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1. Introduction

1.1. Organ-on-chip technology and multiorgan interactions

Advances in microfabrication, tissue engineering and stem cell biology led to the emergence
of organon-chip (OoC) technology, a new generatiomofitro models to combat the original
challenges faced by traditional rolinical models(Bhatia & Ingber,2014) These systems
enable the cultivation of humapecific cells with physiological shear and perfusion via a
vascular channel, with a tailored microenvironment for the cells. A group of experts from the
ORCHID (Organon-Chip In DevelopmentLonsortium defined OoC as dit-for-purpose
microfluidic device, containing living engineered organ substructures in a controlled
mi croenvironment, t hat recapitul at es one
functionality and (patho)physiological response iivov under realtime monitoring
(Mastrangeli et al., 2019T his highly interdisciplinary technology promises translatability and
the potential of 3Rs (reduction, replacement, and refinement) in animal tétisgell &
Burch, 1959)

With average drug development timreedendingover a decade, costs incurred for a new drug

to reach the market could add uplidions of US dollars(Kaitin, 2010; Paul et al., 2010;
Aghila Rani et al., 2021 Highresearch and developmeatsts are céd as a reason for high

drug prices, with the requirement for better predictive models in thelhmocal phases. While
traditional in vitro models and animal models have provided valuable data, certain
shortcomings make them less favorable for drug sangeor disease modelinip spite oftheir

high throughput and ease eftablishmentstatic well plate systems have a lack of medium
renewal over extended periods of time and are unable to recapitulate the complex spatial
arrangement of celiBale et al, 2016) On the other handpanal models provide a complete
response due to an interconnected orgysiem (Reitman, 2018; Staiger et al., 2017)
However, the challengefaced there relate tmterspecies differences and the inability to
recapitulatehumanspecific response® (. different immune systems) in addition to ethical
issues. OoC models can combat these challenges and have the potential to reduce
pharmaceutical R&D costs by BH%, acording toan expert survey analysis this topic
(Franzn et al., 2019)

The main structure of orgarhips comprises a tissue compartment separated from media
perfusion by a diffusion barrier for the exchange of nutrients without direct exposure of tissues
to shear forcedn addition to the biological conhgxity of various cell types in each tissue, the
OoC field comprises various aspects to reliably recapitulate émgation and study the effect

of therapeutics. These aspects include perfusion methodologies, sensors to tratikitssue

in real time,the effect of material of construction on the dose of therapeeticsAnother
aspect of complexity building on the OoC system includes connecting-ongastogether to

form a multtorganchip (MOC) system. This adds considerations of vascularization, immune
cell interactions, and connection strategies. The next subsédgiolights these considerations

and presents the state of the art in the MOC field.



1.2. Multi -organ chips and connection$ practical design considerations

Complex pathophysiological processes in the body progress through the interaction of different
organs Drugs act on combined mechanisms affecting multiple organ systems. Single organ
chips enable the integration of complexity to some extent, with the inclusion ef non
parenchymal cells, resident immune cells, and stromal cells for -spgific mechanisti
researciBooth & Kim, 2012; Huh et al., 2010; Jang et al., 2019; Kim et al., 204/B)le

single orgarchips provide detailed insights into targeted mechanisms within a functional unit
of an organ, multbrganchips (MOCSs) build on the complexity r&dal to orgarinteractions,
enabling the investigation of response on a systemic level with potentially higher accuracy and
throughput compared to animal models. Pioneering work in this topic was done by Shuler and
colleaguegViravaidya Sin, et al., 2008) and since then, various other publications have
investigated orgawhip linking (Abaci & Shuler, 2015; Rogal et al., 2017; Wikswo, Block, et

al., 2013; Zhang et al., 2009)his section highlights the stadé-the-art of engineering MOC
systems, witta focus on minimizing dead volume, scaling orgaips relative to each other,
mechanisms of connecting the OoCs, perfusion regimes, materials of construction of the MOCs
and sensor integratiqi®hroff et al., 2022)

1.2.1. Minimization of dead volume: Fixation mechanisntse connect MOCs

Dead volume is the volume of liquid that remains between the connectedobigaas the
media circulatescross the MOCIt is the volume of liquid to be traversed before the next
organchipsees the cytokines and cues secreted by thieefaee Dead volume also influences

the time taken by an external stimulus to travexsesshe OoCs, and the collectidime of
sample effluents for downstream analysis. Wh@ C @aal is to mimmize this dead volume to
allow for physiological fluid circulation between the organ chips. Sampling possibilities should
be assessed depending on theended studyDead volume can be minimized-ohip at the
following stages of the perfusion setup:

i. Deda volume at the connections betwé2oCs Minimizing tubing diameter antkngth
of theconnectiorbetween th®©oCssuch that thehips interface directly with each other
andconnectiondetween them are amallas possible.

ii. Dead volume ahe systenmnlet: Incorporation of switches to minimize the time between
the switch of applied media containing a drug or stimulus and the regular cell culture
media,although this could lead to an increas¢hieacomplexity and cost of the setup.

iii. Dead vdume at thesystemoutlet A collection reservoir at the outlet of the chip with a
certain volume for migexperiment sampling.

