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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 uncertaint{eenor history, pancreas harvesting, cell islet
processing, etc, and the prediction of transplant success depends primarily on the quality of
the insulinsecreting cellshence 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 glustiseulated insulin secretion (GSIS)
test remains the gold standard for evaling beta cell functionHowever, the static or
dynamic (perifusion) GSIS used have limitations in terms of information, as they focus
exclusively on insulin stimulatiomacreasing experimental throughput to facilitate parallel
studies is a crucial asptein refining perifusion systems for more efficient and comparative
GSIS analysis.

Furthermore, due to the cellular heterogeneity of IL and ifitetividual 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 C@&®mputer Aided Designnodeled
prototype, @) by developing Stereolithograptbased 3Efabricated perifusion mono
chambers, 4) assembling a-dtream perifusion system with associated components to access
parallel perifusion stugsand 6) to adopt a measurement of oxygen consumption during the
perifusion process.

The results of a singleenter study of insulin sectén assessed by piusion 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 HbAlc, influenced insulin secretion,
particularly at low glucose concentrans, 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 develaal 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 chambefisnoed the uniformity of

flow and stability during assembly.

Furthermore, an optical probe system was integrated pdsimber to monitor glucose
stimulated oxygen consumption rates (OCBYr preliminary results confirmed measurable
and reproducible metablic responses in human islets within a single perifusion framework,
and established a foundation for future studies.

This thesishas demonstrated the high intraand interindividual heterogeneity of insulin
secretion by isolated human islets of Langerhamd 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 researchon IL hormone secretion and provide a better understanding of the

physiology of insulin secretion.

(Graphical abstragtage: 154)



Résumé (French)

La transplantation d'llots pancréatiques humains de Langerhans (IL) est une approche clinique
prometteusepour le traitement du diabete de type 1 sévere. Cependant, la restauration de la
sécrétion endogene d'insuline reste soumise a de nombreuses incertitudes (antécédents du
donneur, prélevement du pancréas, traitement des flots cellulaires, etc.) et la poéddu

succes de la transplantation dépend principalement de la qualité des cellules sécrétrices
d'insuline, d'ou l'importance de pouvoir évaluer avec précision une préparation cellulaire
avant qu'elle ne soit remisau chirurgien transplanteur. Parmi lelifférentes techniques
d'évaluation, le test de sécrétion d'insuline stimulée par le glucose (GSIS) reste la référence
pour évaluer la fonction des cellules béta. Cependant, les tests GSIS statiques ou dynamiques
(périfusion) utilisés présentent des lira en termes d'informations, car ils se concentrent
exclusivement sur la sécrétion insulinique. De plus, du fait de I'hétérogénéité cellulaire des IL
et de la variabilité interindividuelle, il semble essentiel de combiner d'autres indicateurs pour
I'évaludion des IL isolées. Aussi perfectionner les analyses par périfusion semble crucial pour

t QSO tdz GA2y RSAa OStfddf 88 SYR2ONAYSE dziAf A&S

Au cours de ce travail de thése, nous avons i) :étudier, a l'aidede la technique de
périfusion, limpact de I'hétérogénéité des IL humains sur la sécrétion d'insuline ; (2)
développer et fabriquer, a l'aide de I'impression 3D, des chambres de réactionnelles adaptées
a la physiologie fine de I'lL ; (3) développer urt&sye de périfusion permettant plusieurs
analyses en parallele et (4) adapter une mesure de la consommation d'oxygene 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 paramétres physiologiques



des donneurs, tels quedidice de Masse Corporelle (IMC), IaQurface Corporelle (SC) et
I'HbAlc, influengaient la sécrétion d'insuline, en particulier & de faibbesentrations de
glucose, indépendamment du sexe. Cette étude a confirmé l'importance de la sécrétion

d'insuline a jeun comme indicateur de la qualité fonctionnelle de I'lL isolée.

EnO2tf I 62NF GA2Y | @SrOus bvans autflisé la2QAR (S@lidHs)P poifs >
modéliser des chambres de périfusiondélveloppé une analyse des flux des fluides périfusés
afin de garantir une périfusion uniforme qui ne stresse pas I'IlL pendant la stimulation

glucidique.

Nous avons fabriqué dehambres de périfusion indduelle (monechambre) a l'aide d'une
technologie d'impression 3D basée sur la stéréolithographie (S1e%).chambres étaient
chargées par le bas, et des tests itératifs ont confirmé l'uniformité du flux et la stabilité
opérationnelle pendant la stimulatn cellulaire.Un systeme de sonde optique a été intégré

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

(OCR) pendant la stimulation au glucose

Cette thése a démontré la grande hétérogénéité intea interindividielle de la sécrétion
d'insuline par les Tlots de Langerhans humains isolés et a conduit au développement d'un outil
permettant d'évaluer la fonctionnaliténétabolique in vitro des ILisolés utilisés dans la
pratique clinigue ou dans les études scientifigueCet 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 d résumé graphique 154)
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CHAPTER 1

Introduction



1 Chapted: Introduction

1.1 Glucoséhomeostasis

Endocrine insufficiency plays a significant role in the development of diabetes, a group of
metabolic disorders characterised by impaired glucose regulationmost vertebrates
glucoseservesasthe primary energy sourceAfter consuming food, glucose derived from

complex carbohydrates enters the bloodstream and is transported to various tissues
throughout the bodyOnce inside cells, glucose can be converted émergy, stoed or used

as abuilding blockfor other essentil molecules(Figure 1. Thesemetabolic conversions

ensure thatglucoseissedSTFFAOASy Gt & (2 YSSG GKS OStfQa Sy

and maintenance.

Maintaining proper blood glucose levels is critical, as both(Hypoglycemiaypically under

70 mg/dL) and high (Hyperglycemabove 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 effetctinsulin, counterregulatory
hormones (glucagon), and incretin hormon@sang and Zhang, 2003; Aronoff, Berkowitz et
al., 2004) In healthy individualsthe endocrine pancreas maintaindugose homeostasis

primarilythrough the coordinatedecretion ofinsulinandglucagon.

1.2 Endocrine pancreas

The pancreas has three main regions: the headbtigy, and the tail. On average, it measures
around 15 centimetres in length and weighs approximately 7050 drams. It is a soft,

glandular organ with a somewhat elongated, flattened shape and a curved form, and the
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Figurel: 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 pancreagelease 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 glymen from the liver and release glucose into the blood, thereby
bringing the levels back to norméfu, Gilbert et al., 2013; Podobnik, Korosak et al., 2020)
figure adapted fron{Richter, Albert et al., 2022)



organ exhibits a dual nature within its tissue glarfisstly, the Endocrine function constitutes

a mere 2% of the entire pancreas but carries a significant(tkadagnecker, 2021)'he small
clusters inthe endocrine called Islets of Langerhans (IL) encompass five distinct cell types:
alpha cells (producing glucagon), beta cells (producing insulin), delta cells (producing
somatostatn), PP cells (producing pancreatic polypeptide), and epsilon cells (producing
ghrelin) (Cabrera, Berman et al., 2008)hese cells consume over 25% of the organ's blood
supply and collectively release hormones into the bloodstream, orchestrating the dynamic
NEJdz F GA2y 2F o6f22R 3f dz02aS  Sestddelfuldr matixS L [
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 andifate their conveyance to the duodenu(@hou,

Brown et al.,, 2008)Human islets exhibit a more heterogeneous and intermingled cellular
composition compared to the organised structure seen in mouse i@eissova, Fowler et al.,

2005)
1.3 Physiologicalegulation of insulin secretion

1.3.1 Insulinbiosynthesis andecretion

When food is consumed, the digestive system breaks it down into basic components, including
carbohydrates, which are further digested into glucose. As blood glucose levelzetseglls

from the pancreasletect these changesind ducose enterghrough facilitated diffusion via
glucose transporters. Inside the beta cells, glucose undergoes oxidative glydefdiisg to

the production of ATP, which plays a key role in the subsequent release of i(isgline 2

(Matschinsky and Ellerman, 1968; Fridlyand and Philipson, 2010; Navale AM, P046)



causes of diabetes mgavary, but generally include insulin resistance, genetic influences,

endocrinedestruction ordisorders & environmental factors.

1.3.2 Variability in insulin secretion

Research on insulin regulation consistently highlights that secretion and sensitivity hle hig
variable between individuals and across different stages of metabolic h@ddthsen, Wium

et al., 2020) Several studie emphasise that insulin secretion is not a fixed process but one
that adapts to body composition, genetic background, and environmental influgistada,
Harada et al., 20255tudies demonstrated that biphasic glucesenulated insilin secretion
shows distinct changes over decades, and large -{imgividual differences in insulin
sensitivity are also observed, even among similar glucose Ivelsy, Wang et al., 2025)
Besides glucose, othéactors such as hormones and signals in the body can influence how

insulin is produce@Henquin, 2021)

1.3.3 Biological and technical determinants of functiohamanisletquality

The functional beta cell mass at transplanted sites is influenced by various factors, including
the preservation of islet yield aftesolation, 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 neurotransmittefidiriart, Velasco et al., 2014; Rickels, Stock et
al., 2018; Czarnecka, Dadheech et al., 2023; Langlois, Ptrajet2024) The integrity of the
pancreatic islets is governed by complex biologicatesses 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 depecific factors, including

age, BMI, causefaeath, ischemia time and challengde their standardiation. 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 incubatistand 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 liedomor-related
factors such as islet purity, yglemic and weighbased parameters Therefore, paying

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

1.4 Diabetedrends alternative therapy for Type 1 diabeteg\aluationprocedures

1.4.1 Prevalencs

In recent years, diabes 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
(aged20-79) 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@EBF, 2024) Diabetes is a chronic
metabolic disorder characterised by elevated blood glucose levels (Hyperglycemia), often
resulting from the progressive loss of pancredtita-cell function. Among the various types,
Type 2 diabetes (T2D) is the most prevalent and arises from a combinatiopaifed 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 characteristigssuchas genetic backgund, 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 instliy.
dysfunction can lead to adaage in multiple organs, including the kidneys, eyes, and heart
Management typically begins with lifestyle modifications and oral antidiabetic medications.

Type 1 diabete¢T1D) on the other hand, is caused by an autoimmune destruction of beta



cells, leading to less or no insulin production. It requires immediate medical interveition.
2024, an estimated 9.2 million people worldwide were living with Type 1 diabetes, including
1.8 million under the age of 2@tlas, 2024)Several challenges are involved in managing T1D
due to the complexity of maintaining optimal glucose levels. The precise computation of
insuln 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 affedt akay
functioning and mental healtfAjjan, Battelino et al., 2024).eft untreated, the risk of hyper
and hypoglycaemia can result in serious health issues. It is important to bring alternative

therapies for lifelong insulin dependend&hapiro AM, 2016; Dabas H, 2023)

1.4.2 Currently usedherapy Allogeniclslet Transplantation

There are numerous treatments available for managing,SLiBh as continuous glucose
monitors and insulin pumps. However, one of the most advanced and promising alternative
approaches is Humaislet Transplantation (IT{Shapiro, Lakey et al., 200a)his procedure
involves transplanting insuliproducing islet cells @ a donor pancreas into a person with
T1D, aimingto achieve better glucose regulatiod significant milestone was recently
achieved at Lille University Hospital, where theyEar outcomes demonstrated sustained
insulin independence (28% recipients) amdproved metabolic control in patients (78%
recipients)(Vantyghem MC, 2019)his success has been further validatsdthe French
healthcare systemwhich hadully reimbursed foislet transplantation treatmentsince2021,
marking a significant step forward in the accessibility and recognition of thishidaging
therapy. Despite significant advances in transplaida procedures, immunosuppression

protocols,and safety concerns, the challenge of reliably assessing islet function before graft



remains a critical barrier to optimising clinical outcom@ster isolation, islets are chosen
based on islet yield (shoulaebnore than 200,000 IEQs), viability (more than 80%) and sterility
(to check the islets away from microbes). Most of the time, theiiro GlucoseStimulated

Insulin Secretion is performed after the transplant.

1.5 GlucoseStimulated Insulin Secretion (GSIS)

Although severain 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. Glsiiosdated insulin
Secreton 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 seiligréxposed to low and

high glucose concentrations, and the amount of insulin secreted is quantified. The difference
0SG6SSy olalf IyR aidAYdzZ ISR AyadzZ Ay NBf SIS
mount an appropriate secretory respongbeepa Maheshvare, Raha et al., 2023; L-Gita
Kaiser et al., 2023The GSIS can be performed either statically or dynamicadlyaluate the
AaftSiQa oSil OStf FdzyOlA2yd

1.5.1 Static incubation

This widely usedstandard criterion for assessing islet function Measures glucose
responsiveness by manually shifting islets from low to high glucose conditions. Although
straightforward, the procedure is more tirnsuming and requires careful attention to
handling andilter activation. Insulin secretion is typically reported as the average response

under low and high glucose stimulatigilolano, Pileggi et al., 2024)
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Figure2: BetaCellMetabolism

Anincrease in the AFRDP ratio causes ABensitive potassium channels to close, leading to
cell membrane depolarisation. This change prompts vokgated calcium channels to open,
allowing calcium ions into the beta cell. The rise in intracellular calcncentration 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 le tbody (Gembal M, 1992; Rorsman P, 2018;
Henquin JC, 2006figure adaptedrom (Henquin, 2009; Petersen and Shulman, 2018)



1.5.2 Dynamic perifusion

Dynamic perifusion offers temporal resolution, allowing detailed insight into biphasidin
secretion(Henquin, Dufrane et al., 2015; Alcazar and Buchwald, 2019; Hart and Powers, 2019;
Misun, Yesildag et al., 2020)his release of kinetic provides crucial insights into beta cell

function that static methods cannaapture.

