.3 Pyroscience tool measurement for respiration 

Under this technology, only the O2 sensor (firesting probe) was implemented in the perifusion 

experiments by placing it close to the chamber, to assay the respiration behavior of human 

islets. It starts to detect the oxygen concentration from ~0.01mg/L (as per the manual). The 

manufacturer describes the sensor uses a REDFLASH optical dye, which was designed to 

minimise drift. 

6.3.1 Preliminary assessment of cellular respiration using cell lines before human islet 

analysis by using Pyro Tool 

The Pyroscience oxygen sensors were connected to the parallel chambers to measure the 

change in oxygen drop over time; both were connected to the post chamber. The full setup of 

sensor attachment with the perifusion system is shown in Figure 42. The functional capacity 

of pancreatic beta cells remains a primary focus in diabetes research, given their critical role 

in glucose-stimulated insulin secretion. While multiple cell types contribute to overall islet 

physiology, beta cells occupy a unique role as the primary mediators of insulin release. Insulin 

secretion is tightly coupled to glucose metabolism and the efficiency of mitochondrial 

respiration (Place, Domann et al., 2017), linking cellular bioenergetics to endocrine function. 

Recent studies have emphasized the importance of directly quantifying respiration in beta 

cells to better understand the metabolic mechanism of insulin secretion (Kener, Munk et al., 

2018; Hertig, Maddah et al., 2021). The experiments were performed by using INS-1 832/13 

cells, which were cultured, seeded, and organised into clusters to evaluate their bioenergetic 

responses. Mitochondrial respiration was assessed under varying glucose concentrations to 

capture the dynamic interplay between cellular metabolism and insulin secretion. Practically, 



120 
 

 

 

 

 

Figure 42: The pyro sensor tool setup with the perifusion system 

A) Both O2 sensors (Sterile Oxflow - firestring) were connected at the post chamber 
connectivity. The flow cell is a glass tube with a sensor spot attached to its inner wall. The fiber 
optic cable from firesting connected to the optical port of the flow cell and reads the lights 
emitted from the spot. The dye inside the spot changes its intensity based on the local oxygen 
concentration in the flowing medium. B) Flow through cell with the attached sensor spot (left 
figure), Multi-channel analyte meter (firesting) (right figure). 

A 

 

B 
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Figure 43: Glucose-dependent respiration in INS-1 clusters of increasing density 

A) An image of dispersed clusters from a cell line is shown. B) Ins 1 clusters from 50 to 200 
stimulated with low glucose 1 mM (G1), shown in red, and high glucose 20 mM (G20), shown 
in green. Value showed 10 minutes of stimulation in each condition. The graph represented a 
change in oxygen concentration over time as consumption, with the unit of delta µmol/L/min. 
pyro tool-generated data plotted in Prism and represented as mean ± SD (n=2). (O2 – FTC (flow 
through cell), LOD: 0.02%) (LOD: Limit of Detection), (Response time<30s).

A 

B 
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as the number of cells within a chamber increases, the rate of oxygen consumption also rises 

proportionally. To examine the effect of cell density, 50, 100, and 200 clusters were seeded 

per chamber and analysed for glucose-stimulated respiration. I observed a progressive 

increase in oxygen consumption (ΔOCR µmol/L/min) with higher cluster densities, following 

20 mM glucose exposure over 40 minutes (Figure 43). These results show that both low and 

stimulated respiratory capacity correlate with cluster density, highlighting the metabolic 

resilience of beta cell populations and offering a framework to evaluate this phenomenon in 

human islets. The observed increased OCR in G20 in a cluster number-dependent manner also 

allowed for a greater difference from basal G1, indicating that a minimum number of islet-like 

clusters is required for the proper analysis of cell metabolism. 

6.3.2 Pyro tool assessment with human donors 

Following the cell lines' observations, the sensor was tested in the human islets.  The 

corresponding superimposed profiles of insulin secretion and oxygen consumption (OCR) are 

shown in the figure, obtained from experiments using islets isolated from 13 donors. Insulin 

secretion is expressed as concentration (uUI/ml/min) to minimise potential misinterpretation 

in cases where the tested compound may influence the insulin content (IIC) of the islets. The 

unit of oxygen consumption shown here is delta µmol/L/min.  The superimposed curve 

demonstrated that the integration of the sensor did not interfere with or alter the dynamic 

insulin secretion profile (Figure 44). The donor characteristics are shown in Table 6. 
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Figure 44: The superimposing of insulin secretion and OCR (consumption) curve 