Theconnectiommethodologyof OoCs tathe perfusion mechanissor to each otheas calleda
sealingstrategy (Temiz et al., 2016 There are two broad categories ehbng strategies
Chip-to-chip sealingconnecs OoCs to each otheand worldto-chip sealingconnecs OoCs to

the perfusion regime #beinlet and outletTwo rigid chips connected to each other require a
uniform distribution of sealing pressure, which is achievedflaxdle material called a gasket
placed between the two chif8ealing pressure has been createchip-to-chip connection
systems with thielp of magnets or screwsensure tight connections and flow of media from
one OoC, across the gaskettotheothes st i ck and pl ayd mousad!l ar
a 3D printed chip and magnetic ends which could be stacked onto each other re(étshly

c

C

2016) Magneticpressurevas used o cr eat e t h e which $nhpiedledordon ne c t ©



each otherOng et al.,, 2019)lIna s e p ar at kegorcenpecto® capdlarieswere
incorporated into the connectors, whialhen inserted into the qrts of the PDMS chips
creating a tight but reversible s€abskill et al., 2015) Tight chipto-chip connections were

also created by addingrews as in the case ttfie TOP fluidic interface platforrfVollertsen

et al., 2020) The world -to-chip connectors provide a mechanism of interfacing the tubing

with the chip. For chips with flexible tomich as PDMSa metal cannular rigid material

fitted at the end of the tubing provila simple and tight presg connection(Chen & Pan,

2011) If the surface of the chip is rigid, the tubiogn bedirectlyfitted into a port on the chip.
Connectors have also been incorporated into the rigid plastic matesraderedudng the
amountof elastomeric material and hence reduce the potential for-emédlcule absorption.
Embedded flexible connectors were developeddwersible insertion of tubing in and out of

the chip(Snakenborg et al., 200A PDMS Oring embedded into a PMMA ghallowedfor

simple interfacing with a capillary or cannula with tub{tyander & Tenje, 2014¥poldeiing

metal connectors onto chips with silicon surfaces, such that the cannulas could connect directly
to the tubing, avoield the need for additional omection mechanisrtMurphy et al., 2007)
Similarly, permanently attaaiig a metal needle onto the plastic chip endbl¢ure interfacing

with tubing(Chen et al., 2009Forcefit connectorsvith multiple tubes attached into a metal
based compressia@iement and reversibly screwed onto the surface of theatlbiped for a

series of fluidic connections onto the ch{)wilhelm et al., 2013)Magnets allowed foa
reversible sealing mechanism, such asséaling a PDMS top onto a glass surfedt cells

in culture or a ng magnethat heldthe tubing attracted a disk magnet at the base of the chip,
creating a strong force® holdthe tubing to the chigTkachenko et al., 200%tencia et al.,

2009) Reports of vacuum sealingraanifold cantaining the tubing onto the fluidic chghowed

another flexible connection mechanisrmvhich would additionally need bulky vacuum
apparatugCooksey et al., 2009%prings provided a presstfi@rce, again requiring additional
construction apparatiessin 't he O Reusabl e Standar d(@@Sunetd Uni v
al., 2019) While this introduceshe possibility of adhesives leaching into the media perfused
across the chips, gluing connectors via adhesive tape onto the chips has also been reported
(Glavan et al., 2013)

1.2.2. Relative organ scaling

The relative size of tissu@s an MOCbecome important from the perspective of creating a
physiologically relevant correlation, withr@asonableoncentration of metabolites going from
one tissue to anothek review of the relative organ scaling approachesulted inthe broad
categoriesallometic, residence timdased and functional scalir(§Vikswo, Curtis, et al.,
2013) Allometric scaling applies the quarter power law to scale down organ weight or volume
to a micrescale correlated to the body weidghhluwalia, 2017) However, this coultead to
disproportionately sized OoCs compared to each other and does not account for relative organ
function(Wikswo, Block, et al., 2013Another type of physiological downscaling was applied
in scaling down the cell numbers in a pancieas MOC by 1 to 100,000 as seen vivo
(Casas et al., 20224Vhile this led to a total circulating volume comparable toithaivo, the
insulin secretion of the pancreatic islets and liver function values were reportedly offifrom
vivo by an order of 1(Residence timebased scalingelates to sizing the organs based on the
flowrate of blood across the organs. This concept hasam®ied to bodyon-chip models that