Our laboratory has employed dynamic perifusion since 2017 to investigate insulin secretion
and betacell function. In this technique, isolated pancreatic islets are maintained in a
controlled environment to assess their functional response. Theemmxents require an
assembled perifusion system with supporting componentperated according to a
standardised protocolRigure3). A schematic representation of the setup is showFigure

4. The interpretation of insulin secretion data is complex amitbenced by various factors,
including donor characteristics, such as sex, age, Body Mass (B Body surface Area
(BSA), and islet preparation variables like size, purity and cold iscfteemguin, 2019While
perifusion techniques have become widely adoptedi$letcharacterisationthe variability in
protocols across different centergives significant challenges for data comparison and

standardisation(Nano, KerConte et al., 2020)

Quantificaion 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., 20D; Pisania, Papas et al., 2010; Chowdhury, Dyachok et al., 2013; Oh, Stull et al., 2014;
Xie, Zhu et al., 2015; Qi, Bilbao et al., 20%8)ich may reflect not only endocrine but also
exocrine cell contributions, thereby limiting their specificity. Moreover, these parameters may

not fully capture the inherent variabilityetween islet preparations. Therefore, it is important
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to determine beta celbpecific parameters, in conjunction with purtyased normalisation,
which can provide a more reliable and biologically relevant framework for analysing islet

function.

Over theyears,the GSIS technigueas helped us to gather data across many donor samples,
GKAOK 6SQ@S dzaSR (2 o0daAftR F fFNBS O2K2NI ai
gualitative analysis of pancreatic isletSonsidering the pronounced heterogenetygross

donors and islet characteristics, how should these perifusion results be interpreted? Which
parameters contribute most significantly to insulin secretory respongesmore labs turn to

perifusion to assess islet function, especially in researchpaadlinical work, it's become
increasingly important to understand what this data tells us and fits the bigger picture of islet
guality assessmentt is also quite important to have a closer look at how perifusion itself

changed and improved over time.

1.5.2.1 Evolution: Perifusion techniques and their roiesulin secretion studies

The firstperfusions were performed on pancreatic tissues in 296%y Burr in Wistar rats by
stimulating with 3g/L of glucose, and the range of proinsulin secreted w22%,tletectable

30-40 minutes after stimulatiorfBurr, Balant et al., 1969)n 1972, PaulLacy, Walker et al.,
1972) described a simple perifusiorystem forin 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 nesyiythesised
granules which are secondarily associated with the tubular systemG&hevaeam (Kikuchi

M, 1974)showed interest by comparing perifusion with a statiethod, 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 dReach G, 1979Ashby JP, 1975howthat 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 stimulug vitro by perifusion system was performed by Ferguson J @exlguson J,
1977) The perifusion technique becomes essential to study the role of intracellular and
extracellular calcium in the two phases of glucasduced insulin releas@Vollheim CB, 1978)
showed the results on increased calcium uptake during du®sd phase rather than the first
phase. Th®rsettiteam (Orsetti A, 1980has shown that a double glycemic stimulation was a
good physiological test and that viable isolated islets showed a significant iedreassulin
during the seconderiod 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
pseudaislets (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
spontareously reaggregate into spherical or psetidiands. The gross morphology of these
tissues resembled that of undissociated is|esd insulin release dynamics assesseuitro

by perifusion showed a biphasic, dedependent response to glucose. In an @uated
method for isolating human pancreatic islet§Ricordi C, 1988)the team conducted
purification of theislets by ficoll gradients remained morphologically and fuorlly 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 obeta cellgo determine purity(Ricordi, Gray et al., 199MWlicrofluidic
devices have emerged as a tool for biomedical rese@temsen C, 2003andthey have been

extended to observe mitochondrial potential changes in response to in&dibrera O, 2008)

12



The multiislets dynamic insulin secretion loyicrofluidicsrevolutionisedin 2010(Adewola,
Wang et al., 2010 hisstudy resulted in optical imaging by Leedaram(Lee D, 20125ince

its incgotion in 1969, perifusion has continuously evolved, reflecting advancements in
technology and understanding of islet physiology. The currently used perifusion system in our
laboratory ( @Ay 3 t NB TS aa2 NJ hashysgtdpgiwiQtivo iddt Ehisribgrs 0
assembled with supporting components such ageristaltic pump, gas connection for
carbogen, water bath and fraction collect@figure5). This perifusiorsetup provided aobust
framework for dissecting islet behaviquacilitating multiple layers ofralysis that expanded

our understanding of insulin dynamics.

1.5.3 Replicatedperifusionse & (i SY Yeefl I 6 Q&

¢2 O2YLINBKSYR (GKS LISNRATdzaA2y aeadasSyQa | Otazy
more manipulations, the perifusion system was replicatading a 2-way chamber,

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

immersion circulator, and a fraction collectdfiure §. Altogether as a functional element

to run the perifusion system.
Perifusion Sysim Overview:

1.5.3.1 Peristaltic pump:

The perifusion system primarilytilisesa Master flex Ismatec peristaltic pump as its core
component. This pump features a udeendly touch interface that allows easy access and
reaktime monitoring. It ensures a consisteflow ratein a minimum volumewhich is crucial

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

insulin measurement.
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Figure3: Evaluation Protocol

The protocol involved a onrleour prancubation with fastiig glucose at 3mM (G3) to allow
islet stabilization, followed by sample collection at 10 minutes {postncubation.
Subsequently, the islets were continuously stimulated with high glucose for 40 mibytes
15mM to assess the biphasiosulin secretion profile, and then returned to basal glucose
stimulation for an additional 20 minutes

Glucose
concentration
(3mM, 15mM)

b

Carbogen 95% 02,
5%C02 e

- Islets
Peristaltic pump

]

Figure4: The schematic diagram

The Perifusions were performed with 300 IEQ per chamber with the flow rate of 1ml/min by
usinga peristaltic pumpand it was constant throughout the experiment with the continuous
flow of carbogen and Bovine Serum Albumin (BSA) (1ml/100 ml) added wits Knger
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 fractionotoll¢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 11C and multiplied b§0.
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Figure5: Dynamic perifusion setip with all supporting components

Throughout the experiment, carbogen supply to the KRB (KRéfger Bicarbonate Buffer)
medium, a Peristaltic pump to maintain a flow rate of 1 ml/mire islet chambers facilitate

the accommodation of 0.5ml of volume (300 IEQ approximately), a temperature regulator
maintains 37° Gand afraction collectorg regular interval sample collectioA waterbath, to
maintain the samples at a regular tempereguThis perifusion systens currently engaged
with 2 chambers, accumulating 300IEqs per chaméed 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 ophal continuous flow rate of 1ml/min, a tube witmanner diameter of
1.5mm was used This specific tube size was chosen to guarantee accurate delivery while
minimisingresistance 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, anfdirther reduce pressure loss. This consideration for tuke and length

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

the beta cells.

1.5.3.2 Currentchamberinformation

The polishedsmooth-surfaceddual chambemtegrated in thesame mini water batfreceived
from ArrasLab.It was well protected by using screws and sponges by avoid leakagels.

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

1.5.3.3 Fraction Colleor (FC)

Subsequent to the chamber is a piping connectleading to a fraction collector, the BRad
2110.EachFChas one arm integrated with the sensor to count by either drops or minute
based flow. Each FC has a spiral holder to su@itibes,and each can bear up to 5 mL of
sample.lts advanced automatin and customizable settings permit effluent collection every 2
minutes during the perifusion procedsCtakes a continuous fluid stream and automatically
divides it into equal fractions by using a stepper the tube positle@is composed ofa
collectionarm/nozzle to guide the effluent intthe current tube a rack as aholder case

controlled by motorsandSensorgor a drop counter
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1.5.3.4 Temperaturgegulation:

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.

1.5.3.5 Tubhg system

These tubes mainly connect all the components and maintain the flow rate by calibrating
through the pump, and ivas maintained with the tub&/16*30, which has an outer diameter

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

1.5.3.6 Assisted components:

The water bathdimensions are 30 (width)45 (length) *20 (heighttm to hold the sample
containers anchavethe capacity to hold 2L of liquid, which wilalways beadded withan

antimicrobial additivegtabilising agent

1.5.3.7 Gas unit

Carbogen (95%#&) CQ) comection 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 ithe classical setip

This setup enables the captureddnor 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 chambes, which is insufficient and not ideally suited for research applications.
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chamber Peristaltic Fraction Tubing
pump Collector
(FC)

Figure6: Replicated Perifusion system

A) illustrates the complete perifusion seip assemblyby connecting all individual
components with tubing and the bath chamber, demonstrating the continuous flow path for
the dynamic stimulation of beta cell8) displays the individual parts of the replicated
perifusion system, includinghe perifusion chamberthe peristaltic pump, the fraction
collector, andsiliconetubing (1.6 mm outer diameter)used for interconnectiom engineering
components for measuring biological information
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Representativeness of pancreatic islefBhe current system is designed to accommodate 300
islet equivalents (IEQs) per chamber, enabling a total of 600 IEQs to be assessed
simultaneously for betaell functionality through insulin secretion measurements. While this
capacity may suffice for route 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. Thisconfiguration also restricts comparative analyses between multiple treatments

or replicates.

This limitation raises a key question: How can the existingdlmamber perifusion system be

effectively expanded to improve experimental flexibility and efficighc

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 ftmomonitoring islet
behavior. Furthermore, due to the intrinsic heterogeneity of islets, using a single mlet
worse, a single callas a representative for the entire population is problemafihis
laboratory previously attempted to assess glucgsimulated insulin secretion in human islets
using aBiorep-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 relativellow (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
stimulaton assayg. Therefore, the use of commercially available systems was discontinued,

and the focus shifted toward establishingcastomizedexperimental setup capable of
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accommodatinghe same islet equivalents by adding a number of chambers in parallel. After
extersive consultations with industrial experts, the team concluded that drounse solution
would provide greater flexibility and experimental control than existing market options.
Consequently, a decision was made to design and fabricate a bespoke chairluved t@ the
specific requirements of human islet studiesilisingadvanced B modeling and 3D printing
technologies. This approach facilitates rapid prototyping and streamlines the platform tailored

for islet physiology.

1.6 Engineering approacbesign & Fabricatiaf a novelchamber

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 1980siwei Fan a, Xinyi Liuab 1 et al., 203k)ce
then, 3D modeling has evolveldamatically, fronsimple geometric outlines to highly realistic,
interactive, aml physicdbased simulations. Initially applied in engineering and architecture
through computeraided design (CAQWeisberg, 2023)its scope quidig expanded into
diverse fields such as medicine, manufacturing, entertainment, and educgtigita, 2020;
Hunde and Woldeyohannes, 202Z)oday, 3D modeling supports virtual prototyping,
structural analysis, medical imaging, surgical planning, and thetieneaf customised
biomedical devices, while also driving innovation in gaming, animation and virtual reality.
Technological advancements oveethast decades have been extensive, and the future of 3D
modeling lies in its fusion with emerging technologmsh as artificial intelligence and
extended reality, making it an indispensable tool across scientific, industrial, and cultural
domains(Huang,YouMin 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-tlmeensional
object (Chowdhury, Bhunia et al., 28). Among many modelingpproaches parametric
modeling is the primary approaches used in CABD model represents the physical form of

an object by defining its points, edges, faces and internal structure. Among various modeling
techniques, solid maelingis one of the most widely used in product developméRequicha

and Voelcker, 1983; Raghothama and Shapir68)1% 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 powerftdmputercaideddesign (CAD) tool that has bexe
essential for professionals and students alike across multiple a®etig\Works$has become a
gamechanger across many industries by making it easier to bring ideas (@titshweita,
Masood et al., 2024)2 KSGKSNJ AiQa RSaAdayAiAy3d O02YLIWYSE YSC
planning andvisualisingstructures in construction, or creating precise models for medical
devices like prosthetics and diagnostic tools, SolidWorks helpsciimoeptsinto working
models with accuracyBauer, Pobiel et al., 2023)Vith a multi-set of tools, it still stands as
userfriendly, supports beginnersSolidWorks enables retime simulations directly with the

same platform used for modeling, eliminating the need to switch between separate software
packageqPant, 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, D&mlidWorls flow
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simulation is a computational fluid dynamics (Chid¢grated within SolidWorksitself. It
allows usersto simulate reatworld fluid flow and thermal behaviodirectly on theirCAD
modek (Hunde, 2022) helpng the modelmeet 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 ssalle to largescale(Fuijita,
2020) 3D printing popularly known as additive manufacturingilding 3D objects layer by
layer fromthe base upward by adding materi@bey Karakurt and Liwei Lin, 2028Ip printing

has advanced to the point where oral tablets can be fabricated directly from digital designs.
This capability supports pemalised 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 precisiguldeep Rajpoot, Muktika
Tekade et al., 2020 he development of 3D printing technology began V@tareolithography
(SLA) by Charles Hull in 19@8ogue, 2013)Multiple embodiments of 3D printing are
available; the commonly used additive manufacturingbev and SL&Rami H. Awad and Sami

A. Habash, 2018)

Types of 3D printing Technologies:

1.6.3.1 Fused Deposition Modeli{igDM)

Industrial use began with the emergence of Fused Deposition Modeling (FDM) in the 2000s,
the Explosion of 3D primtg in medical, automotive, aerospace, bioprinting development and
multi-material printing in the 2010@8erman, 2012[Ngo, Kashani et a018)(Sun Chunhua,

2020) FDM usesnelted filaments to create objects layer by layer. This technique does not
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require postcuring 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.