Superimposed profiles of insulin secretion (uUI/ml/min) and oxygen consumption rates (OCR 
- delta µmol/L/min) in response to glucose stimulation (n=13). Isolated islets were first 
perifused for 10 minutes with basal glucose (3mM), followed by 40 minutes with stimulatory 
glucose (15 mM). Samples were collected every 2 minutes. The increased consumption and 
insulin release during the second phase than the basal B (SI>1). The overlaid traces illustrate 
that the increase in oxygen consumption occurs prior to insulin secretion, indicating enhanced 
mitochondrial activity and ATP production that drive the subsequent exocytotic release of 
insulin.
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Figure 45: Analysis of oxygen consumption association with low (50-75%, n=5) and high 
purity (80-100%, n=8) 

 A) Low purity S1 has an independent effect with low purity basal (p=0.018), high purity basal 
(p=0.0043) & high purity S1 (p=0.00349). B) The mean donor in each group, orange: basal, red: 
stimulated, is shown in symbols & lines. C). The oxygen consumption rate (Δ µmol/L/min) 
curve for both purity comparisons observed, low purity has increased in mean both at basal 
and S1. Data are represented as mean ± SEM.  
 
 

C 
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Figure 46: Purity-based insulin secretion – lab data 

A) Insulin secretion of low (20-50%) (in orange) and high-purity groups (80-90%) (in green), 
including 41 donors. B) Low purity (n=22) has more insulin secretion both in basal and 
stimulated glucose stimulation than groups (19). Samples were collected every 2 minutes. 
Data are represented as Mean ± SEM.  

A 

B 
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Figure 47: Analysis of oxygen consumption (OCR) association with normoglycemic 
(HbA1c<5.7, n=7) and prediabetic (6.5>HbA1c≥5.7, n=6) 

A) individual consumption at basal (3mM-10mins) & stimulated (15mM-10 mins) expressed as 
Δ µmol/L/min per 300IEQs. B) means of individual points (donors) at each condition in symbols 
& lines, the dispersion of donors same in both basal and S1, C) the Oxygen consumption curve 
for both glycemic comparisons. Non-difference effect between glycemic conditions. Data are 
represented as mean ± SEM. 
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Figure 48: Analysis of oxygen consumption association with normal BMI (<25, n=7) and 
overweight (30>BMI≥25, n=4) 

A) individual consumption at basal (3mM-10mins) & stimulated (15mM-10 mins) expressed as 
Δ µmol/L/min per 300IEQs. B) means of individual points (donors) at each condition in symbols 
& lines. C). Oxygen consumption curve shown as ± SEM. Data are represented as mean ± SEM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C 
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Figure 49: Mitochondrial function from Seahorse analysis 

Mitochondrial respiration profile of human islets (>125 donors) under basal (2.8 mM) and 
stimulated glucose conditions (20 mM). Oxygen consumption rate (OCR) was measured in 
human islets exposed sequentially to basal glucose (2.8mM) and high glucose (20mM) to 
assess glucose-stimulated mitochondrial function. Oligomycin (5µM) inhibited ATP synthase 
(complex V) and determined the proportion of ATP-linked respiration. FCCP (6µM) induced 
mitochondrial uncoupling and revealed the maximal respiratory capacity. Finally, rotenone 
and antimycin A (5µM each) were added to inhibit complex I and complex III, respectively, 
defining the non-mitochondrial respiration component. (data source: 
www.humanislets.com/#/donor). 
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Figure 50: Inhibitors and modulator effects analysed in human islet donors by the 
integrated pyro tool (n=5) 

In blue: islets stimulated by high glucose (30 minutes) as control, red: complex 5 inhibited by 
oligomycin (5µM-30 minutes), green: the uncoupling effect by Fccp (6 µM), purple: Antimycin 
and Rotenone to shut down complex I & III. All drug effects are carried in high glucose 
concentration. The statistical difference was noticed between oligo and maximum coupling 
(p=0.0183), rot/Ant effect (p=0.0133). The statistical significance was shown in Asterix, and a 
non-parametric t-test for comparisons, data represented by Mean ± SEM. Statistical 
significance was defined as p<0.05 (*), p<0.01 (**). 
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 Purity-dependent differences in islet respiratory function 

This preliminary study included 13 donors for perifusion-based respiratory measurements, 

and their characteristics are shown in Table 7. Glucose concentrations of 3mM (0.54 g/L) for 

basal conditions and 15mM (2.72 g/L) for high stimulation were applied, following the 

standard protocol of our laboratory. Donor samples were stratified by islet purity: the low-

purity group (ranging from 50-75%; n=5) and the high-purity group (80-100%; n=8). The low-

purity group exhibited higher respiratory consumption under both basal and stimulated 

conditions compared with the high-purity group, potentially reflecting the influence of 

exocrine contamination. Nonetheless, preparations in both groups demonstrated a 

stimulation index (SI) greater than 1 (Figure 45A & B). The mean SI was 3.93 ± 1.40 for low 

purity preparations and 3.55 ± 1.20 (mean ± SEM) for high purity preparations. The findings of 

this graph imply S1 response is purity independent (between low purity Basal – S1; p=0.018, 

high purity basal to low purity S1; p=0.0043, and finally both purity groups of S1; p=0.0349). 