10



split the media such that 25% flowed into the liver chamber, 9% to the adipose chamber and
66% to t he (MravhidyarShulei 20@8)Fenstidnal scalingemerged out of the
realization that the orgarhips scaled by the other methods might function completely
differently fromthein vivocase depending on the cell types used and spatial orientation of the
cells. A study ofinsulinrdependent glucose uptake in adipose tissue suggested that scaling
should beperformed based on volume for organs that are functionally 3D (secretory or storage
functions) and based on surface area for organs that are functionally 2D (filtration, absorption,
or molecular transport function@Yloraes et al., 2013)

Integrating da from MOCs within silico models could create a powerful platform for the
prediction of clinical response in the study of a particular mechanism. Physiologically based
pharmacokinetic (PBPK) models structure the MOC into compartments, taking the mechanism
being studied into consideratigMaass et al., 20175ince signaling mechanisms between
cells and effluent readouts are concentration dependent, it is crucial to establish a realistic ratio
of liquid to cell volume. For gquantification of metabolisnadeuts, the metabolic burden of

the chip (for example, liquid per hepatocyte) becemgportant. A modelwas developed
connecting the liver and heart Od€ studythe administration of terfenadine causing-QT
prolongation, a toxic effect on the hearhe studyshowed that when the CYP3A4 enzyme
metabolized terfenadine to fexofenadine, the QT prolongatiothe heart was reduced
(McAleer et al., 2019)Cryopreserved épatocyte functionalityvas assesseatrough albumin
secretion and gene expressigon exposure to six drug¥samandouras et al., 2017The

data from the Oo@as coupledvith simulations to prediah vivo clearance of drugs. Scaling

and characterization of the orgeahips in an MOC is an iterative process and the ideas
presented ab@ provide for a starting point to setup the model, but further rigorous
optimization is required depending on the cell types, assays, and study design.

1.2.3. Organ connection methodology
A comprehensive review of the different methodologies to connect @d@s three distinct
categoriesiamely inbuilt, modular,or systemic connections

Inbuilt connection systems comprise of two or marggan tissue chambebsilt into the same

chip, with a fixed cell ratio and a common cell medium flowing across the tissues, either in
direct contact or separated by a porous semi permeable membibfiergan microscale cell
culture analog with fluidics channels connectingtis®ue chambersonsideedphysiological,
organspecific fluid residence timéMiiller & Shuler, 2016)A 4-organ micrescale cell culture
analog comprising of lung, liver, fat and 'other tissue' chambesscaled based on the PBPK
model of a rat(Viravaidya & Shuler, 2008) This model demonstrated accumulation,
distribution, and toxicity of compounds with hydrophobic compounds partitioning to a higher
extent in the fat chamber. While inbuilt connection systems have the lowest dead volumes
between the tissue compartments, d&ssue might have different maturation times as in the
case above, where the gadipocytes had a longer differentiation protocol and were plated on
the MOC first before the other cell types. This can reduce the flexibility of tohiprculture
protocol Additionally, each tissue compartment is unique to the requirements of the cells of a
specific organ, with every new experiment requiring new design criteria depending on the
organs being connected.
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In the case ofmodular connectionsystems, it isnoreconvenient to culture tissues separately
and then link the systems via tubing or fluidic inserts. This enables separate tissue culture until
a mature tissue is established. Legspired modular connectors conrextseveral organ

chips in series, ira flexible manner with low dead volumdkoskill et al., 2015) These
connectors were attached to the orghips via capillaries and could allow for the possibility

of sensor integration to track parameters like glucose or pH utimsalas the media flowed

from one organ to anotheh report of a3-bioreactor modetonnectechepatocytes, adipose
tissue, and endothelial cells via tubing to study glucose and fatty acid metaflotiset al.,

2012) While convenient, the high dead volume increased response times of the downstream
organchips and diluted the effluent&nother reporfpresented a sndji connection system
where magnets provided a tight seal between the two connected(Ong &t al.2019) A

stick and play modular connectoas createthy stacking PDM&hips such that the outlet of

one chip led to the inlet of the next, with magnets to seal the ¢hies, 2008 Yuen,2016)
Modular connection systems have several detachabkegeettly at the chip ports, and hence
require more complex engineering approaches to ensure a leak free connection.

Systemic connectionnvolves plugging the orgaithips into a fluidic interface, with inbuilt
fluidic connections. This concept takes #dernally applied connection methods one step
further where multiple chips can be inserted into an interface to allow for streamlined
interactions anthe possibility of integratinm-line sensingThe communication between lung

and liver tissue invegatal the potentially toxic effects of inhaled substanogbe HUMIMIC
platform (Schimek et al., 2020)This platform involved the culture of the individual organ
tissues on inserts and a subsequent perfusion with an optimized media across bothlmgans.
were able to demonstrate that the liver metabolized the aflatoxin B1 and had a protective effect
on the lungOoC. The multiorgan platformcompriseda transwelbased system connecting
various orgarmodels via the vasculatu(RonaldsorBouchard et la 2022) A liver spheroid