1.6.3.2 DLP (Digital Light &gessing)

3D printing uses a digital projector as a source to cure the resin layer by layer, and it's widely
used for highdetail models and functional prototypes. As a projector, it uses a digital
micromirror device (DMD) that consists of thousands of timirrors 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 | projected, forming the layer all at once. However, the
print size is limited by the pel resolution and field of view, and it is typically suitable for small

to medium parts, not largescale object$Ge, Jiang et al.022; Yi, Yang et al., 2025)

1.6.3.3 Masked Stereolithography (MSLA)

MSLA has proven highvaluable in biomedical prototyping, offering higher throughput and
the ability to produce intricate prints with fineethil, making itwell-suited for creating
complex biomedical models and smstlale deviceAhmed,Sullivan et al., 2022; Stefan Junk,
2023) Despite these advantages, MSLA also presents notable drawbheksritted parts

are often brittle, the builtareais relatively small, and the LCD screens degrade quickly under
prolongedUVexposure. Furthermore, the XY resolution is limited by the pixel size of the LCD,
which may result in staistepping curveswhile maintaining even light distribution is critical

to avoid layer inconsistencies.
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1.6.3.4 Stereolithography (SLA)

In contrast, SLA usespaecise laser spot that can trace smooth curvashieving higher
accuracy and better surface finish sintés one of the ediest and most established resin
based 3D printing technologigslideo, 1981)SLA supports wide range of applications in
biomedical research, product development and industrial design, where stable and durable
models are prominenfNgo, Kashai 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 thiechnology

1.7 Collaboration with other labs

For innovation, welan to collaborate with IMT Nord Europehichis a leading Frenajrande

SO2tfS RQAYIASYASdzNE G(GKIFIG aLISOAlFfA&ASaAa Ay Sy3IAy
materials & processed. 1 Q& LJ NI 2 F -TEK®Sm @MManetivarkdzing of thé v S &
largest groups of engineering and technology schools in Fraee.engaged with an
experienced engineer from Fab Lab, which supports bstildentbased projects and

community-oriented projectsfocused on 3Dnodeling andadditive manufacturing

To advance prototype development, we plan to collaborate with a Research Engineer from
I SYGiGNI €S [AffST 2yS 2F CNI yOS Qalevél &ierfificygnd I NI Y
technical eduation. 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 tdrengthen 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 assessmeimt U1190

As part of a rotine procedure for several yearsystematically, 2% of the islet preparations
after the isolation are used to performuality checksmainly focused on assessing purity,
viability, islet yieldoost culture and perifusion Before grafting, a mandatory overnight cell
culture is performed to detect potential contaminationestingalso allows performing other
quality checksQIVIPAin-vivomodel)(Caiazzo, Gmyr et al., 2008he main parameter that

the consideratio of islet yield should be greater than 200,000 islet equivalents, even when
the donor is normoglycemic or prediabetigantyghem, Ker€Conte et al., 2009)with a

viability of around 8@%.

1.9 Cellular respiration as a key study for islet functionality

In recent years, numerous laboratories have focusaagxpanding the range of parameters
used in evaluating islet functionality, aiming for a more comprehensive understanding of islet
health and viabilitf{Sweet, Gilbert et al., 2005Among these parameters, cellular respiration
hasemergedas a critical indicator, providing direct insight into the metabolic activity and
energy production capacity of the islef®agms, Colton et al., 2007; Kelly, Smith et al., 2019)
Respiration is esseatl 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., 2008 the context of pancreatic beteells, efficient
respiration is not only vital for sustaining cellular integrity but also for supporting insulin
secretion, which is tightly coupled to metabolic activi§itzmann, O'Gorman et al., 2014;
Papas, Bellin et al., 201%An increase in oxygen consumpti@@CR)n 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 quéityeet, 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 metabalikers

(Sweet, Khalil et al., 2002; Papas, Colton et al., 2P@pas, Suszynski et al., 2009; Shang,
Suzuki et al., 2025)hus investigating how beta cells respire under various conditions is

central to understanding their functional competence.

1.10 Betacellrespiration mechanism:

In human pancreatic beta cells, glucose enters via facilitated diffusion thrglgtose
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 acet@loA, 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 ATRnrarthe
mitochondrial membrane, NADH and FADH2 donate electimtise 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 enablesrtduption of a large
amount of ATP. The resulting increase in the-ADIP ratio causes the closure of ASERsitive
potassium (KATP) channels on the plasma membrdRr&ure 7) This leads to membrane
depolarisationppening of voltagedependent calciumitannels, calcium influx and ultimately,
insulin secretion.(Fernie, Carrari et al., 2004; Dashty, 20I3)sfunction at any step of the
cellular respiration pathway, from glycolysis to oxidative phosphorylatiegncan lead to

metabolic impairments that may contribute to the development of pathological conditions,
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includng diabetes, cancer and various genetic disordéusker, 2010; Ruggeri, Caret al.,

2014; Schmidt, Fish&tellman et al., 2021)

1.11 Techniques currently used to assess islet quality

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

of experimental tools. Early approaches relied on traditional devices, such asty@ark
oxygen electrodes and classical respirometers, which measure the anobunygen cells
consume(Li and Graham, 2012; Silva and Oliveira, 20b8)ecent years, phosphorescence
based techniques using oxygeansitive dyes have enabled rdahe 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., 20223} the cutting edge, platforms like Seahorse XY analyser
have transformed the appro&cby 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 presg@®&pas, Colton et al., 2007;
Wikstrom, Sereda et al., 2012; Plitzko and Loesgen, 2018; Rocha, Manucci et alM2094)

cell lines, such as INISand MING6, have been widely used to study metabolic function,
particularly mitochondrial respiration, usinthe abovementioned techniques. While all
assess oxygen consumption, they differ significantly in protocols, sensitivity and biological
context (Koshkin, et al., 2008; Li and Graham, 20E)wever, it is challenging to find
mitochondrial respiration data derived from a perifusibased systemwith the same
protocolin public datasts. Perifusion is more commonly used for studying islet physiology or

insulin secretion by glucose stimulation rather than for direct measurement of mitochondrial

27



respiration.Thecontext of glucose stimulatichased 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 fart diteasurement of
insulin secretion in response to glucogeiven 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 consumpti@reby bridging the gap in

functional islet assessment?
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Figure7: Mitochondrial ATP production through glycolysis, TCA cy8&0dn pancreatic
beta cells

Glutl&3serves as a higDl LJ- OA G & 3t dzO2 a S U Ndlls/ fadliatNgirdod) Ay LJ
glucose uptake. In the cytoplasm, glucose undergoes glycolysis, where one molecule is
converted into two molecules of pyruvate. Pyruvate is then transported into tiveamondria

and converted into acetyCoA, which enters the tricarboxylic acid (TCA) cycle. Within this
OeOf Sz adzoaidNI 15a8 NB 2EARATSR yR St SOGNRYyaA
NBRdAzOAYy 3 GKSY G2 b! 51 | yR Csefuentygronate SektOnsNS R dzO
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 phosphaiigin. Both the TCA cycle and oxidative
phosphorylation occur in all cells that contain mitochondria, providing the primary source of
cellular energyFigure adapted frorMerrins, Corkey et al., 2022; Garcia, Gupta et al., 2023)
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To address these limitatiorand also find the answers to the raised questiahss thesis aims

to:

Chapter 3

Aim: To investigate howathor physiological variablegncluding age, HbAlc, body mass index
(BMI), Body surface area (BSA), and-sdluencein vitro insulin secretion dynamics using
perifusion assays in a large donor cohort. This study also aims to investigate the cori@lation
clinical data within-vitro parametersto understand physiologically relevant assessment of

beta cell function.

Chapters4 & 5

Aim: The objective of this project is to design and develop a Apetifusion chamber through
computeraided design (CADhodeling and to fabricate a functional prototype using an
appropriate 3D printing technology. The system will be assembled intsteedm perifusion
setup capable of controlled, parallel flow operations. Additionally, the study includes the
design and moeling of a fraction collector case also created using CAD and additive
manufacturingg to accommodate a 4tream fraction collection system, thereby completing

the integrated perifusion setup.

Chapter6

Aim: To enhancéhe functional performance of the prifusion system by integrating a real
time sensing module capable of monitoring glucasienulated islet respiration. The system
will be designed to enable precise, continuous measurement of key bioenepgetimeters
such as oxygen consumption. By irmmanating advanced sensor technology and optimized

data acquisition, the developed set up aims to provide a robust, automated platform for
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dynamic analysis of islet metabolism, improving reproducibility, and efficiency of periusion

based studies.

To achiee these objectives, a retrospective analysis was conducted using a large cohort
comprising 168 human donors to evaluate-vitro insulin secretion under different
experimental settings. This included a comparison between classical static incubation assays
and dynamic perifusiobased assessments, allowing investigation adnor-specific

heterogeneity in insulin secretion.

In parallel,a collaborative effort was established with IMNord Europeand TechSanté to

design and fabricate a functional prototype.

Furthermore, o explore the bioenergetic behavior of human islets, two different oxygen
sensing technologies were implemented without altering the standardized protocol to

establishglucosestimulatedrespiratory analysis.
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CHAPTER 2

Materials and Methods
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2 Chaptenl: Materials and Methods

2.1 Biologicapart
2.1.1 Human islet donor information

Pancreata were procured from adult, braileceased donors through our clinical islet
OGN yaLX I yal dA2y LNRPINFIY O6ENS yOR)Y We siuByywaS RS
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 cens for scientific research following consultation

with the French National Registry of Organ RefuBa¢ clinical characteristics of each donor

are summarized ifable 1

2.1.2 Primaryisletculture

Human islets were isolated by the isolation team of the Tiaimmal Research for Diabetes
laboratory UMR 1190 as describélerrConte J, 2010)Human pancreatic tissues were
harvested from brairdead donorsin accordance withthe traceability requirements
(ClinicalTrials.gov, NCT01123187, NCT00446264, and NCT01148680). Islets were cultured in
CMRL 1066 fErmo Scientific, France) enriched with 0.625% human serum albumin along
with penicillin (100IU/ml) streptomycin6 m n n >, FArdYifisulin(0.18mg/l) (KerrConte,

Vandewalle et al., 201@ps supplemend.

2.1.3 Evaluations otell preparations
2.1.3.1 Isletcount

t2ald OSftft OdzZ Gdz2NBX (GKS jdzr YGAFAOIGAZY 2F Aaf
with the aid of a microscope, which involved evaluating the size of the islets by dividing them
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into clesses since their sizes vary froBOum to >500um. One islet equivalent was
approximatelyl50 micrometres in sizecorresponding to a volume of 1.77icordi, Tzakis

et al., 1991)

2.1.3.2 Viability

The state of persistence is assessed using the staining method by Trypawiitienvolves
membrane penetration, which determines the ability to maintain metabolic activity and
integrity of isolated pancreatic cells in islefBo providea comprehensive assessmerthe
dithizone and trypan blue were used together to have a completiipoof viability(Avelar

Freitas, Almeida et al., 2014)

2.1.3.3 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 tgle. The samples wettaken in

small Petri dishes with a few dithizone drops to assess the islet cell structures. This dye
selectively stains insubproducing beta cells within pancreatic islets. Dithizone binds to zinc
ions, which are abundant in the insulin granules of bahs, giving them a characteristic red

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

2.1.3.4 Static incubation technique

For static GSIS assessment, 40 IEQs were placed on cell culture inserts (3 pum pore size,
PITP01250, Merck Millipore, Cork, énedl). Each donor samp({&om 20092017)underwent
sextuplicate testing, utilizing 240 IEQ in parallel, islets were equilibrated for 50 minutes in
KREBS buffer (124 mM NacCl, 4.8 mM KCI, 2.5 mM-B&%[1.2 mM MgCi6HO, 25 mM

NaHCO3, pH 7.3) containiBgM 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. Followinghe collection of supernatants, islets were resuspended in -acid
ethanol solution(1.5% HCI, 70% EtOH, 28.5%)Hsonicated, diluted 1/400, and stored with
supernatants at20°C pending insulin measurement as descripéaindewalle, Douillard et

al., 1999; KerConte, Vandewalle et al., 2010)

2.1.3.5 Dynamidn vitro

Dynamic perifusion studieatilized 300 IEQ per reaction chamber, with continuous flow
maintained at 1 ml/min and fractions collectedvexy 2 minutes, as describg@ienquin,
Dufrane et al., 206). The protocol employed KREBS buffer supplemented with 1mg/ml Bovine
Serum Albumin and consisted of three phasé8:minute equilibration in 3mM glucose
without sampling, followed by sequential collection at 3mM glucose (10 minutes, 0.54 g/L),
15mM ducose (40 minutes, 2.72 g/L), and return to 3mM glucose (20 minuResjusion
parameters, including flow rate (1 ml/min), temperature (37°C), and oxygenation (#5% O
5% C®), were rigorously standardized across all experiments using automated,atedibr
perifusion systemsThroughout the procedure, flow rate, pressure, temperature, and oxygen
concentration remained constanEach run included internal controls, and islet batches were
randomly assigned across experimental days to minimize batch efféatditionally, all
experiments were conducted using identical buffer compositions and glucose ramping
protocols, ensuring consistency in stimulus delivery and measurement condifRoss.
experiment, islets were processed in aeithanol, sonicated, saily diluted (1/2114, 1/3844,

and 1/5761), and stored with outflow fractions -&0°C.