The OCR curve shows a clear picture of increased consumption at stimulation in Figure 45C. 

Although experiments were conducted in a relatively small cohort in this study, the basal and 

stimulated conditions were consistent with our previous lab observations (Figure 46) in insulin 

secretions.  

 Glycemic-based analysis in islet respiratory function 

A second analysis, samples were stratified by glycemic condition, revealed distinct 

consumption patterns. Under basal conditions, normoglycemic donors (HbA1c<5.7%, n=7) 

have a higher mean than prediabetic donors (HbA1c 5.7-6.5%, n=6). In contrast, upon 

stimulation, prediabetic donors exhibited higher consumption in mean compared to 

normoglycemic donors (Figure 47A). Consequently, the stimulation index was greater in the 
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prediabetic group (4.818 ± 1.784) relative to the normoglycemic group (2.736 ± 0.5099) 

(Figure 47B), representing a 1.52-fold increase. Notably, all donors demonstrated a 

stimulation index above 1, indicating robust consumption responsiveness across all groups 

(Figure 47C). The comparison between basal consumption in prediabetic donors and 

stimulated consumption in normoglycemic donors showed a trend toward significance (p = 

0.0535) (Table 8).  

 The effect of BMI on islet oxygen consumption 

Donors were stratified based on normal BMI (<25Kg/m², n=7) and overweight (25-30 kg/m², 

n=4) (Table 9). Both groups showed a closer mean at basal (Normal BMI; 1.808 ± 0.6080, 

overweight; 1.807 ± 0.9503), with no significant changes between groups (Figure 48A). 

Oxygen consumption had a stimulation index greater than 1 for both groups (Figure 48B), 

even though less oxygen consumption was noticed in a few donors at both basal and S1. The 

corresponding curve is shown in Figure 48C, and the unit is oxygen consumption Δµmol/L/min. 

 Deciphering mitochondrial function 

To assess mitochondrial function, islets from 5 independent human donors were analysed 

following a protocol adapted from the Seahorse XF Cell Mito stress test. All islets were initially 

incubated for one hour with 3mM to establish basal respiration. Subsequently, islets were 

exposed to G15 (40 min), oligomycin (5µM, 30min) to assess ATP-linked respiration, FCCP 

(6µM, 30min) to evaluate maximal respiratory capacity, and Rotenone/Antimycin A (5µM, 

30min) to inhibit complex I and III, thereby determining non-mitochondrial oxygen 

consumption. Fccp treatment produced the highest consumption rate among all conditions, 

consistent with a maximal respiration response. Statistical analysis confirmed a significant 

difference between FCCP and both oligomycin (p=0.0183) and rotenone/Antimycin 
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(p=0.0133). The observed OCR profile mirrored the pattern found in a classical Seahorse 

mitochondrial stress assay (Figure 49), with increased response in glucose, suppression with 

oligomycin, rise in FCCP, and an inhibition after rotenone/antimycin addition (Figure 50). 

These results suggest that our new system could be potentially used to calculate maximal 

respiration, spare capacity, ATP production and non-mitochondrial respiration in human islets. 

6.4 Discussion 

In this preliminary study, a preSens fluorescence-based oxygen sensor was used to monitor 

human islet respiration in real time by measuring the partial pressure of dissolved oxygen, 

demonstrating islet metabolic activity during the different glucose-stimulated insulin 

secretion phases. The reduced oxygen concentration at G15, with a parallel effect of slightly 

increased concentration of CO2 (first 10 mins), is consistent with glucose oxidation (Keppler; 

Vasa Radonic).  Because the preSens tool was not available for long-term use, preliminary tests 

with a Pyroscience optical sensor were carried out and observed increased oxygen 

consumption by an increasing number of clusters, highlighting the proportional response, 

which is consistent with previous results (Sakata-Kato and Wirth, 2016). This preliminary 

perifusion-based study (n=13) demonstrates that human islet preparations exhibit clear 

oxygen consumption responses by using the pyro sensor tool under both basal and stimulated 

(S1) conditions, reflecting active mitochondrial respiration. The stimulation index (SI>1) across 

all donors confirms preserved metabolic function or functionally active. However, the 

magnitude of oxygen consumption differed by islet purity: low purity preparations showed 

higher basal and stimulated respiration than high purity ones and consistent with previous 

studies (Sweet, Gilbert et al., 2008).  The statistically significant difference between low purity 

S1 -low purity basal showed a real effect, and the same was observed in high purity basal and 
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low purity S1 (p= 0.0043), between S1 at low and high purity (p=0.0349). Upon stimulation, 

the sensor tool captured prediabetic nuances from basal resting tone to observed 

consumption. Even though no significant differences were noticed when comparing groups 

based on their HbA1c or BMI, the consistent stimulation index showed preserved 

mitochondrial responsiveness among all donors despite differences among classifications. 