was culturedwvith a skin biopsy punch over a period of 28 days with endothelial cells lining
the vascular channels. The org#ssues were cultured on inserts before being placed into the
platform(Materne et al., 2015 he organ models could be placed in any order, reversibly into
the system. A breadboard setup showed a connectedfimeerheart system connected via a
fluidic breadboard with integrated valves for flow control, a reservoir, bubble trap and sensors
(Zhang et al., 2017)However, this platform still used tubing as the main connection
mechanism, increasing the dead volume at the connection sites, and introducing an additional
site of smallmolecule absorption by the flexible tubing. In the case afylsgemic connection
method, the organhips are designed with ports at specific locations to enable being clicked
into the same place, irrespective of the orghip being connected. Once standardized, the
system can interface with automated liquid hamgflicapabilities, as shown with the
interrogatorplatform (Novak et al., 2020)Another example of a fluidic circuit board with
modular inserts for sensors and chips called the TOP fluidic platfasrdevelope@Vivas et

al., 2022)

The interactions oforgans are complex, but one essential feature in most interactions
mentioned aboves the vasculature, for the exchange of nutrients, metabolic waste, immune
cell trafficking and endocrine signaling. While some models have been presented with a direct
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comection of the organs across a perfused media chammehjority of theMOCs seek to
mimic this interaction via an endothelial ekfled vascular connection channel.

1.2.4. Perfusion regimes

One of he key defining featuseof O0C technology is the incorporation of physiological
vasculatlike perfusion across the orgéissue, promoting the exchange of oxygen, nutrients,

and byproducts across the tissues, simulating the case of arterioles, venules, and capillaries.
With dimensions ranging from 10 pum to 500 um in diameter, the perfusion is unidirectional,
and dampened or less pulsatile compared to aortic(fRmlet & den Toonder, 2020)In the

OoC setting, a pumping methodology is used to drive the perfusion and syskénitsome of

the following perfusion regime$ linear (push or pull), recirculating (unidirectional or
vacillating).

In the case of linear perfusion regimes, a unidirectional flow is directed from an inlet source to
an outlet reservoir, across the OoCsiiee or negative pressure is applied to perfuse the
media.ln thelinear push regime the inlet medium reservoir at the chip inlet is connected via
tubing to the chip and a sampling reservoir at the outlet. The inlet medium reservoir could be
a syringem the case of syringe pungiven push perfusion, or a beaker in case of a pressure
pumpdriven push regime. This regime allows for tinesolved sampling at the outlet reservoir
(Rogal et al., 2020)nd the inlet media could be changed by the integrati switches as in

the case of a pancreas-chip systemexposing the chip to high and low glucose media
conditions and effluents sampled at regular time intefzignden et al., 2020)Thelinear

pull regimes comprise of a reservoir connected viding or directly located on a chip,
connected to a pump (syringe or peristaltic) located downstream of the chip. The media
perfused across the chip is fmguilibrated with a reduced chance of bubble formation.
Refilling of the reservoirs is simpler, makjthis a convenient method for losigrm perfusion

and testing drug dosing regimens with the ability to change media conveniently at the site of
the upstream reservoir, in addition to perfusing delicate cell types like immungXsptiano

et al., 2022and whole blood through the OoBarrile et al., 2018)The challenge with tise
systens comes in the presence of even a small leak, which could lead to a stream of bubbles
infiltrating into the system, and tinresolved sampling being more challemgiat the outlet.

The linear perfusion regimes could also be used to create gradientsth the case
gradient of oxygen and free fatty acids to observe a gradient of metabolizing functions in
hepatocytes in a livesinusoid modéKang et al., 2020)

The recirculating perfusion regime involves a clek®p perfusion of media across the OoC,
leading into a reservoir. Thenidirectional recirculating perfusion regime employs a
peristaltic pump enabling sampling, dosing, and media replenishment at the single reservoir in
the closed loop system. This system was applied for perfusion acrossadanrsystem,

all owing for periodic sardmlsiimg 6o fofefaf [du @amgt € a

the drug pharmacodynami@@@onaldsorBouchard et al., 2022)n another instance, immune
cellswere injectednto a gutliver-cerebral MPS to observe interaction of the immune system
with the organs over a foulay peiod (Trapecar et al., 20214 3D-tilting platform for gravity
driven pumpless unidirectional perfusienabled theulture vascular endothelial cells along
the channels and liver organoids within the tissue cham(ersek et al., 2023Additionally,
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immune cells were perfused across the platform without activation or entraphment.
vacillating recirculating perfusion regime involves media flowing back and forth across the
organchips on a rocker, flanked by reservoirs at both ends driven mosgyabity (Kim et

al., 2021; Sung et al., 2010yacillating flow can also be generated in pressure pumps by
switching between pull and push mode. One feature of the recirculating perfusion regime is
that the metabolites and cellular components in thaarae pooled in the reservoirs, where
cumulative effects on the orgahip are seen as opposed to being able to study the specific
time-resolved effects of one orgahip on another.