35



2.1.3.6 AbsoluteandInsulinContent Measuremen(IC)

Secreted andntracellularinsulin was assessed using the automatic UnicelldDRiaccess
immune assay System from Beckman Coulter (Beckman Coulter France, Villepinte, France).
For the intracellular insulin determination, ethanolacidresuspended islets were
ultrasonicatedo release intracellular insulimto the solution. Secretedhsulin was expressed

as an absolute value (IU/ml/min) or as the percentage of secretion /horenalisedto the
intracellular insulin content. For perifusion experiments, the stimulation index (SI) was
calculated from the mean of firgthase peak (S1) thi or without seconégphase plateau (S2)

at 15 mM glucose, relative to baseline (B) secretion at 3 mM glucose. Static incubation S| was
determined as the ratio of combined first and second phase secretion (S1 + S2) at 15 mM

glucose to baseline (B) secretian3 mM glucose.

2.1.4 Cellculture¢ Ins1 immortalized cell lines

Rat insulinoma cells clone 32 were cultured at 5% &@7°c in RPMI 1640 11mM glucose
(Gibco, cat No. 2187834, UK) supplemented with 10% HE8robio, cat No CCVSVHS,
France), 100 U/mP/S (Gibco, cat No 15140122, USA), 10 mM HEPES (Gibco, cat No 15630
080, USA), 1mM sodium pyruvate (Gibco, cat NO 10380 UK) and 50uM -

mercaptoethanol (Gibco, cat No 219823, USA).

2.1.5 Statisticalanalysis

Data analysis was performed using Prism 10(&daphPad 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 conductagsing KruskaWallis tests, with significance set at p < 0.05. Body
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Ht (cm) x Wt (kg)
BSA (m) = 3600

Surface Area (BSA) calculations employedtdier's formula(Mosteller, 1987)incorporating

height (cm) and weight (kg).
2.1.6 Clusteranalysis

Data stratification by cluster analysis performiegla biostatistician usinB software with an
unsupervised ¥means algorithmthe number of clusters was chosen based on the silhouette

method. The cluster stability was tested with Jaccard indices.
2.2 Engineeng Part; 3Dmodeling

2.2.1 A CAD Tool 3Model Design

Threedimensional models were developed using SolidWorks CAD soffldassault systems,
version 2024). The software was employed to define geometrical constraints and perform

preliminary fit and tolerane checks before fabrication.

2.2.2 Codeconversion for 3D printing

The 3D parts were exported from SolidWorks in STL (StandartylELanguagejmeshing)
format and imported into the respective slicing softwares(dte for FDM printing and
Preform for SLA printing). The slicing software converted the STL models into rmephdifec
toolpaths, generating-£ode for FDM an@-codefor SLA, which were subgeently used to
guide the 3D printing procesBor MSLAthe STL to €ode conversiomethod wasused for

3D fabrication.
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2.2.3 Flowsimulationanalysis

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

Preprocessing 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 fractioncollector

For the 3D modeling of the fraction collector, we used SolidWorks, software that had already
been used for modeling-dhamber perifusionThe collector cassketcheswvere modeled by
using SolidWorks and handed over to IMT fab lab fohrtdevelopment Further assembly

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

the same tool.

2.3 Engineering Pag 3D Printing

2.3.1 3D Printingechnologies; 3Dfabrication

2.3.1.1  Fused Deposition Modeling (FDMr testing

Fabrication was performed for initial testingsing a Zortrax M200 3D printer (Fab &
Douai) based on fused deposition modeling (FDM) technology. The thermoplastic filament Z
ABS was chosen, heated and extruded throughoazle (diameter0.4mm) 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 bdilde tolerance for

dimensional accuracy is + 0.2mm.

2.3.1.2 MSLA (Masked Stereolithographyor testing

An Anycubic Mono X Lé&fased 3d printer was used to fabricate the islet chamber with an

integratedfour-leg supportalone without mini water bath

23.1.3 S A(Stereolithographyq final fabrication

The developed CAD model was sliced ublalpt boxslicing softwardor the CAD fileedited,

in Fusion 36Q°The functional prototype was then fabricated using a Formlabs 3BL printer
(Central Lille), which operates with dif8e resin tank capacity. A layer thickness of 50 microns
was selectedo achieve higlresolution detail. Thetolerance used for dimensional accuracy +

0.05mm.

2.3.1.4 Postprocessing

Supports were removed and washed in isopropyl alcohol (IPAP%0to remove uncured
resin with agitation for over 280 minutes. Parts were dried drexposed to UV light at a

specific wavelength (405nma}t 65°Cfor 15 to 60 minutes for final strength quality.

2.3.2 3D materials
23.2.1 FDM

ABS Acrylonitrile butadiene styrenfeand HIPS (High Impact Polystyreriegrmoplastic
filamentswere usedfor testing a prining material forfabrication which hasatensile strength
between 2645 megapascalsThe hips have the property of being more flexible and brittle,
and ABS is more rigidihe prints were performed using Zortrax M200, with a nozzle
temperature of 290°C.
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2.3.2.2 SLA; Grey pro Resin

Grey pro resin was employed as the printing material, undergoing -lay&ayer
photopolymerization to construct the 3Dbject. This resi was selected for its toughness
tensile strength of 2.6sPaand heat resistance, with a theal expansion range of-050°C,

thermal conductivity 0.2 whY/K1, making it weHlsuited for durable applications.

2.4 Assemblyart ofthe 4-streamPerifusion system

2.4.1 Isletchamber lid

The 4 holes were created arachislet chamberid at equal distanceasingmanual drilling
with a 4.5cm 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 wased for the inox tube to shape the inner dimension for both

the islet chamber and lida butterfly nutwasused forthe 4 chambers to fix.

2.4.3 Mini water bath cover plat& drill

Aluminium material was cut to precise dimensions &2 ¥ 112 mm using theTrotec 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 dimensionGohm.

2.4.4 Tubing

Male-female Luer locks were used footh inlet and outlet ¢ combi stopper rechas aninner
diameterof 5 mm The 1 ml/min flow rate was maintained with treliconetube 1/16*30,

whichhas an outer diameter of 1.6mm
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2.5 Biosensorintegration

2.5.1 PreSensechnologyg Oz sensor, C@sensor

A precalibrated, singleise disposable chemical opticakygen sensorHowthrough cell,
FTGPst3, equipped with Luer lock connectovgs installed downstream of the chamber to
measure the oxygen concentration in the sampleh i & (8.3 2oNiine) is maintained
in a saline solution to prevent dryingjth a measurement range ofd p:'z  dndh for Q ¢
45mg/L, the limit of detection for oxygen is 0.03%®he response time achieved for both

sensorss < 60sMeasuranent Studio 2 software is employed for data analysis and processing

2.5.2 Pyroscienceéechnology

A LuerLock T connector with a removable oxygen probe is included, allowing a standard
measurement range of 0 to 250% air saturation. Calibration is performed behae
experiment using a twgoint method: the lower point in an oxygenee sampleby ushg an
oxygenfree capsule to také% oxygen point (Anoxicand the upperpoint in either KRB
medium or ambient aimt experimental temperatureThe sensor is positioned as close as
possible to the chamber for optimal accuracy, with an inner diameter&®h#n. After each
experiment, the sensor is cleaned with ethan@bllowed by distilled water. Redime
measurements are facilitated by a ¥#@ntrolled analyte meter via the Pyro Workbench
software, and data analysis is carried out using the Byatalnspector tool during or after

the experiment.The curve resolution was obtained with an average number of vall@per

minute.
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CHAPTER 3

Importance ofGlucoseStimulatedInsulin Secretion
(GSIS: Uncovering isletlynamics by theperifusion

technique
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3 Results: Chapter Ill Importance of Glucos8timulated Insulin
Secretion (GSIS): Uncovering islet dynamics by the perifusion

technique

3.1 Introduction

Glucosestimulated insulin secretion (GSIS) testing of isolégkds of Langerhans is crucial for

I & & S a-éelh fynation, yet protocol variability complicates result interpretation. This study
investigated insulin secretion heterogeneity across 576 donors and examined the influence of
donor characteristics on sestiory responses. We compared static incubation=408) and
dynamic perifusionn( =168) techniques using standardized glucose stimulation protocols (3
mM versus 15 mM). While both methods showed comparable stimulation indite®(652),
dynamic perifgion uniquely captured temporal secretion patterns and revealed greater
dynamic range in insulin responses. Notably, dynamic perifusion, with insulin content
normalization, revealed a 2ld variation in stimulation index across donors. BMI and HbAlc
significantly influenced basal insulin secretion, particularly in donors with glucose intolerance
and type 2 diabetes (T2D) (HbAd®@.5%). Cluster analysis identified two distinct groups based
on age, BMI/BSA, and HbAldich strongly predicted insulin se¢i@n patterns, whereas

donor sex had no measurable impact.

This largescale study demonstratethe superiority of standardized perifusion over static
incubation for resolving islet glucose responses. By capturing dynamic secretion profiles,
perifusion revals substantial donor heterogeneity, primarily driven by BMI and HbAlc

through their effects on basal insulin secretion.

43



3.1.1 Dynamic characterization of insulin secretion

The perifusion system enabled ragahe observation of insulin secretion kinetics froraleged

human islets. When stimulated with glucose, islets (300 IEQ) demonstrated a characteristic
biphasic responsé€Figure8A). At baseline (3 mM glucose), islets maintained stable basal
secretion (B phase). Upon exposure to 15 mM glucose, insulin secexthibited two distinct
phases: an initial rapid and intense peak (S1), followed by a sustained but lower plateau (S2).
Return to 3mM glucose resulted angradual descent to baseline levels over 20 minutes. This
secretion pattern remained consistent wier expressed in absolute terms (mIU/ml/min

Figure 8Aor as a percentage of total insulin cont€Rrigure8B).

3.1.2 Systenreproducibility andmethod comparison

To validate system reliability, parallel perifusion chambers were tested using the same islet
preparations and conditions. While absolute insulin measurementtl/(nl/min) showed
approximately 1.6old variation between chamber&igure9A), normalization to intracellular
insulin content eliminated this sampling variation, yielding superimposable secretion profiles
(Figure9B). Comparative analysis of static versus dynamic glucose stimulation was performed
using matched islet preparations fro10 donors. Perifusion demonstrated greater dynamic
range in Stimulation Indices (SI) (SI1-1384) compared to static incubation (SI:2.9%) while
maintaining a significant positive correlatiord £ 0.652,p =0.005) between method-igure

104), sane if both phases taken also gives the huge variation in stimulation ifiéleX.683,

p =0.0034) (Figurel0B).
Large cohort study: stimulation indicesgRalitative analysis

This enhanced sensitivity of perifusion was further confirmed across theifivstfull dataset

by nonislet selection, with significantly higher Sl in the perifusion group (4.28 +13:2568)
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compared to static incubation (1.88 £ 1.26=408) ¢ <0.0001,Figure11A). 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=6i0Rde 11B),

suggesting subtle variations in islehgaling or preparation methods between techniques.

3.1.3 Donorheterogeneity: substantial variations

Dynamic glucose stimulation of 168 islet preparations revealed substantiatimtidual

variation in insulin secretion kineticBigurel2A). Mean secretiomates 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 dramaticalize highest responding preparation showed a S

of 5.70 (B = 0.0412%, S1 = 0.2351%), while the lowest had a Sl of 1.28 (B = 0.0021%, S1 =
0.0027%), representing remarkable inrdadividual variations: 19:%old in basal secretion, 87

fold in stimulated se@tion, and 22fold in stimulation indicedrigure 12Bhows 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

Correlationanalysis ofdonor variables

Multiple donor characteristicswere found to significantly influenceslet function, as
summarized ifTable2. Basal insulin secretion correlated significantly with BMI, Kbamhd
BSAwhereas insulin secretion under higfiucose conditionsvas gimarily associated with
BMI.In contrast, the Sl correlated with a broader range of factonduding age, Hb A ICU
duration, and cold ischemia time. Given the strong correlation between BSA andBMI (

0.62,p <0.0001), the specific effects of B&# detailed inFigurel3. Based on arbitrarand
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usinga 2 & i S fofmSI&AlBSA was calculated and compared with BMI and a positive
correlation was noticedHigure 134, and the time course analysis showed groups with the
BSA >2.1 have higher basabulin secretion Figure 13B Basal and stimulated insulin

secretion based on arbitrary notice and representedreesmn + SEMHgure 13¢

3.1.5 Impact ofglycemicstatus

Donors were stratified based on HbAlc leydtdlowing the WHO criteria: normoglycemic
(<5.7%), pradiabetic (5.7¢ ®p2 0 I | Y R5%R Diabets dondds sbowed significantly
elevated basal insulin secretion compared to normoglycemic donorsf@d8ncreasep <

0.01), while prediabetic donors displayed intermediate leveBigure 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 oninsulinsecretion

Donors were grouped by BMito normal weight (< 25 kg/m?), overweight & kg/m?), and

20Sa4S ox on 13IkYuod [/ fSINI RAFFSNByOSa Ay Ay
(Figurel5). Both basal and glucostimulated insulin secretion increased progressively with

BMI. Norm&weight donors showed significantly lower basal secretion compared to
overweight p <0.05) and obese donorp (<0.01). Under higlglucose conditions, obese

donors demonstrated significantly higher insulin secretion compared to neweajht

donors ¢ <0.01).