Responses to various inhibitors of the respiratory chain and uncoupling agents serve as 

functional readouts of islet mitochondrial performance (Dott, Mistry et al., 2014).  

6.5 Conclusion 

Insulin secretion is tightly linked to oxidative metabolism, and the cells' oxygen consumption 

reflects the metabolic demand required for secretion. The perifusion system supported the 

sensor integration on the outlet chamber connectivity with non-invasive and showed 

potential applications of real-time monitoring flow-based optical measurements in human 

islets, proving practical, consistent & revealing the temporal resolution of islet physiology 

studies in a small cohort (n=13).  This approach has the advantage of adaptability, flexibility 

and demonstrates the potential for continuous, parallel measurement of metabolic 

parameters under flow conditions.  
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 Table 5 : Donor characteristics, used by preSens sensor  

No Donor Age 

(years) 

 BMI 

(Kg/m²) 

HbA1c 

(%) 

Islet 

Purity 

(%) 

Islet 

Viability 

(%) 

1 H1255 62 25.9 5.4 85 86.9 

2 H1256 65 32.1 5.1 85 88 

3 H1257 58 24.5 5.1 80 90.3 

 

Number of donors (n=3) used to test the preSens technology to measure the oxygen and CO2 

concentrations. (All donors are non-diabetic donors). 
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Table 6: Characteristics of the donor for islet respiration measurement by using the pyro 
tool 

 

No Donor Age 

(years) 

 BMI 

(Kg/m²) 

HbA1c 

(%) 

Islet 

Purity 

(%) 

Islet 

Viability 

(%) 

1 H1308 57 26.3 5.3 85 93.6 

2 H1313 64 29.6 5.7 80 93.7 

3 H1318 41 24.7 5.5 90 91.5 

4 H1322 67 30.5 5.9 90 91 

5 H1329 33 19 6 65 91.5 

6 H1333 37 23.6 5.3 75 92.7 

7 H1341 54 34.1 5.6 80 93 

8 H1345 61 22 6 80 94.5 

9 H1352 52 25.1 5.3 94.5 70 

10 H1358 57 26.8 5.6 60 91 

11 H1359 56 22.2 5.9 80 92.8 

12 H1361 44 21.9 5.3 60 95.3 

13 H1371 27 23.1 5.7 50 91.3 
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Table 7: Purity-based analysis in islet respiration (purity 50-75%, n=5 & purity 80-100%, 
n=7) 

 
 p  

basal 50-75% Basal 80-100% 0.3978 NS 

basal 50-75% S1- 50-75% 0.018 * 

basal 50-75% S1- 80-100% 0.627 NS 

basal 80-100% S1- 50-75% 0.0043 ** 

basal 80-100% S1- 80-100% 0.101 NS 

S1 80-100% S1- 50-75% 0.0349 * 

 
Purity-based comparisons: Consumed data under each group compared with non-parametric 
t-tests. Statistical significance is indicated as: *p<0.05, **p<0.01, Ns: not significant. B – Basal, 
S1-first peak (10-12 mins). 
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Table 8: Glycemic-based analysis in islet respiration (Normoglycemic n=7, prediabetic n=6) 

  p  

B normoglycemic B prediabetic 0.446 NS 

B normoglycemic S1 normoglycemic 0.1445 NS 

B normoglycemic S1 prediabetic 0.0814 NS 

B prediabetic S1 normoglycemic 0.0535 NS 

B prediabetic S1 prediabetic 0.0586 NS 

S1 prediabetic Si normoglycemic 0.5192 NS 

 
Comparisons between normoglycemic and prediabetic groups were performed using non-
parametric t tests. Statistical difference of p values is shown here: NS-Not significant. B – Basal, 
S1-first peak (10-12 mins). 
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Table 9: Weight-based analysis in islet respiration (Normal BMI, n=7, Overweight, n=4) 

  p  

B Normal BMI B (overweight, n=4) 0.9992 NS 

B Normal BMI S1 Normal BMI 0.0746 
NS 

B Normal BMI 

S1 (overweight, 

n=4) 0.0633 

 

NS 

B (overweight, n=4) S1 Normal BMI 0.1786 NS 

B (overweight, n=4) 

S1 (overweight, 

n=4) 0.1586 

NS 

S1 Normal BMI 

S1 (overweight, 

n=4) 0.7024 

NS 

 
Comparisons between normal BMI and overweight donors were performed using non-
parametric t tests. Statistical difference of p values is shown here: NS-Not significant. B – Basal, 
S1-first peak (10-12 mins). 
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7 Chapter VII General Discussion 