1.2.5. MOC Materials

The choice of material of construction of the M@&pends on the scale of operation and the
study design. In the academic prototyping phase (50 chips per month), common techniques to
fabricate MOCs include soft lithography, laser cutting, CNC milling and for lacee
production (pilot scale ranges o120 to 160 chips per month), processes lean more towards
injection molding thermal fusion bonding, hot embossiihg case of soft lithography, PDMS

and OSTEare the most reported in literatuta the case of laser cutting and hot embossing,
rigid plastcs like PMMA, COC, PQ@r thermosets like TP&e usedPaoli et al., 2021; Rogers

& Nuzzo, 2005) Optical transparency is important fowe imagingof tissues through the chip
material. Fluorescent imaging requires that the material of the MOC isnalsauto
fluorescing.Some materials allow for oxygen tunability of media within the chip while others
mirror the oxygen concentrations of the environment of the Gi§F.Emer tends to be oxygen
scavenging if not completely cured, and thus, a baselinkueahould be conducted before
running experiments. PDMS is gas permeable and ensures that the media is saturated with
gases from the environment of the chip. Rigid plastics like PMMA or COC allow fer gas
concentrations to be locally tuned around theugssallowing for finetuning the oxygen
concentration in medi@omen et al., 2016Adjusting the flowrate of the media or the material

of the chip will ensuresufficient oxygen deliveryand it can be validated with the help of
simulations taking carenot to dilute the cell metabolites in the chip efflughfinal feature of

the material of the MOC to be characterized is the capacity of drug absorption as a baseline,
before running a study to quantify PKPD in a moltgan MPS. PDMS has been shown to
absorb small molecules and some fluorescent molecules to varying éWentset al., 2012)

There is a loose correlation between the logP, number of hydrogen bond donors, molecular
weight and chemical structure of small molecules which could enalfetthpenetrate tissue
better and hence partition into materials like PDMS to a large g¥t&anig et al., 2012)This
amounts to absorptive compound losses, in addition to adsorptive compound losses which
involve random nosspecific binding of the compaod to the material of the MQ@efore
characterizing the effects of the drug on the MOC, a baseline characterization of drug
concentration in the system should be performed to quantify the extent of adsorption and
absorption of the drug by the system ie #ibsence of cell&rant et al., 2021; Wang et al.,
2012)

1.2.6. Method of fabrication of MOCs

Manufacturing techniques can be broadly classified into formative, subtractive and additive.
With formative manufacturing (FM) methods, the final geometry is cast into a mold where the
fluid form of the material conforms to the shape of the mold. Upodiatig, the material
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can be removed from the mold. Examples of these methods include injection molding, hot
embossing, PDMS casting. Another class of FM methods rely on changing the bulk properties
of soft materials in their solid state. Examples of thes¢hods include extrusion or rolling.

With subtractive manufacturing (SM) methods, the material is removed from the bulk to reveal
the desired shap8raian et al., 2018 Examples of this include lasercutting, etching and CNC
milling. The final methodis additive manufacturing (AM), where the part is created by
depositing material layer by layéfian et al., 2022)AM can be used to produce complex
geometries without the use of dies and mdereira et al., 2019Examples include the
various tyms of 3D printing. Taking select examples from literature, one or the other of these
methods of fabrication have been employed in the OoC field. PDMS casting is a method of
FM, where the material is cast off a wafer (produced by SM or AM) or 3D printed mol
(produced by AMYCameron et al., 2022; Jang et al., 20L8yger scales of chips are produced

by injection molding (FM), which allows for a level of automation of product®aasch et

al., 2015) TPE can be embossed by molds or extruffechneider Bras, et al., 2021)
Thermoplastics could also be lasercut or embossed to create channel (daames al., 2011)

The final assembly steps involve methods of fusing the parts produced by FM, SM or AM in a
controlled fashion. Surface modificati® are used to bond PDMS layers to each other via
plasma treatment, or PDMS to plastic layers via silanization of the su(Barek et al., 2021;

Novak et al., 2018)Thermal fusion bonding is employed in the case of thermoplastics, where
the layers a heated to glass transition temperature of the plastics and bonded together under
pressurgChuchuy et al., 2021) aser welding involves bonding a transparent thermoplastic
layer to a compatible opaque absorbing layer, without heating the entire labékiah
(Schneider, Gruner, et al., 2020ther bonding processes include solvent bonding, ultrasonic
welding and direct gluing of parts togetlfé/en et al., 2021)

The application of each of these methods depends on the scale of intended otagidabri
required surface finish of parts, the target feature dimensions, complexity of design of the part
and intended method of final chip assem{{y et al., 2022; Nahak et al., 2022o one
method fits all, so design criteria must be establishatleatstart of the MOC development
phase in order to narrow down the best fit for use method.