46



3.1.7 Impact ofdonor physiologicalvariables onnsulinresponsesclusteringanalysis
3.1.7.1 Identification ofistinctdonorclusters

A multivariate factorial mapping was conducted, incorporating key physiological variables,
including age, BMI, HbAlc, and®B % 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. Qlstering via the silhouette method identified two optimal donor groups
(Figure 18), with no individuals excluded to ensure representation of clinically relevant

extremes such as severe obesity and diabetes.

3.1.8 Cluster Characterization

Distinct metabolic proles emerged between the two clusters. Clusten}=@002) comprised
donors with normal metabolic variables: mean BMI of 25.1 Kgimormal HbA1lc (5.5%), and
BSA of 1.9 f In contrast, Cluster 2n(= 56) reflected a metabolically impaired cohort
characteized by obesitymean BMI: 33.6 kg/A), elevated HbA1¢5.8% pre-diabetic rangg,
and higher BSA (2.33n Age distributiorwas comparabléoetween clusters (52.7 vs 48.3
years).Cluster robustness was confirmed througbotstrap techniques, with high Jaccard
indices for both Cluster 1 (0.98) and Cluster 2 (0.99), exceedinqdbepted stability

threshold of 0.75Table 3.

3.1.8.1 Impact oninsulinsecretiondynamics

Comparison of insulin secretion profilesvealed significantunctional differencedetween
clusters Both basal (3 mM glucose) and glucasienulated (15 mM glucose) insulin secretion

were significantly higher in Cluster Bigure 16B Wilcoxon testp = 0.012 andp = 0.014,
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respectively). These differences weraifther illustrated in the full dynamic secretion curves

(Figure16Q, highlighting altered insulin kinetics in donors with metabolic dysfunction.

3.1.9 Genderanalysis

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 increasefoidL.3
p=0.023) glucose levels than males, there was no significant impact on insulin secretion
variables duringperifusion (low glucose: P=0.13; high glucose: P=0.183. was further
confirmed by Pearson's cbguared analysisP£0.08), indicating that metabolic variables,
rather than genderyere the primary drivers of clusterinfrigurel?). Thesexbasedcluster

analysis shown ifiable 4

3.1.10 Isletfunctionindices andyraft performance

We evaluated the relationship betweenitro islet function and the bet& scoreg a clinical
index predicting graft successeasured 1 month after the final islet infusion (each recipient
received 23 grafts). As reported by Bachul acalleaguegBachul, Golebiewska et al., 2020)

a BET& score >17.4 during followp reflects islet function consistent with loagrm insulin
independence In our cohort (n=12), lower perifusion basal secretion (<0.02%) tended to
associate with higher BEIAscores, and an+witro stimulation index (SlI) >2 likewise showed
higher BETAR values. Although these patterns were evident, no statistically signtfic

correlation was detecte@Figure 18.
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Figure8: Dynamic glucossestimulated insulin secretion profiles

Timecourse analysis of insulin secretion from perifused islats (68), expressed a8)

absolute valuesnjU/ml/min) and B) percentage of insulin content (%/ml/minPhases of
secretion are indicated: bas@B, 3 mM glucose), firgthase peak (S1), and secegpldase
plateau (S2) at 15 mM glucoskhe bludine indicates glucose concentratidbata in (AB) are
presented as mean £ SEM.
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Figure9: Method of comparison

Assessment of reproducibility using parallel perifusion cham{&I8IEQ/chamber)showing
insulin secretion expressed Ayabsolute values anB) percentage of insulin content.
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Figurel0: Correlation between static and dynamic

A) Simulation indices (n = 102 = 0.652p = 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 demonsti@agggater dynamic
range in Stimulation Indices (SI) (S1:1334) compared to static incubation (S92.6), while
maintaining a significant positive correlatiofd € 0.652 p = 0.005) between thenethods B)

huge heterogeneity if both phases are considerethassame astatic(r2 = 0.683p = 0.0034).
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Figurell: Largescalestudy of comprehensive insulin secretion comparisons
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per islet equivalent (IEQ) between static incubation {408) and perifusionn = 168)
techniques.Static IIC/IEQ is 31#81.9 ng, dynamic IIC/IEQ is 36.22.8 ng (revealed a closer
mean in intracellular insulin content)
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A) Individual insulin secretion profildeom different categories (Normoglycemic, prediabetic

& diabetic),n = 168 islet preparations during glucose stimulation (3 mM to 15 mM), expressed
as percentage of insulin contenB) Representatie maximum (red) and minimum (black)
secretion profiles illustrate the range of response
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Figurel3: Analysis of BodysurfaceArea (BSA) influence on islet function

A) Correlation between BMI and BSA (calculated using Mosteller's formula) in the perifusion
cohort (n = 168, r2 = 0.62fh < 0.0001). Dotted lines indicate BSA stratification thresholds. B

Timecourse analysis of glucostimulated insulin secretion stratffi R
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presented as mean = SEM).@mparison of mean insulin secretion at basal (3 mM glucose,
left) and stimulated (15 mM glucose, right) conalits across BSA groups. Statistical
significance was determined layrunpaired nonparametric-test: *p < 0.05.
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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
Weightkg) 78.2+16.8 84.3+19.9 42-150 0.0002
Height(cm) 170+ 10 173+ 10 140- 203 0.007
BMI kgim?) 26.8+54 27.9+56 16.6-46.9 0.023
BSAm?) 1.92+0.23 2.03+0.28 1.35-2.82 <0.0001
HbA1cws) 5.7+05 5.6+06 4.2-9.3 0.175
|CU(days) 3.0£27 2.9+25 0.5-13 0.541

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

Comparison of donor characteristibstween 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 grogpwere performed using unpaired nonparametritests, with
significant difference§p < 0.05) indicated in italics. BMI: Body Mass Index; BSA: Body Surface
Area; HbAlc: Glycated Hemoglobin; ICU: Intensive Care Unit length .of stay
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N=168 R 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
HbAlc vs B 0.042 0.009 **
vs S1 <0.001 0.827 NS
vsS1/B 0.040 0.011 *
BSAvs B 0.047 0.005 *x
vs S1 0.018 0.079 NS
vs S1/B 0.002 0.526 NS
UClvs 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 *

Table2: Correlationanalysis ofaonor characteristics withinsulin secretionvariables in

dynamicperifusion studies

Linear regression analysis between donor physiologem@bles 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 coeffemt of determination; pvalues were determined using the Kruskal
Wallis multiple comparisons test. Statistical significance is indicategas0?05, *p < 0.01,

NS: not significant. BMI: Body Mass Index; BSA: Body Surface Area; HbAlc: Glycated

Haemogloln; ICU: Intensive Care Unit length of stay.
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Figurel4: Insulin secretion heterogeneity and its stratification associated with donor
HbAlc

A) Insulin secretion kinetics stratified jgormoglycemic: <5.7%=91, pre-diabetic: 5.76.5%
n=572 RA I 6 S =A@ B same kindtipsin absolute value;@mparison of mean basal

(3 mM glucose, left) and stimulated (15 mM glucose, right) insulin secretion across HbAlc
groups. Data are presented as mean ENj & Statistical significance was determined doy
unpaired nonparametric-test: *p <0.05, **p <0.01.
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Figurel5: Insulin secretion heterogeneity and its stratification associated with doriivi

A) BMI stratification (normal: < 25 kg? n=56 overweight: 2530 kg/n? n=5%

20SasSy x

kg/m? n=53. B) same kinetics in absolute valug.@mparison of mean basal (3 mM glucose,
left) and stimulated (15 mM glucose, right) insulin secretion acié$ groups. Dataare
presented as mean = EB Statistical significance was determined @an unpaired

nonparametric test: *p <0.05,

**p <0.01.
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Figurel6: K-means clustering of donor characteristics in relatiom insulin secretion.

16) K-means clustering was performed using donor age, BMI, HbAlc, and@®8Ainsulin
secretion at low (3 mM) and high (15 mM) glucose. (A) Two distinct clusters emerged from the
analysis. (BYVilcoxon test comparing insulsecretion medians between clusters at low and
high glucose levelgC) Timecourse profiles of insulin secretion (mean + SEM) for the two
clusters Clusterspecific data with statistical comparisons of individual variables usmg
unpaired nonparametrit-test.
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Overall 1 2 p
n 158 102 56
BMI (mean (SDY) 28.15 (5.69) 25.13 (3.24) 33.65 (5.05) <0.001
AGE (mean (SD)) 51.13 (12.92) 52.69 (13.07) 48.29 (12.26) 0.040
HbA1c (mean (SD)) 5.63 (0.57) 5.52 (0.41) 5.85(0.73) <0.001
BSA (mean (SD)) 2.03 (0.27) 1.88 (0.17) 2.31(0.19) <0.001

Table3: K-means clustering stratification based on donor characteristics

Cluster stratified groups based on donor characteristics: Age, BMI & H@p&1&8) R
stratified groupsgluster 1 included normoglycemic and nwal BMI groups, whereas Cluster
2 with obese and prediabetic & diabetic groups.

All BMI BMI<25 | 25¢BMI<30  BMI230
Female (n) 65 23 19 23
male (n) 103 33 40 30
Female(meantSD) 28.4%6.8 | 21.8%19 | 27.7%12  355%55
male (meantsD)  27.7:49 | 228%16 | 27.3t14  33.8%35
P (t.test) 04857 | C0.0299) | 0.2901 0.1605

All BSA BSA<L9 | 19<BSA<21  BSA22.1
Female (n) 65 35 17 13
male (n) 103 23 31 49
Female (meantSD 193026 | 17+011 | 199%0.06  2.3+0.18
male (meantSD)  2.1%025 | 18%006 | 1984005  23%02
P (t.test) <0.0001 | (<0.0001) 0.5621 0.6188

AllHbAle | HBALcS5.7 | 5.7<HbALc<6.5 HbALc26.5
Female (n) 62 36 25 1
male (n) 96 55 32 9
Female(meantsD) 5.57%058 | 5284035 | 5871018  8.80%0.00
male (meantSD)  5.67%055 | 535%0.24 | 5873019  6.94%0.65
P (t.test) 0.2781 0.2517 0.9377 0.0264

Table4: Sexstratified cluster analysis of a cohort study (n=168)

Comparisorof donor characteristics clusterstratified groups based on sémr = 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 ttests, with significant differencep € 0.05.
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Figurel7: Sex stratified cluster analysis on cluster one basedtbe significance found

A) Comparison of mean insulin secretion between males and females under basal (3 mM
glucose) and stimulated (15 miylucose) conditionfor the groups with Normal BMB) BSA

less than 1.9& Q group normoglycemicStatistical analysis was assessed uamgnpaired
nonparametric ttest; ns: not significant
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Figurel8: Directiond and nonsignificant linksbetweenin vitro islet functionand post
transplant Beta2 score

A) Perifusion basal secretion (% content) vs BEB&ore. BStimulation index vs Beta score.
Each point represents one recipient (n=12, 32 total graft8, (er recipient). BETA was
assessed 1 month after the final infusidirends observed.
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3.2 Discussion

This largescale, singleenter study provides the firstoenprehensive comparison of insulin
secretion between staticn( = 408) and dynamic perifusiom (= 168) techniques using
standardized experimental variables. While both methods showed comparable stimulation
index measurementg{= 0.652), dynamic perifusicoffered 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 pattas (Dybala and Hara, 2019; Saponaro, Muhlemann et al., 2020)
The observed variability in insulin secretion capacity, influenced by donor characteristics
(Buemi, Mourad et al., 2024nd isolation center protocoldayton, Poffenberger et al., 2015;
Henquin, 2018; Nano, Ke@onte et al., 2020)highlights the necessity for consistent
assessment methods. Our approach of normalizing secretion to total islet insulin content
effectively mitigated islespecific heterogeneitfHenquin, Dufrane et al., 2006; Henquin,
2018) Notably, we observed Higr intracellular insulin content (~34 ng/IEQ) compared to
previous multicenter studies (13.3 ng/IEQ@Henquin, 2019) emphasizing the impact of
standardized protocols on measurement outcomgse discrepancy likely reflects differences

in islet isolation protocols, domo demographics (age, BMI, metabolic status), and
measurement methodologiesjncluding insulin quantification techniques and culture
conditions. Variations in assay sensitivity and dadamalisationmay further contribute to

inter-study variability.

Our perifusion studies revealed substantial heterogeneity in stimulation indices (ranging from
1 to 20), consistent with previous findingKayton, 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 usingdl6 mM or 5.§16.7 mM(Alcazar and Buchwald, 201@ayton,
Poffenberger et al., 2015)were intentionally chosen. The use of 3 mM glucose, below
physiological fasting levels, provided valuable insights hypoglycemic responses, which
may be predictive of islet graft function in T1D patients. Furthermtre,chosenl5 mM
glucose as it reliably elicits robust, physiologically relevant insulin responses, enabling clear

resolution of secretion kinetics wibut inducing norspecific stress.