7.1 Impact of donor characteristics on insulin secretion 

7.1.1 Discussion: 

Diabetes is the leading cause of death, and its prevalence is growing worldwide (Diabetes, 

2024). Among various types, T1D has a major impact; the alternative solution currently used 

is allogenic islet transplantation (Vantyghem MC, 2019). Determining the quality of the islets 

is crucial due to donor variability and heterogeneity of the islet size and their performance 

(Henquin, Dufrane et al., 2015). The variability in insulin secretion greatly influenced by donor 

characteristics and isolation center protocols, requires consistent assessments (Buemi, 

Mourad et al., 2024). This study investigated insulin secretion variability across a large cohort 

of human islets using both static and dynamic GSIS, and also investigated the impact of donor 

physiological variables on insulin secretion phases during glucose stimulation via perifusion. 

7.1.2 Key findings: 

The large cohort single-center study revealed variation in insulin secretion kinetics while 

comparing both static (n=408) and dynamic experiments (n=168). This dynamic study revealed 

the importance of fasting insulin secretion as an indicator of the functional quality of the 

isolated Islets. The key findings suggest that despite similar SI overall (r²=0.625), perifusion 

resolved a greater dynamic response by capturing both nuances in stimulation, which has 

donor influence. The stimulation index varied from 1-20 and was consistent (Alcazar and 

Buchwald, 2019). Normalizing with intra-cellular insulin content mitigated the exocrine 

involvement and varied higher (~34ng/IEQ) in this cohort than in multi-center studies 

(~13.3ng/IEQ) (Henquin, 2019), elucidating protocol differences. In this study, the obese and 

prediabetic group secreted more insulin, particularly under basal and stimulated conditions. 
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Sex based analysis was not shown as an important parameter in perifusion-based analysis and 

was consistent with previous studies (Henquin, 2021). 

7.1.3 Relation to existing literature: 

Integrating 3mM as basal, which is below the physiological range, facilitates hypoglycemic 

responsiveness, whereas 15mM showed physiological range, implies robust glucose 

stimulation in vitro studies. The observed result in elevated basal insulin secretion in both 

obese and prediabetic groups might be the influence of a compensatory mechanism, which 

results in higher secretion in insulin resistance. The combined effects of age, BMI & HbA1c 

donor characteristics highlighted the amplified kinetics in the determination of in-vitro 

dynamics. 

Our results aligned with broad SI heterogeneity and BMI-based insulin secretion (Kayton, 

Poffenberger et al., 2015; Trico, Natali et al., 2018). The absence of sex differences matches 

prior findings. Higher intracellular insulin content compared to multi center studies extended 

highlighting how protocol harmonization can shift the results. The work complements NAIDS 

(Wang, Kin et al., 2016)/ Kansas city scores (Ramachandran, Huang et al., 2015) by supplying 

functional potency rather than yield and viability alone. 

7.1.4 Methodological reflection:  

Improved internal consistency by performing standard stimuli protocol (3mM, 15mM) that 

reveals basal, peak, second phase and recovery phase under resolved static endpoints. 

Reproducibility has been achieved by considering purity, normalization factor, stimulation 

time and assay conditions. 
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7.1.5 Strengths, limitations and future directions: 

This study benefited from a large cohort study by using standardized procedures, direct 

comparisons, and mitigating heterogeneity by normalizing the beta cell-specific parameter 

(IIC). Variations in assay sensitivity and data normalization may further contribute to inter-

study variability. Incorporating more variables, including consumption-based parameters to 

broadens the analysis framework to add more meaningful insights for donor selection. Scaling 

the integrated effects of insulin secretion and OCR may provide a predictive framework for 

post-transplantation outcomes. 

7.1.6 Concluding statement: 

Dynamic, content-normalized perifusion provides a standardized, donor-aware readout of 

human islet function that complements yield-focused scores and better captures the biology 

that matters for interpretation and graft selection. 

7.2 Prototype 3D model, fabrication, assembly & validation 

7.2.1 Discussion: 

Perifusion is a valuable technique used to study how cells or tissues respond to various stimuli, 

such as hormones, by continuously supplying fresh media and collecting the outflow. It plays 

an important role in evaluating islet function. Since 2017, this technique has been routinely 

used in our laboratory. In this study, the goal was to improve the perifusion system to handle 

a larger number of cells. To achieve this, a new perifusion chamber was designed, simulated, 

and fabricated. The system consists of four individual mono-chambers (each 112*112mm in 

dimension), assembled to form a four-chamber perifusion unit. This design focused on 

creating smooth internal surfaces for better flow, accurate alignment for proper sealing, and 
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strong mechanical stability. The selected SLA based 3D printing allowed quick production of 

complex parts with smoother surfaces directly from computer-aided designs, and proper post-

processing made this tool reliable for assembly (Soni, Kumar et al., 2018).  