1.2.7. Sensor integration

Markers indicating tissue function can be analyzed from the effluent of the MOCs. Integrating
sensors idine between the MOCs will enable monitoring the change of certain cell culture
parameters in redgime. For metabolizing systems, parameters like glacoxygen, pH and
reactive oxygen species are esseffdialinderstanding the organ interactions and for tracking

the function of the MOC. A detailed review ofline sensors has been presenteliterature,

where sensorsan be classified as electricalectrochemical or opticgFuchs et al., 2021)
Typically, the sensors for media properties are either of the latter two since electrical sensors
mostly monitor cell growth or mechanical responses. Several approaches can be used to
integrate the sens® into MOCs. Electrochemical sensors could be immobilized onto the
surface of beads or covalently bonded to electrode materials, and optical sensing material could
be either integrated into a thin film, spot or on beads. Considerations should also lggverade

the sensing mechanism and the material of construction of the MOC. Modular sensors were
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developedpreseting a breadboard system with sensors tracking pH, temperature, oxygen and
certain proteins like albumin, GS&T and CKMB (Zhang et al., 2017)Another report had

small glass capillary plugs for the sensors for continuous measure of glucose and lactate
(Misun et al., 2016)A report about n-line sensing measutteglucosestimulated insulin
secretion im pancreaship model(Glieberman eal., 2019)

1.3. White adipose tissuechip models

The body comprises of many types of adipose tissue, serving endstoiagend metabolic
functions. White adipocytes, the parenchymal cells of white adipose t{¥¢a&), are
important for the maintenance of energy and lipid homeost@sigéa et al., 2019)Non
parenchymal cells include stromal vascular fraction componeaoktsas the resident immune

cells, adiposelerived mesenchymal stem cells, fibroblasts @orvera, 2021)The rise in

global obesity, has led to an increase in the onset of cardiovascular diseases, type |l diabetes,
and a compromised immune systemtlue t he body 06 s (Alarcdnletalm202lt or y
Hornung et al., 2021)n the event of overnutrition and neurometabolic dysregulation, adipose
tissue expands in size (hypertrophy) and in number (hyperplasia), leading to higher circulating
free faty acids and a cascade of inflammatory pathways.

Data to understand adipose tissue signaling comes mostly from clinical studies, -ggdeme
association studies, animal models and immortalized cell imegro modelsbased omature

white adipocytesra limited, given their buoyancy and fragililyi & Easley, 2018) The cells

line models ardypically based or8T3-L1, 3T3-F442A, or human SimpseGolabiBehmel
syndrome (SGBS) cellgFischerPosovszky et al., 2008; Green & Kehinde, 1975; Kuri
Harcuch& Green, 1978)The adipocytes differentiated from the cell lines have similarities to
mature primary adipocytes in terms of lipid storage, insulin sensitivity, but lack the unilocular
lipid droplet and adipokine secretorfgahmad et al., 2020; Fain dt,&2010; Mandrup et al.,
1997) Animal models do not exhibit the same functional adipocytes as primary Hiaudn

van der Worp et al., 2010; Greek & Menache, 2013a; Mestas & Hughes, 2004; Van Der Worp
et al., 2018)Otherin vitro models utilizel explants, with a 3D printed fixture to trap adipose
tissue explants in a chamber, to study the effect of glucose stimulated insulin secretion from
pancreatic islets on the adipocy{Bsooks et al., 2016)Another reportieveloped a cotsict

of sandwiched white adipose tissue (SWAT), where primary white adipocytes were
sandwiched between tisseagineered sheets of adipaserived stromal cell§Lau et al.,

2018) This 3D construct could trap the adipose tissue and maintained viaipility eight
weeks in static culture. However, the gene expression over thédonglid not capture native
adipocyte profiles and requddurther optimization of culture conditis.

OoC modelsof adipose tissue provide a framework catering to all gwgiirements of the
fragile buoyant tissue, including trapping the adipocytes, extracellular matrix incorporation,
perfusion and sampling, and |l@aging capabilitiesOne such example is af reversibly
sealable duathip platform which allowed for theepfused culture of the 3F131 adipocyte

cell line, along with a fluorescentmsed enzyme assay to monitor glycerol secréGtark et

al.,, 2009) Upon st i muadreanergicoagonist (isogroterenolp -#08 increase in
glycerol from the basele was observed. This was read on a glyegedéction chip, connected

to the adiposgissue chip via a capillary channel. @therex vivomodel was developed to
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study insulin sensitivity of human adipocytes, by measuring insulin dependent glucose uptake
(Zambon et al., 20157 hemodel dynamics were coupled with a mathematical model to add a
layer of predictability, and glucose in effluent was measured with commercially available
glucometer stripsThe explantssurvived in culturdor several days, befe the tissue began to
deteriorate, to study glucose uptake in response to insulin spikes in healthy patients compared
to diabetic patient sample@ne of the first known WATchip modelgo trap primary murine
adipocytes in a moat situated above a perfused chaxhdbjtedthe possibility of stimulation