Analysis of donor variables traditionally associated with islet isolation y{@&orman, Kin

et al., 2005)evealed novel insights into their influence on secretion kinetics. Our findings
demonstrate thatobesity and diabetes significantly affect both basal and stimulated insulin
secretion, particularly under low glucose conditions. The enhanced insulin secretion observed
dzy RSNJ f2¢ 3fdz0O2aS O2yRAGAZ2YAEA AY R2ydNBR 6A (K
compensatory mechanisms in response to systemic insulin resistance. In these individuals,
LIS NR LIK S NI f GA&d&adzS48 SEKAOAG N®BIR daOriereaseAbgsaldzt A y
insulin output to maintain euglycemi@ormoglycemia)This chronic comgnsatory demand

may lead to an upregulation of gluceselependent insulin secretion pathways, including
enhanced basal exocytosis and altered A&Rsitive potassium channel actividditionally,
low-grade inflammation and lipotagity associated with leesity may modulate islet function

by sensitizing -cells to nonglucose stimuli, such as free fatty acids, further contributing to
elevated basal secretion. These adaptations, while initially protective, may precedt

dysfunction and are consistentvith earlystage hyperinsulinemia seen in prediabetic

individuals.

The combination of advanced age (> 48 years), obesity (BMI > 33kg/m2), adilpeees

(HbAlc > 5.8%) was associated with higher insulin secretion kinetics. These results extend
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previous dservations about BMI's importancéHenquin, 2018)and challenge earlier
conclusions regarding age effects. Qarvitro findings align with clinical observations of
primary insulin hypersecretiofiTrico, Natali et al., 201&nd undersore the role of basal
insulin secretion in glycemic regulatig¢imvestigators, Gerstein et al., 201dhe absence of
genderbased differences in our study aligns with existing literatyrHenquin, 2021)
suggesting that while subtle hormonmediated differences may exist, gender does not

significantly impact insulin secretion capacity.

wS3IIFNRAY3I AaftSd ljdzaftAade aasSaaySyds AdQa AY
established donor scoring systems such as the North American Islet Donor Score (NAIDS)
(Wang, Kin et al., 2016; Golebiewska, Bachul et al., 28@)the Kansas City Islet Score
(Ramachandran, Huang et al., 2019hese tools, developed to predict islet isolation
outcomes based on donor characteristics like age, BMI, cold ischemia time, and HbAlc, have
demonstrated utility in estirating islet yield and viabilit{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 higisolution functional evaluation of islet insulin

secretion via dynamic perifusion. By doing so,psavide additional insight into islet quality

that may further inform graft selection and improve transplantation outcomes.

3.3 Conclusion

Dynamic perifusion reveals that inténdividual heterogeneity in isolated islet insulin
secretion is primarily driven by donor BMI and HbAlc, especially under hypoglycemic
conditions. These findings have important implications for donor selection and the
optimization of islet transplantation protocolsginforcing the value of standardized quality

criteria in advancing cell theraputcomes
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CHAPTER 4

CADbaseddesign and 3D modeling of a
monochamber prototype simulationand fabrication

validation
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4 Chapter IVCAD; baseddesign and 3D modeling of a monochamber

prototype simulation, and fabrication validation

4.1 Introduction

3D modeling enables conceptual iddasbe turnedinto virtual representations that can be

tested, optimeged, and prepared for downstream processes such as additive manufacturing.
Among the different software tools available, SolidWorks stands obibtsanaccessible and

powerful solution for creating detailed models, ranging from simple to complex assamblie
(Kurniawan, 2023) By considering geometryfunctionality, and manufacturability, a
parametricbased approach and integrated simulation features make it suitable for projects

O/ ALINAREFY B5NF3IYySI [/ 2NAThistohis momerélCIedhasiavtoolFar | £ d:
drawing, but an essential environment design where geometrical constraints, coupling
strategies, and fluid interactions can be investigated before physical fabric&fiaman,

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 capacityflow dynamics and coupling interfaces. Speattdntion is given to

the islet chamber geometry, as it forms the foundation for subsequent analysis and
reproducibility of perifusion conditions. The modeling process &soseson achieving a
smooth internal surface finish to support cell survival &litate uniform flow for biological
applications. Several models were iteratively tested and fabricated using different 3D printing
technologiedo chooseasuitable manufacturing approach and surface quality. The main focus
is to developt independenimono chambers to ensure that the performance of one chamber

does not influence or interfere with the otherEach mono chambeas modeledwith a mini
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water bath, legs for supportinislet chamber witha volume of 0.5 mla Chamber lid anc

dado joint forcoupling interface.

4.2 Phases aflevelopinga 3D modeby CADRool - SolidWorks

4.2.1 Baseof the mode| 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 extrudd ofi1.96 mm diameter was made tnsert

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 andreeight 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 stabilitgtasnds and the legs of the chamber
werearound 50 mmong. Fillets were applied to all edges to ensure smoothness and eliminate
rigid corners, enhancing the structural integrity and usability of the modelwHter chamber

or mini water bathLid sketche were made with the final dimension of 112 x 112 mm with a

thickness of 3 mm to fivith the water chambe(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 haadiole 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 cirddae, 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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------ Islet Chamber

. Water Chamber

Figurel9: 3D sketches and models of the Mono chamber

A) Geometric model of water & islet chamber with its leg parts (Individualpe2D model
without assembly)Top figure), 3D sketch of water bath lid with the dimensions, extruded
with 3 mm (Top plane view), bottom figure.
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B) 3D skéch of the islet chamber revolution with its support dimensionshe 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 supportThe islet chamber with a pillar createdtivia 33mm
radius for the revolution
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C) Generated 2D drawings with annotationsayd, bottom and side views from the individual
setup(Mono chamber).
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the screws with a diameter of 4.5 mm, which facilitate scréwation 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 0.8um in the islet chambgne fillet was created at the
base of the support with 8 mrfiHigure 19B. The generated 2D drawings with annotations are

shown inFigure 19C

4.2.3 Isletchamberlid 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 Iam, and these skches 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 1&hm from the base of the Lid~{gure 20A. The small plus symbol cut at
the bottom of the lid created a rectaular form with a dimension of 12.6 x 6.3 mm at the
middle of the bottom lid Figure 20 and on the top screw provisions were given. The entire

2D sketch with annotations is shownRkigure 20C & D

4.2.4 Dado's joint

These joints were made to fix the otherazhber setup in parallel or adjacent to make a
complete setup of the assembly. These joints were made and tested with different clearances

to have a fit coupling.

4.2.4.1 Extrudecut (Female part)

These joints were made by choosing a distance ah&bfrom 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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4.35mm at the top of the joint. fle mirror tool was used to replicate the same dimension on

the opposite face, and the thickness used for the inside cut im&AFigure 2).

4.2.4.2 Extrude boss (male part)

This joint needs to be bigger than the extruded cut joint. The Broader base with th leing
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 mylane, and it was replicated byehmirror option in the

opposite plane. The thickness was around 3mm for the boss jeigti(e 22.

4.2.5 Individual setup & assembly of 3D parts

The final assembly of individual parts, including the water chamber lid, islet chamber lid, inox
tube, and dado joints, ishown inFigure 23The mating has been done in assembly between

the lid and the islet chamber to bring the whole setup, showRigire 24

4.2.6 Testingdadojointsclearances

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 addressvhjdan to test
various clearance $ings on the extrude cut (female part) phase using the Halot Box 3D
printing slicing softwarewhich supports Fusion 360Figure %). Support structures were
manually selected to avoid any negative impact on the extruder boss and cutting areas,
ensuringprecise results during the printing process. The final 0.1 mm clearance allowed the
joints to fit properlywith 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 foratdrom

its original value. These versatile joints on the exterior of the water bath enabled multiple
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connections to be made simultaneoushkigure & showsthe printed form of checking final

clearanceor the dado joint fixX0.1mm).

4.2.7 Preanalysis oprototype

Testing a prototype before it is introduced to rembrid applications is essential to reduce the

risk of costly errors, save materials, and ensure easier maintenance and repairdb#gitijow

analysis was divided into two key phases. The first phase focused on assessing the durability

of the 3D model surfaces, ensuring that they could withstandapplied water load over

time. The second phase was centered around evaluating thefgpaeawithin the chamber

where the islets would reside. This region was subjecteditiailed scrutiny, as iscrucial to
YEAYGlrAYy GKS LINBAaONAOSR Ff26 NIaGS O2yRAGAZ2)

throughout the experiment.

4.2.8 Waterchambe flow analysisg static test

The preprocessing analysis of the finite element model was conducted using Hypermesh and
tested through OptiStruct by applyinglydrostatic pressure (outside sourceln this
simulation, pressure was applied iatervals 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 variationt KA & F LILINR I OK | ff2¢SR dza (42 SgI -

pressure, focusingn structural integrity.
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10,00

Figure20: 3D sketch of the islet chamber lid for a 0.5 mL volume and its top and bottom
views

A) Geometrical 3D sketch tifie islet chamber lidvith a 2mm ring cutB) bottom view of the
islet chamber cap 3D model, with a small plus sign to support a nitrocellulose filter (0.8um)

(left). Top view of 3D model with 4 screw ho(@ssmm)(right), islet chamber lid 3D model
front and back side sketch view.
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112,00

®5,50

16,60
1
-

O 2D drawings of the islet chamber include a top view that illustrates the annotation of the
tube inox (middle holeftop figure) a bottom view that illustrates the male and female parts
annotations with inlet and outle(5.5mm)dimensiongbottom figure)
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D) 2D drawings of sidgop and bottom views of the islet chamber With annotations
generated from the SolidWorks Drawing tobhe middle of the cap is extruded with a 1.96mm
dimension for the inox insérThe four holes with a dimension 4/5mm are created for screw

fixation.
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25,00
{D3)

Figure21: 5 | R pi@itdemale 3D sketch with geometrical dimensions

CSYItS LI NIUZ 5 lare® Qskeikh Wity dimeSstorsNiidhd& radius of
4.35mm The elevation from both sides, angle of 79.2°, was chosen.

]
SN
58
13,8%
{D2)
25,00
{D7]_|

Figure22: 5 | R foi@itanale 3D sketch with geometrical dimensions

alfS LINIGSX 5FR2Qa 22Ayi0 .2aa o5 a41SGO0K ¢gAlK
of this sketch is dimensioned with 13.85mm, and the radius of the draft and midpoint of the
base were positioned vertically to avoid misalignmeFie elevation angle between the two

faces is adjusted as per the female part dado fix.
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Figure23: All parts ofthe individual set up(mono chamber)

A) 3D view ofwater bath lid with thedimensionsof 112*112mmwith the hole of 6mm on 2
corners B) Top view of the Islet chambe@) 3D model othe tube (to representinox)with 4

tiny holes at the top endP) 3D view ofwater bath with islet chamber(one set up to
accommodate 3001EQSs)
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Figure24: Assembly 3D view in parallel connection and its 2D drawings

A) Parallel assembly of dbur-chamberset up, and~igure B2D drawingsfter the mating in
assemblyof their top, side and bottom views.
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Figure25: 3D printed different clearances by MSLA for perfect drhffting

A)Manual support placement for clearance checkifgmale part)performed all in the same
window; the analysis is performed by Halot box slicing software (supported version of Fusion
360°).B)Of S N} yOS&a OKSOlSR. Ay a{[! F2NI5IFR2Qa 22
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Figure26. Geometrical view of testing clearances with various dimensions f¢BLA

A) Female parictualdraft 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 flasachieved with 0.1mm clearaes.
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B Contour Plot Subcase 1 (Pressure) : Static Analysis : Frame 25

Element Stresses (2D & 3D){vonMises, Max)
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Figure27: Hypermesh modeling, a contour plot of pressyrstress & displacemerdnalysis

A) simulated preprocessing result by applying pressure at every 10 cm, negligible effect
(4.52x10~7 kPa), Bhegligible stress (1.715x1@* kPa), C) and negligible displacement
(5.823x1047 kPa) due to the water load.
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The results revealed minimal variations in pressure, stress, and displacement, as
demonstratedin figure 27. The variations during stimulation asegsure reached a maximum

of 4.52x1027 kPa. When this pressure was used as input, to calculate stress (1.75kP&)

and displacement (5.823x167 kPa), which is a small pressure compared to the atmospheric

value FHgure27A B & Q.

The inputwas appled usingthe hydrostatic equationwhere the pressure was calculated as:

t NBaadzNBMm3 oPn dddNgd CARki@® o6 pPym YkanHu P KSAIK
4.3 Flowsmulation inSlidWorks

4.3.1 Isletchamberflow analysis

Flow simulation in SolidWorks follows a systematic processsfiver analysis. First, the
geometry is divided into small cells to create@mputational mesh, enabling fluid behavior

to be analysedat discrete points. Next, boundary conditions such as pressure, velocity, and
temperature are applied to the model's @ik, outlets, and surfaces. The solver then uses

numerical methods to solve fundamental fluid dynamics equatemress the mesh.

Through an iterative process, the solver refines the solution until convergence is achieved,
ensuring accuracgFigure 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 operategth a flow rate of 1 ml/min. A crucial parameter for
the simulation is theensity of the medium. Given that the KRB medium is primarily composed

of water with dissolved salts, its density is similanater's.
Therefore, the flow rate can be calculated in terms of kg/s as follows:

1 milliliter (ml) = 1 x 186 cubic metersr®)
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So, Iml/min = 1 x Y86 m?/min
To convert minutes to seconds

1 minute = 60 seconds

Therefore, 1 ml/min = (1 x 266 m3min) = 60 = 1.67 x 188 m%/s

Apply the density of KRB medium (1000rkgy/

al aa

Kg/s =F1.67 x0108 m3/s x 1000 kgh?