7.2.2 Key findings: 

The iterative CAD development in SolidWorks enabled a solid design of the perifusion chamber 

development by considering base, side walls, islet chamber, lid, and insert interfaces, along 

with Islet chamber fluid dynamics simulations. Each element optimized for functionality and 

manufacturability before assembly. Dedicated provisions were made for filtering paper and 

proper ring sizes on the cap (lid) early in the model reduced complications and helped the 

coupling interfaces. The used tolerance of ± 0.05mm and the technique SLA, and its proper 

post-processing, improved the fabrication process. Added fillets and chamfers, specified 

smooth internal surfaces, and prevented sharp edges. Proper drilling at the cap avoided the 

closure leakage issues and promoted the linear flow.  Proper gluing of the inox insert enabled 

no leakage in the setup.  

The high surface energy from the aluminium plate with a size of 112*112mm overcame the 

leakage issue during the water flow in the mini water bath of each mono chamber. The MSLA-

assisted clearances of 0.1mm facilitated the proper interface couplings. Performed 

Simulations to determine the pressure and leakage effects reflected with no further 

complications in the water bath.  

7.2.3 Integration: 

The engineering workflow -CAD-Simulation -fabrication – tightened feedback loops between 

concepts and performance. Solid works simulations showed that, with realistic boundary 

conditions, the chamber geometry sustains stable, low-turbulence flow compatible with islet 
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health. SLA printing reproduced these geometries with a smooth surface, improving 

hydrodynamics and sealing without resorting to adhesives. Printing the chamber as a single 

unit minimized stack-ups and alignment errors, directly serving the biological objective of 

consistent perifusion across four independent streams. 

7.2.4 Existing literature: 

SLA based Additive manufacturing is widely used for surface finish, and dimensional control 

remains an important aspect (Lu, Wang et al., 2023). This work prioritized the production of a 

prototype with surface quality required by reducing assembly complexity and adhesive 

interfaces. 

7.2.5 Methodological reflection: 

Designs were performed through repetitive iterations, refined with clearances for interface 

coupling and alignment. Integrated simulation in Solidworks analysed under hydrostatic 

loading confirmed negligible displacement, solver iterations to reach convergence, low 

velocity, and temperature perturbations under expected operating conditions. FDM (Fused 

Deposition Modeling) was deprioritized due to rough surfaces and poor fine-feature fidelity. 

MSLA (Masked Stereolithography) was limited by build volume and aqueous adhesion issues; 

SLA Grey Pro Resin (Stereolithography) provided the balance of precision, surface finish, and 

thermal properties.  

7.2.6 Strengths and limitations 

Objective simulation criteria before fabrication: material properties (~61 Mpa tensile strength 

(Maximum force that it can withstand before it breaks), ~13° elongation, ~78°C heat 
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reflection), compatible with perifusion experiments. Tolerance claims depend on printer 

calibration and post-processing; long-term soak/ thermal testing remains to be completed. 

7.2.7  Implications and applications: 

The final chamber design provides a mechanically stable, hydraulically consistent platform for 

four independent perifusion streams, simplifying setup and improving experimental 

throughput. Smooth internal surfaces and accurate alignment reduce shear hotspots, 

enhancing data quality for islet studies.  

7.2.8 Future directions: 

To validate the chamber across cells, tissues, and organoids with time-resolved drug 

perturbations, thereby establishing tight control of the perifusion microenvironment, and 

mechanical stability under long-term culture.  

7.2.9 Concluding statement: 

SLA with grey pro resin, guided by targeted structural and CFD simulations, enabled a smooth, 

precisely aligned, adhesive-dependent assembly robust, fabrication-ready perifusion 

platform. All these nuances served as a solid background for assembling the perifusion system, 

thereby standing as a strong tool for future perifusion experiments, benefiting research and 

pharmacological studies by maximising utilization of the islet resource in a limited time. 

7.3 Assembly & validation 

Flow setup and validation: spacing for component layout was optimized for access and safety, 

tubing length matched and secured, pump was calibrated for 1ml/min under operating 

conditions. Gas delivery was tuned for cell stable oxygenation/CO2 balance, and inlet/outlet 

lines were leak tested to confirm the steady state flow. Initial leaking disappeared with the 
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bottom-fed design by achieving laminar flow. This experiment highlights how simple 

geometric and directional changes in flow design can dramatically improve system reliability. 