with insulin and observing the adiponectin rele@Sedwin et al., 2015)A high-throughput
pancreadVAT platform with live sensing capdibties assessd the insulin and fatty acid
response of murine primary adipocytes and pancreatic islets. The system had 9 inlets for 9
different media conditions, which could be sequentially tested on the murine adipose tissue
explants(Li et al.,, 2017) Another model comprised krgescale pneumatically driven,
automated PDM®ased platform for the formation, loigrm culture, and study of 3D adipose
microtissuegCompera et al., 2022J he microtissues were differentiated from human adipose
stem cdbk and cultured for up to two weeks and were exposed to varying glucose concentrations
in media.

1.4. Liver-chip models

The liver, as the prime metabolizing organ in the bodycamposed of millions of roughly
hexagonally shaped lobules which branch into swms, comprising of a specialized
fenestrated endothelium for the close exchange of metabolites, nutrients, and dissolved gases
(Krishna, 2013) The liver is supplied with blood from the portal vein (from the digestive
system) and the hepatic arteryoffr the systemic circulation). The portal vein brings nutrients
and xenobiotics from the GI tract, while the hepatic artery brings oxygenatediblodtie

liver sinusoid The blood from the liver flows into the central vein, which connects to systemic
circulation(Irwin M. Arias et al., 2009; Eipel C, et al., 2010; Malarkey et al., 2048iver
model mainly comprises of hepatocytes, with the potential of adding ceityddg including

one or more of the other livspecific celld liver sinusoidal endothelial cells (LSECs), hepatic
stellate cells (HSCs) and Kupffer cells (KCs).

In vitro liver models have seen a shift from the traditional 2D primary human hepataddyte (P

in sandwich cultures to 3D spheroid models. This is due to mounting evidence indicating that
3D models exhibit more physiological cell morphology and expression of drug metabolizing
enzymes and marke(Bell et al., 2018; Gaskell et al., 2016; Serraalg 2021) Hepatocytes

lose their polarity and functionalitgver timein 2D static culture(Zeigerer et al., 2017)
Precisin cut slices offer the advantage of primary tissue with intact vascular and spatial
arrangement of cellslong the middle othe slicealong withdonor heterogeneitiyut there is

a dearth ofhealthy tissuefor research(LercheLangrand & Toutain, 2000)While rodent
models can alleviate issues of donor scartigyintroduce complications of species variations
and ethicatoncerngKuzbari et al., 2013)immortalized cell linegxhibit agenetic proximity

to PHHSs, with some variations in function. Two prominent cell lines are the HepG2 and
HepaR@& cell lines. While phenotypically stable and widely characterized, HepGBitsxh
lower CYP enzyme expression compared to PKBtsmezLechén et al., 2014HepaRE&

cells retain many livespecific functions and the expression of many cytochrome P450s on a
similar level to PHHs, with the possibility of differentiation into bo#patocyte and biliary
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lineageqMueller et al., 2014)With the advancement of stem cell biology amahics analysis
methodologies, well characterized stem cell lines have been consistently differentiated into the
various liver cell type¢Gage et al., @0; Koui et al., 2017)

OoC offers the capability of nutrient replenishment, shear stress and the possibility for a tunable
3D environment to prolong the culture of hepatocytegtro (Dickson, 2019; Rashidi et al.,
2016; Vinci et al., 2011)Liver-on-chip models weramongthe firstOoCs to be developed
mostly due tdhe liverbeingthe prime metabolizer of drugs and tatage drug attritiobeing

often caused bynexpected hepatotoxic effe¢Ewart et al., 202Zhrlich et al., 2019; Moradi,
Messelmani et al., 202Zyomplexity of liver tissue culture was captured on chip,doculture

model of HepaR& cells, a Kupffer cell line, an HSC cell line and primary HUVECS in a rigid
plastic chip(Rennert, et al., 2015Yhe chip has a tissue and media channel, separated f

each other via an isoporous membrafee modelwas evaluatedinder static and perfused
conditions, assessing the oxygen consumption rate and demonstrating increased hepatic
function in the perfused coculture compared to static, with increased2MIRIPCYP enzyme
expressionAnother model was 3D-printed liveron-chip where cell layers were deposited in

a 3D arrangement in a chip with an endothelial and biliary sygiem et al., 2019)The
coculture of the hepatocytes with endothelial cells shoavethcreased hepatocyte function,

with higher CK19 and MRP2 expression in the presence of an apical and basal chiamnel.
effect of flow on HepaR& cellswas investigatedcomparing expression of genes encoding
CYP enzymes and transporter proteins for 8 weeks in cifbuigenvoorde et al., 2021)he
expression of selected CYPs were like that of primary human hepatocytes, with a relatively
high CYPL1 activity.