For theKRB medium, 1 ml/min is equivalent to 1.67 R-Bkg/s

a,
fizh

File Calculation View Inset Window Help

|| B@r |Hel0
(1) ===
Parameter Value
Status Solver is finished.
Total cells 22723
Fluid cells 22,723
Fluid cells contacting solids 11,070
lterations 227
Last iteration finished 14:31:20
CPU time per last iteration 00:00:00
Travels 40072
Iterations per 1 travel 57
CPU time 0:1:45
Calculation time left 0:0:0
Run at DESKTOP-447PGT)
Nurmber of cores g
Warning Comment

Figure28: Solverperformancemetrics

227 iterations have been taken by the solver to reach a converged solution (stop changing

significantly between stas).
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37.00
37.00
37.00
37.00
37.00
37.00
37.00
37.00
37.00
37.00

Temperature [*C]

Flow Trajectories 1

Figure29: A) pressure plot flow analysis in the islet chambdB) velocity plot flow analysis
in the islet chamber

The simulation has been performed in the islet chamber with a 1mL/min flow rate
(1666BMnbpl1 Akav I yR 20aS WNSRpaR)Saad valai@dl $/s)LINS & a d:
no change in temperature inside islet chamigB) by SolidWorks flow simulatioifhe flux

observed due to the flow from the pierced tube to the islet chamber.
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this simulation, the pressure within the systeaanged from a minimum of 101320 pascals to

a maximum of 101445 pascals. These slight variations in pressure indicatecantmlled
environment with minimal fluctuationand consistent wh atmospheric pressuresnsuring
stability within the islet chamber(Figure 29A The relatively narrow pressure range
demonstrates that the design can effectively manage the internal forces, providing consistent

conditionsnecessary fomaintaining the @inctionality of the islets.

With this flow rate of 1.67 x 28 kg/s, the velocity has slight variations from 0.01 m/s to 0.15
m/s observed in the islet chambas shownin Figure29B. The controlled variation in flow
velocity prevents potential turbulencer stress on the islets, which couilahprove 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 thughthe inlet by integrated SolidWorks simulation

The flow simulation of the bottoAfied 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 @mber 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 uniformitindicates a steady and laminar filling behavior, suggesting that the
bottom-fed configuration promotes even fluid distribution without significant thermal or

pressure gradientgHigure 30.
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Figure30: How simulation setup and results for bottorfed mini water bath

The inletof 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 duratighminutes. 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, anddaher 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 priing

4.4.1 Trial fabrication

4.4.1.1 Testcomponents by FDM

The 3D prototype was initially tested using Fused Deposition Modeling due to its low cost,
minimal postprocessing requirements, and high geometriaaturacy. This technology was
applied totrial a developed model ranging from a single chamber to fewell perifusion
chambers using a swept pipe configuratighwellsin the same water bathand adovetail
couplingtrial (Figure 31). A classical water chamber was also modeled as a swept pipe and
tested forsuaessful fluid flow; however, it was excluded from further development due to
temperaturerelated issues. Additionallynale and female parts of the dado joints were tested
and successfully validated for geometrical accur&qbyne of the trialled 3D sketckewere
shown hereAfter the joint fabrication for both male and female parts, the amount of material
used after removing the raft and support was 41 g and, 34¢gpectively Although this
technology can achieve the required geometry, the resulting prgetgxhibits surface

roughness and porosity that may trap cells, making it unsuitable for perifusion experiments.

4.4.1.2 MSLAbased tested componegtmono islet chamber with support alone

During the trial phase, different models and printing technologies vieséed. For instance,
a complete individual setp was attempted using MStbased technology; however,
alignment issues were observed. In another case, a nubraonber unit with four single
supports was fabricated using MSLA with tough resin, though thpsoaph also presented

certain limitations(Figure 32.
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4.4.2 Final version of 3D printeehonochambelprototype: SLA

After evaluating different approaches the limitations associated with thermoplastic
properties and the misalignments caused by the 1b@Bed cumg process led to both
methods being discarded. Consequently, the final prototype was fabricated using SLA Grey
Pro resin througtlstereolithography(Figure 33. Thistechniquerelies on lasebased curing,

in which each layer is solidifiegtquentially ard the process was carried out on a Formlabs
3BL printer(maximal printable volume is 335*200*300mmgapable of producing layer
thickness between 25 and 200 microns. Since increasing the layer thickness can negatively
impact the dimensional accuracy of theodel (Salmi, 2016)a layer thickness of 50 microns

was selected to ensure both efficiency and precision in fabricatidpon completion of

printing, the following posprocessing steps were perioed.

4.4.2.1 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 inFigure 34 The part was then immersed in isoproytohol (9899%) 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 exposednultidirectional 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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Figure31. FDM 3D printed trial parts

A) FDMbased Zortrax 3D printer (200*200*180mm)B) several models of fabricated
prototypestested by FDMwith individual well (mono) and four combine@ male and female
parts fabricationby ABSnaterial for dado joint clearancegfter 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 supportvas removed.
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Figure32: Trailed MSLA parts

A) 3D printer any cubic mono MSILAD based, volume part (192*120*245 n)BD printed
parts MSLA parts, noticemhisalignment in thecorner of the water bathmade with tough
resing shown in red(left), glass cut water bath with the same dimensions and the legs were

assembled by zigzag culttilfigig poresg not suitable) The separately 3Eabricatedmiddle
part is shown in bluemade wth Form Futura Greynot water-tight.
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4.4.2.2 SLA printed parts

A
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Figure33: Removedhe monochamber from the build platformand fabricatedthe lid

A) 3D fabricated mono chambemodeled by Solidworks$tansferred to Simulation software
(mesh)- Slicing tool (Halot box) developed by using Autodesk Fusion 360° CAD Tool. B)
fabricated pars, half-removedsupports. A printer used volume to fabricate a mowwbamber
284.66 ml. 1957 supports were created, ahd number of layers used wag842 C)Top view

of the fabricated 3D mono chamber (islet champlal. 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).
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Figure34: Postprocessing steps after fabrication

A) post-processingset-up, showing a cleaning tank containing isopropyl alcohol (IPA) used for
rinsing the printed material. Ban air machine to dry thematerial for removing residual
solvent ) UV curing unit used to complete polymerization of the printed Monochamber,
typically operated for 2810 minutes to achieve full material hardening.

98



4.5 Discussion

In the process of developing astream peifusion diamber, after several iterations smooth
surface was achieved through an Siased fabrication technique without missing any
alignment. This was achieved by engaging continuous design optimization, simulation analysis,
and consultation with domain expertghich guided the evolution of our prototypes toward

a feasible final solution.

The design journey began with thremensional modeling using SolidWorks, where
successive prototypes were developed to conceptualize the perifusion system. This stage
provedNB f | G A @St e aidNIAIKIF2NBFINRI |4 GKS az27FaGg!
to visualizeand test our designs before moving into fabrication. Integrated simulation
analyses within SolidWorks facilitated an early assessment of feasibilityljremab to predict

material behavior and to identify areas of potential weakness in the prototypes.

To validate structural robustness, the analysis under hydrostatic presgsperformedto

test parameters Simulations were conducted to assess stresd displacement across
pressure conditionslue to water load on the water bath. The result demonstrated that the
impact of hydrostatic pressure on thenono-chamber water bath was negligible
Complementary computational fluid dynamics (CFD) simulations werearried out in
SolidWorksto analyseflow dynamicsin the islet chamber and its water batiBy defining
appropriate boundary conditions for the inlets and outlets, and by applying static pressures,
we were able to replicate realistic flow conditiodeshing and iterative processnposed
minimal additionalelocity, temperature and turbulenaen both the islet chamber geometry

and mini water bathThe structurally conshaped islet chamber facilitated laminar flow with
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a central stream at the flow rate of 1ml/miithese 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
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 manufacturingpproaches Initially, FDM (Fused pesition
Modeling) was considered due its accessibility and widespread use in rapid prototyping.
However, FDM is based on thermoplastic materials, which solidify upon codhegesulting
surfaces were consistently rough, and the fabricated partsldtke 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 Stereolithogsgplprinting, which uses Ldiased
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 intemped 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 teriong

stability and robustnessat 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, SLAguwoed 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, aheat resistance of 77-38°CG excellent for functional prototype, fit
testing, and low creep deformation compared to standard resirvghich 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 additionalconsiderationwas the practicality of printing the entire setup as a single unit
rather than fabricating smaller components and assemblivem afterward. This approach
eliminated the need for adhesives. By leveraging the build capacity of the Formlabs Form 3BL
printer ¢ with a maximum printable volume 85 x 200 x 30m ¢ we were able to fabricate

complete structures within a single prinycle by simplifying the pogtrocessing 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 gsePro Resin was not simply a mattémrmaterial compatibility, but rather

a culmination of iterative learning and problesolving.

4.6 Conclusion

In summarythrough successive rounds of designpert feedback and fabrication trials, we
successfully developed and fabricated four individual componeritseofnono chamber. The
discussion of these trials emphasizes that, though multiple technological pathways exist, the
responsibility lies in critially 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 bu
also provided a framework for future iterations of perifusion system assembly in islet

research.
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CHAPTER 5

Fourlndependent Monochamber (islet chambaewith

supports Assembly and validation
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5 Chapter VFourindependenimonochambelassembly angalidation

In preparing for theassembly of the perifusion system, sevekaly design and operational

requirements were carefully evaluated to ensure both functionality and reliability.
5.1 Considerations for assembly

5.1.1 Space requirement:

Operatinga perifusionset-up with multiple chambergpresents significant practical challenges

in terms of coordination and workflow. Even with two chambers, switching between collection
points, monitoring flow, and ensuring synchronised sampling requires condtantian 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 durirgystem assembly was tbetermine the optimal placement
and accessibility of each componenqtincluding 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 resultsl.also took great consideration for the entire tube léhgwhich 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 botmpée collection and sterility.
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5.1.2 The cover othe monochamberwater bath

The choice of cover plate for a mini water bath also focusednsuring a secure closuréhe

initial decision of selecting the glabased cover with the application of glieA RfiX Rl

and when therewastesting of liquid sample leakage noticeg thenmoved to choosingn
aluminiumbasedcover plate set up to fix wita3D printed mono chamber prototype. Initially,

a glasshased 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 liquidesting. Consquently, the design was revised to incorporate an
aluminiumbasedcover plate which offeredaleakproof fit and high surface energyith the

3D printed chambefFigure 39. The parallel fixation by dado joirgestablished with iterative

clearancesKigure 36.

5.1.3 Tubing placement

The choice of connectors and tubing was also critidal.a standard routinea 1/16*30-
dimensionaltube wasusedfor connecton to maintain the flow rate fronthe pump. All the

tubesare placedat the same distances froithe 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 condition¥heregulation mechanism was also anticipated

andaproper water bah outlet wasalsofixed on theassemblyarea.

5.1.5 4-streamperistaltic pump

The peristaltic pump allows the fluid path for each stream. | have used identical tubing to

reach maximal accuracy of deliverimgampleto the chambelby enforcing the calibratiofor
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the chambervolume of 0.5 ml in 20 second§he real calculation dhe flow rate will take

place once the assembly of the fraction colleaginstalled

5.1.6 Flow directionrdriven pressure balancing in mombambers

To ensure uniform temperature distrition across each individual morahamber
(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 ikdiy 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 werpositioned at the bottom of the chamber with flow
introduced through the bottom port and released through anotheleakage occurred. This
configuration promotes a more stable and laminar flow, minimizing vertical pressure buildup
and preventing fluid fom accumulating near the upper seals. The botttm¥bottom flow

path also allows better hydrostatic balance and pressure equalization within the chamber,

maintaining structural integrity and ensuring more uniform temperature tranfegure 37.

5.1.7 The whoé 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 ensurefann 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 cd#ration confirmed the reliability of the assembled setup for future

experimental application@~igure 38.
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Figure35: Plexiglas replaced by aluminium cover plate

A) The chosen Aluminiurbased 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 4.5mmSLA printed parts tested with 3D printed lids, whigére locked wih

butterfly nuts, Bglasso F a SR &6 § SNJ OKI YO SNJ f AR GKS 3f dzS
resin edges.
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Figure36: 3D-fabricated 4stream perifusion mono chamber

parallel connection of a mono chamber by usdaglo 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@mbi stopper rechas an inner diameter of 5 mi(B)
between the holeof aluminium plateand stopper there was a connector used. The liquid flow
is 125 ml/min, achieved through a separate peristaltic puMasterfley. Each Mono
chamber has a volume capgcof approximately 490ml, so it takes around 4 minutes to fill
the water chamber.
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Figure37: Bottom-fed setup for flow distribution

Flow is initiatedby a peristaltic pumgA) and introduced through a tube connected to the
bottom inlet of the first chamber. The flow exited from the bottom out{&)and continued
sequentially through the subsequent chambers using the same betémhtonfiguration. The
system was designed suchat water exited through 2 outlets located #ie top (C) which

then merged and returned to the same container serving as the resdiyior continuous
circulation. All chambers were filled simultaneously, ensuring uniform water distribution and
stable circulation throughout the system
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Figure38: Assembled 4treamperifusion system

The perifusion system was fully assembled to enable continuous and controlled medium
circulation through all components. The sgi included a regulated gas sup)to maintain

a desired environment for cell survival, avdy peristaltic pump systelfB)to ensure uniform

flow distribution, and a large water ba{l)providing stable thermal control for all chambers.
Four mono chamber®), each equipped with individual caps, were connected in parallel using
dado joints to achieve simultaneous perifusiamdaconsistent flow dynamics across all units
Theinlet and outlineqE)were carefully configured to establish a clodedp water circulation
between the bathof mono chambers. However, the final assembly sg1 will be completed

with the reaktime fracton collection.
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5.2 Four- stream fraction collectors

5.2.1 Challenges

As the individual BiRad fraction collector model previously used for perifusion assays was
discontinued, a custom fostream fraction collector was developed to accommodate
simultaneous sample collection from four independent chambers. The system wagdé

to be modular, efficient, and compatible with the perifusisat-up, ensuringsynchronised

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 fom single rotationwith a dimension of 192mm with a height of 70 mikor

tube placement, the dimension of the sketidshown inFigureB. Thecollector casenodel
wasfabricated by usingeFDMbasedtechnology(Figure39). The total weight of the collector
case is about 400dAfter placing all the tubes of 5mL, the total weightcomes650-700y

based on the weight of the tubé&lowever, the regular protocol of collecting samples is every

2 minutes (Iml/min).