It supports a general principle: horizontal or balanced inflow-outflow configurations often 

outperform vertical top-fed ones in sealed microfluidic or thermal chambers. These findings 

can be generalized to other systems like lab-on-a-chip devices and biomedical applications. 

Outstanding Integration: The only missing component is the integrated 4-stream fraction 

collector, which remains in the coding phase with Fab Lab -IMT Nord Europe; synchronization 

of motion control. 

Next steps: Once the collector is synchronized, the system will undergo end-to-end verification 

before proceeding to islet validation. In the interim, a temporary collection can support short 

pilot trials, but full kinetic studies will require a finalized 4-way Fraction collector. 

7.4 Glucose-stimulated respiration analysis by optical tools 

7.4.1 Key findings & methodological reflection 

Many research studies have promoted the prediction of islet quality by measuring 

mitochondrial activity (Dott, Mistry et al., 2014; Kelly, Smith et al., 2019). By aiming this, the 

feasibility established by optical, perifusion-based respiration measurements in human islets 

as a preliminary study (PreSens, n=3, Pyroscience, n=13) and observed respiratory readouts 

by two sensor platforms. Basal to S1, OCR rise in both tools, implying the functional ability 

observations in human islets.  

Measuring the respiration from the same islet preparations, which were simultaneously 

stimulated by glucose, is the main key finding in this study; all the donors showed increased 

consumption varying in magnitude (S1>1) when stimulated by glucose (15mM-40mins). The 
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segregation among donors based on purity, glycemic and weight-based analysis was 

established in a perifusion framework. 

7.4.2 Integration & existing literature: 

Drug challenges further dissected the pathway: oligomycin (5µM, n=5) suppressed ATP-linked 

respiration, FCCP (6µM, n=5) unmasked maximal electron-transport capacity, and 

rotenone/antimycin (5µM, n=5) collapsed mitochondrial respiration. These results explain the 

sensitive readouts of coupling efficiency and respiratory reserve (Papas, Bellin et al., 2015) 

(Abe, Sakairi et al., 2010; Plitzko and Loesgen, 2018). By combining both practices were 

established biological patterns and true metabolic responses. 

7.4.3 Strengths & limitations 

Real-time measurement of oxygen consumption (Δ µmol/L/min per 300IEQs) of the same islet 

preparations, which are stimulated for insulin analysis, and this study established consistent 

stimulatory responses across donors (S1>1), drug responses mimic the same secretion profile 

of the internationally used technique, Seahorse analyser. A small cohort study from both 

sensors limits the power of donor stratified statistics. A limited study reported on OCR in a 

single perifusion framework, highlighting the need for broader validation across multiple 

experimental settings. 

7.4.4 Future aspects: 

Scaling up this work, by repeated readouts and simultaneous implementation of both O2 and 

CO2, may bring insights into consumption dynamics. Link the OCR kinetics with Glucose 

Stimulated Insulin Secretion with large cohorts and implement in clinical practices. From our 

data, the perifusion technique demonstrated stable performance and reliable readouts for 
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measuring oxygen consumption, confirming its suitability in glucose-stimulated islet studies. 

To further enhance its analytical capability, future development could focus on integrating in 

situ sensors within the chamber. By employing non-tearing, high-strength filter paper or 

similar support materials, these sensors could be positioned inside the chamber without 

disturbing the perifusion flow. This modification would allow earlier and more precise 

detection of metabolic fluxes as they occur, thereby improving temporal resolution and data 

accuracy. 

Moreover, while our current results highlight consistent responses, glucagon-stimulated 

consumption data – particularly from small donor samples – were not evident in this setup. 

Implementing these improvements would expand the chamber’s utility for dual-hormone 

studies and provide a more comprehensive understanding of islet physiology across variable 

donor sizes. 

7.4.5 Conclusion: 

The classical perifusion chamber and system cooperated well for the tool integration during 

dynamic stimulation, enabling high resolution in bioenergetic human islet profile by 

measuring real-time oxygen consumption, thereby supporting clinical decision making and 

guiding the pharmacological strategies. 



152 
 

7.5 Combined conclusions: 

The present study highlights significant inter-individual heterogeneity in isolated insulin 

secretion and identifies donor metabolic characteristics as the primary determinants of this 

variation. Among the analysed parameters, body mass index (BMI) and glycated haemoglobin 

(HbA1c) emerged as the most influential factors affecting insulin secretory capacity. The 

increased basal secretion reflects compensatory beta cell activity associated with insulin 

resistance and impaired beta cell function.  

These findings emphasize that donor metabolic background plays a crucial role in pancreatic 

islet function, even under standardized experimental conditions. Consequently, BMI and 

HbA1c should be considered key covariates in the interpretation of insulin secretion data from 

isolated islet studies and in donor selection for both research and clinical applications. 

Understanding these relationships contributes to a more accurate assessment of beta cell 

physiology and may pave the way for optimization for personalized approaches to diabetes 

prevention and treatment. 

A 3D-modeled and fabricated prototype of the perifusion chamber (mono chamber) was 

developed as per lab need with precise geometrical specifications to ensure efficient nutrient 

delivery and uniform environmental conditions across all chambers.  

The application of computational fluid dynamics (CFD) enabled a detailed assessment of 

parameter analysis within the islet chamber and water bath setups. The prototype was 

assembled successfully with all associated mechanical and electronic components, except for 

the fraction collector, due to assembly and synchronised programming, which temporarily 

hinders full system integration. However, upon completion, the assembly will be finalised and 
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synchronised across four perifusion chambers, allowing parallel, high-throughput testing of 

multiple islet preparations or experimental conditions. 

To complement secretion data, oxygen consumption rate (OCR) analysis was successfully 

performed under perifusion conditions by integrating 2 distinct sensors-one for oxygen 

tension measurement and another for flow control or metabolic activity monitoring. 

Preliminary experiments using cell lines served as a platform to engage in the validation of 

system functionality in human islets. This dual-sensor integration provided reliable real-time 

data on the coupling between glucose metabolism and insulin secretion, establishing the 

technical feasibility and accuracy of perifusion-based respiration analysis.  

The perifusion platform effectively maintained islet integrity under continuous flow 

conditions, providing a physiologically relevant environment. Collectively, the integration of 

biological and technical advancements establishes a solid framework for precise, real-time 

evaluation of metabolic and secretory interactions, paving the way towards improved in vitro 

islet research, metabolic research, and the development of personalized strategies for 

diabetes investigation and therapeutic optimization. 
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7.6 Graphical Abstract 
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8 Scientific Contributions and Dissemination 

8.1 Oral presentations 

1. Think Tank - 7th Egid Symposium – Title “Standardized dynamic glucose Testing 

Reveals Donor-Dependent Heterogeneity in Human Islet Function, Lille, 30th June 2025. (15 

mins) 

2. Moodle platform – Ecole Doctoral – “A Novel 3D printing perifusion chamber for insulin 

secretion measurement & fibre optic biosensing for islet analysis”- 2 September 2024. (5 mins) 

3. Summer school graduate programme – Title “Enhancing Islet Analysis: Advancing fibre 

optic biosensing and novel 3D printing perifusion chambers for insulin secretion 

measurement” – Onco Lille – July 1-3, 2024. (15 mins) 

4. National Conference - ESSR -Lille (2022)—participated in the First conference with 

research titled “Dynamic assessment of human islet secretion: the amount of insulin released 

after glucose stimulation” – June 29-30, 2023. (15 mins) 
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8.2 Poster Presentations 

1. 13th EPITA symposium - Improved metabolic analysis of islets of Langerhans: detection 

of O2 consumption during phases of dynamic insulin secretion - Innsbruck-Igls, Austria – 26-

28 January, 2025 

2. The graduate Programme - CALL for PhD Poster Presentation within the Frame of 

Transition Week – “Assessing Human islets through Fiber optic biosensing: Unravelling 

bioenergetic Dynamics” Lille – 18th March 2024. 

3. Summer school graduate programme – Title “Enhancing Islet Analysis: Advancing fibre 

optic biosensing and novel 3D printing perifusion chambers for insulin secretion 

measurement” – Onco Lille – July 1-3, 2024. 

4. 6th Egid Summer School at Bruges - “Enhancing Islet Analysis: Advancing fibre optic 

biosensing and novel 3D printing perifusion chambers for insulin secretion measurement” – 

26-27 September, 2024. 

5. Journée du CPER Tecsanté -Technologique au service de la SANTÉ de précision aiguë 

et chronique – at l'Université de Compiègne – 10th July, 2024. 
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8.3 Publication 

Priyadarshini G, Chiara S, Markus M, Chimene AA, Anais C, Julien T, Nathalie D Pauline 

P, Arnaud H, Gianni P, Valentin L, Mikael C, Violeta R, Isabel GM, Vantyghem MC, Bonner 

C, Pattou F, Kerr-Conte J, Gmyr V. Standardized Dynamic Glucose Testing Reveals Donor-

Dependent Heterogeneity in Human Islet Function. Cell Transplantation, 2025 (volume 34: 1-

11) – Annexe 1 

 

8.4 Professional Development and Contributions during PhD 

Mentoring and Supervision of Students 

• Mentored cell line cultures  

Yasine – high school Student 

• Assisted projects in solid SolidWorks CAD tool for an Engineering student and showed 

the FabLab - Douai 

Michaël Leblanc – an Engineering student 

Training and certifications 

Solid Works – CAD Tool and Simulations - 2023 

Ethical and Research Integrity - 2025 
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