5.2.3 Assembled 4vay FC set ug halfdone

The system was mounted on a custdatricated wooden base thadrovidesstability during
operation. 4 individual Stepper motomwere integrated to control the rotation of each
collector disc, providing precise movement and timing dfrfour collection channels. The

entire assemblyvasmade in IMT Nord Europe Dod@aab lab(Figure40).
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Figure39: 3D modeled and fabricatedingleunit collector cag

A) Top view of @D modelof one collector case with the dimensions of 192 mm, extruded
with a height of 70 mm, B) sketch design for tub&.7mm)placement is elevated, C) side
view of the collector case with a handle. D) FDM fabricated the collector(e486 g)and
tested it with tube placementgFDM: Fused Deposition Modeling)
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Figure40: Assembly seup of FC without display unit

A) Entire 4stream fraction collector 3D modeling sap, including collector caséscrewed

with stepper motor) arm provisions, wood basend 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 sap of partially assembled on a wooden base. 4C)
independent stepper motoréNEMAL7) 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 custatoz, the completion of the assembly

setup has been postponed until the integration is finalized.

5.3 Discussion

Properspacing, tubing organization, and gas provisiaresessential for establishing a stable
and reproducible perifusion environmentThe wate chamberlid is made up ofaluminium
because its higher surface energy compared to engineered plastics provides better adhesion
for gluing (Zdziennicka, Krawczyk et al., 2Q1T¥hese parameters directly influence flow
uniformity, oxygenation, and temperature maintenance, all of whighaucial 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 conneactarast

be carefully planned before initiating a newrgiasion configuration.

The overallsuccess 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 andynchronised sampling from raltiple chambers, thereby
improving experimental throughput and data comparabilRyecise control of the peristaltic
pump remains themost vital factor. The pump governs the perifusion rate and ensures that
each islet chamber receives an equal and uminteted 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 ghtness 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 topfed system tends to create uneven vertical pressure gradients and tadallence,
which stresses the side seals. Bottdeal designs support laminar, presstivalanced flow,
leading to structural stability and leak prevention. By considering all aspects, the system
components were assembled properly, and it will be completed full setup once integrated
with multiple FCs. The geometry of the-Bivdeled collector case, designed to accommodate
35 collector tubes based on their specific dimensions, was successfully fabricateohfes.

All assemblies, including the arms ahd 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 amali A & O2 Y FANXA GKS LISNATFdzaA2Yy aeai:
conditions and support functional performance during dynamic assays. Hovibeguroper

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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CHAPTER 6

SensorbasedMeasurementsof Islet Respiratory

Dynamics- Preliminary data
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6 Chapter V Sensor basesheasuements ofisletrespiratorydynamics

¢ preliminarydata

6.1 Introduction

In pancreatic islets, reergy metabolismis primarily governed bynutrient availability and
cellular respirationwhich are tightly linked tomsulin secretion. The coupling between glucose
metabolism and ATP production serves as a key signal for insulin rdle2665, lan R Sweet
demonstrated thatglucosedrivenrespirationin perifusionassays caserve as gredictor of

islet qualityand highlighted its islespecific natur§Henquin, Dufrane et al., 2006; Sweet and
Gilbert, 2006) This work also compared hapicked islets with notslet tissue, underscoring

the specificityof the metabolic responseélhe tools for assessing mitochondrial activigve
progressed fromClarkelectrodes (dissolved oxygen during glucose challenges), to optical
perifusion (isletspecific OCR), to stirred microchambers (OCR scaled to viable mass), and
finally to partitioning of profiling byseahors€Papas, Pisania et al., 2007; Sweet, Gilbert et al.,
2008; Silva and Oliveira, 2018; Shirato, Hsueh et al., 20B#) study also pointed out that

OCR increased linearly with the number of viable cells in the perifusion cliambe

Following their work] performed he sensorintegration inthe perifusionsetup by usinga
PreSens rentedensorto measurepartial oxygen concentratiowithin islet samples (n=3)
Although oxygen concentratiaof®Q-mg/L)could be monitoredrespiration rate could not be
derived since it requires temporal changes in oxygen lebelschmark COrelease(%CQ)
was also observed despite its importance as a key byproduct of energy metaboliBhe
subsequent transition to th&yro Science toolvhich enabled realime measurement of both
oxygen concentratiorand respirationrate (NOCRumol/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 reidhan four different scales, and applying
smoothing algorithmsinitially, the pyro tool wagested usingINS1 cell clusters to assess
respiration rates at varying cluster sizd$ie observed resultsupported the groundworko
test the sensor in humaislets (B donors), and measure theaxygen consumption ineal

time, parallel to insulin secretion.

6.2 Oxygen Concentratidpased PreSenechnologymeasurements

The perifusion system has lower operational complegity tothe sensor connection. The
tested sensorwas commercially rented from PreSens Technologiynit of detection
~0.03%@; ~0.0150.020 mg/L)which is a Type miniaturisedchemical optical oxygen sensor
integrated into flowthrough cells that allows nemvasive online monitoring of oxygen
measurementby integrating post chamber placeme®00 IEQ of human islets per chamber
were perifused with norstimulatory glucoselbiasaj 3mM)for 10 mins, then stimulatedith
15mM glucose fo20 mins, then cells are alenged with inhibitor oligomycin (5p¥0mins)
andan uncoupling agerdarbonyl cyanidel-(trifluoromethoxy) phenylhydrazone FCCP (:uM
20mins) to see the metabolic activity changes in islet behaviour, andgbéconcentrations
inspiredfrom previous stdies(Pradhan, Lee et al., 2022Ye noticedduring high stimulation
(G15),increasedCQ rangefor a few minutesand decreased2 concentrations consistent
with increasedmitochondrial oxidation under stimulatorgonditions(Umeda, Ishizaka et al.,
2021) Thedrug-evoked shifts during ATP synthase inhibition (oligomyegieje observed next
20 mins In contrast, duringhe uncoupling effect (FCCR)oth P (mg/L), PC®(% had
reduced concentrationsThese preliminary experiments were performed imon-diabetic
donors(n=3) and themetabolic function and efficiency of their mitochondwere monitored

under stimulated perifusiofFigure 4). Donorcharacteristicare represented ifmable 5
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er timéOi mgjdl) (pink in colour) basal

concentrations reduced over 20 mins due to consumption and increased again due to complex

V inhibition (oligo), then decreaseddue to the uncoupling effectof FCCP/ h i

concentrations at aninute intervals basal co
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(grgen)
ncentration increasedightly during G1%and
minutes. The insulin secretion profile due to

metabolic fluxis shown in red.Data represered asmean + SEM from N = 3 nailbetic
donors Respirationmeasurements by integratingreSens Technology(response time80s)

(G3 = 3 mM glucose; G15=15 mM glucose;
Detection~0.03%0Q).

Oligo = oligomycin (5 pM), FCCP&snuVgf

118



6.3 Pyrosciencéool measurement forespiration

Under this technology, onlie O2 sensor (firesting probe) was implemented in the perifusion
experiments by placing close to the chambeto assaythe respiration behavioof human
islets.It starts to detect the oxygen concentration from ~0.01m¢fE per the manudl The
manufacturer describeshe sensorusesa REDFLASbptical dye, which was designed to

minimise drift.

6.3.1 Preliminary assessment of cellular respiration using cell Ibefere human islet

analysidy using Pyro Tool

The Pyroscienceoxygen sensorsvere connected to the parallel chambers to measure the
change in oxygen drop over time; both were connected to the post chaniberfull setup of
sensor attachmet with the perifusion system is shown kigure 2. The functional capacity

of pancreatic beta cells remaingamary focus in diabetes research, given their critical role

in glucosestimulated insulin secretion. While multipkeell types contribute tooverall 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., 201Tinking cdular 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 secrg@mer, Munk et al.,
2018; Hertig, Maddah et al., 202The experiments were performedylusingINS1 832/13

cells, which were cultured, seeded, aojanisednto clusters to evaluate their bioenergetic
responses. Mitochondrial respiration was assessed under varying glucose concentrations to

capture the dynamic interplay between cellular rabblism and insulin secretioRractically,
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Figured42: The pyro sensor tool setup with the perifusion system

A) Both Q 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), Multichannel analyte meter (firesting) (right figure).
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Figure43: Glucosedependent respiration in INS clusters of increasing density

A) An image of dispersed clusters from a cell line is showmsB) tlusters from 50 t200
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 theafiielta pmol/L/min.

pyro toolgenerated data plotted in Prism and represented as me8b (n=2). (&; FTC (flow
through cell), LOD: 0.02%) (LOD: Limit of Detection), (Response time<30s).
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as the number of cells within a chamber increases, the rate yg@&x consumption also rises
proportionally. To examine the effect of cell density, 50, 188d 200clusters were seeded
per chamber andanalysedfor glucosestimulated respiration.l observed a progressive
increase in oxygenonsumptiond pn h / w x Y awithkhigherychusfeb densities, following
20 mM glucose exposure ové0 minutes(Figure43). These results show that both low and
stimulated respiratory capacity correlate with cluster density, highlighting the metabolic
resilience obeta cell populationsand offering a framework to evaluate this phenomenon in
human isletsThe observed increased OCR in G20 in a cluster nuddpEndent manner also
allowed for a greater difference from basal G1, indicating that a minimum number ofikaet

clusters is rquired 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 islEis.
corresponding superimposed profiles of insulin secretion and oxygen consun{@©R) are
shown in the figure, obtained from experiments using islets isolated from 13 donors. Insulin
secretion is expressed as concentration (uUl/ml/min) to minimise potential misinterpretation
in cases where the tested compound may influence the instdntent (IIC) of the islets. The
unit of oxygen consumption shown here is delta pmol/L/miithe superimposed curve
demonstratedthat the integration of the sensor did not interfere with or alter the dynamic

insulin secretion profileRigure 41). Thedonor characteristicare shown inrable6.
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Figure44: Thesuperimposing ofinsulin secretionand OCRdbnsumption)curve

Superimposed profiles of insulin secreti@rUl/ml/min) and oxygen consumption raté®CR

- delta pumol/L/min)in response to glucose stimulatiofm=13) Isolated islets were first
perifused for 10 minutes with basal glucose (3mfd)lowed by 40 minutes with stimulatory
glucose (15 mM). Samples were collected every 2 mindtes.increaseé consumption and
insulin release during the second phase than the bag&llBL) The overlaid traceslustrate

that the increase in oxygen consumption occurs prior to insulin secretion, indicating enhanced
mitochondrial activity and ATP production thdtive the subsequent exocytotic release of
insulin

123



purity 50-70%, n=5

purity 80-100%, n=8

*

=
. T| =

[ T T
'y] o [fe]
— -

(g/1-8) xapuj uonenwilg
uondwnsuod uabAxQ

i

* %

_
-]
]

_ _ _
Ty o L

(uwy/jowr )
uoljdwnsuod usbAxp

S

basal

®
*
S1

»
basal

S v o ©» o

o = =
(urwyjowrl v)
uondwnsuod uabAxQ

[ I [
Ly o Ly o

(urwy7/jowr v)
uondwnsuos usbAxQO

[
(=]
(o]

purity 80-100%

purity 50-75%

124



glucose  3mM 15 mM

25—
B - ST purity 50-75%

— Purity 80-100%

(A pmol/L/min)
- - N
T T 7

Oxygen consumption
O
I

0—— | | | | | | | | |
5 10 15 20 25 30 35 40 45 50

time (min)

Figure45: Analysis of oxygen consumption association with low {38% n=5 and high
purity (80-100% n=8

A)Low purity S1 haanindependenteffect with low purity basal (p=0.018), high purity basal
(p=0.0043) & high purity p=0.0349. B) The meardonorin each group, orangéasal, red:
stimulated, is showrnn symbols & lines. CThe oxygen consumption ratén pmol/L/min)
cune for both purity comparisonsbserved, low purity has increased in mean both at basal
and Sl1Dataare represented as meanSEM.
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Figure46: Purity-based insulin secretio ¢ lab data

A) Insulin secretion of low20-50%)(in orange and highpurity groups(80-90%)(in green),
including 41 donorsB) Low purity(n=22) has more insulin secretion both in basal and
stimulated glucose stimulation than groug$9). Samples were collected everyn2inutes.
Data are represented as MeanSEM.
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Figure47: Analysis of oxygeronsumption(OCRpassociation with normoglycemic
(HbA1lc<5.7, n=7) and prediabetic (6.5>HbA3.d, n=6)

A) individual consumption at basal (3rAMdmins) & stimulated (15mMO mins) expressed as
numol/L/min per 300IEQs. B) means of individual points (donors) at each condition in symbols
& lines the dispersion of donorsame in both basal and S) the Qygen consumptiorcurve

for both glycemic comparisonblondifference effect between glycemic conditiori3ata are
represented as meati SEM.
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