1.4.1. Models sudying zonation

The hepatocytes in the sinusoid make up the parenchyma, and exhibit the unique property
wherein the same cells, given different cues, perform different functidmes oxygen and
nutrient rich region of the sinusoid surrounding the hepatiery and portal vein is the
periportal zone 1. The oxygetepleted region surrounding the central vein is the pericentral
zone 3. Thdunctioral properties of the hepatocytes vary along the gradient down the sinusoid,
created from zone 1 to zone 3 suslghiconeogenesis anebRidation dominating zone 1, and
glycolysis, lipogenesis and Wnt signaling dominating zonéMalarkey et al., 2016;
Cunningham and Por&hliom, 2021).

OoC technology allows for the control of fluidics leading to the creatiagradients within
liver-on-chip models, of not just dissolved media components, but also control of dissolved gas
concentrations in the media. A zonation model with spatially controlled zonation of primary
rat and human hepatocytess exposed tgradientsof insulin, glucagon and the chemi@al
methylcholanthren@MicCarty, et al., 2016)By introducing two parallel flow streams where

the media mixed sequentially, the hepatocytes were exposed to an opposing gradient of insulin
and glucagon. Gradients wenported in lipid droplet storagend drug conjugation via PAS
staining, immunofluorescent staining of carbamoyl phosphatthetasd and CYP enzyme
activity. Another demonstration of zonatierasthrough the induction of a gradient of oxygen

in the model of primary rat hepatocyt@&éang et al., 2020)The gradient was created with
sodium sulphite as an oxygen scavenging solution, to enable an oxygen gradient from 15% in
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Zone | to 0% in Zone lllin addition to the increased expression of hypoxia markers, ROS
accumulation and H1F expression was also established with the descending oxygen gradient.
An oxygen gradient was also creatieémodel with a nitrogen gas channel parallel to the cell
channg separatedby a membranéTonon et al., 2019)The gradientlong the width of the

cell channel enabled hepatic metabolic zonation during the differentiation of hESCs towards
hepatocytesHigh throughput drug testing witngradient model expesl it todifferent culture

areas on the hepatocyte culture to different drug concentrdfiohset al., 2009)This 3D
HepaTox Chipwasable to determine the IC50 values of five known drugsweasiable to
predictin vivo toxicity. Another liversinusoid modeWith a vertical arrangement of primary

rat liver cells mimisthe bionic liver hypoxia conditions and fleguided angiogenesis leading

to thespontaneous formation of a radiating sinusoid netéeket al., 2021)

1.5. WAT -Liver interaction models

Liver and adipose tissue are the primary organs involved in the storage of energy. In addition
to being a powerful endocrine organ, adipose tissue, making-60p%f the body, serves as

a fatty acid storage organ and influences metabolism via the sacoétadipokines and free
fatty acids (FFAs)Young, et al., 2013)in the fed state, circulating insulin inhibits lipolysis,
while during fasting lipolysis is increased by catecholanffrayn, 2002) The endocrine
function of the adipose tissue isgtdated by adipokinegRosen & Spiegelman, 2006)
Adiponectin is primarily involved in the maintenance of insulin sensitivity. Leptin is another
adipokine, involvedn the suppression of appetite and promotion of energy expenditure. As a
consequence ofbesity, adipocyte hypertrophy leads to hypoxic regions within the tissue,
leading to local inflammation and adipocyte dysfunc(dfeisberg et al., 2003Lipotoxicity

is one of the main events in the pathogenesis of NAFLD where circulating FFAs aneedbse

in the serum anliver, andthey are esterified into triacyl glycerides in the liver. Increased FFAs
impair the insulin sensitivity of the liver, promotidg novahepatic lipogenesis and FFAs are
proinflammatory, activating the Kupffer cells in theer via the(NF)-eB pathway(Tang et

al., 2013) In this section, the application of models connecting W&id/orliver-chips has

been discussedpaming thedisease modalevelopmenand modeling pharmacokinetics and
pharmacodynamics (PK/PD).

1.5.1. Disease models

This era of processed foods, rising obesdapd metabolic syndromieas also seenanother
increased prevalencehatof the chronic hepatic disordddAFLD (nonalcoholic fatty liver
disease) NAFLD is characterized by increased accumulatainfat in the hepatocytes
(Younossi et al., 2019A state of metabolic injury leads to the development ofadoaholic
steatohepatitis (NASH), followed by fibrosis and cirrhosis. Maitgan platforms could
provide insights into understanding the sijmg mechanisms leading to these conditigns.
report ofa model connecting adipose, liver and endothelial cells meditgpucose and fatty
acid homeostasis over a period of 72 hoflesi et al., 2012) To model the effects of
hyperglycemia, the systewas challengewvith insulin and high glucose levelEhe effect of
WAT -liver signalling and the development of NAFMZas explord with a twoorgan model
of PHH and adipocysdifferentiated from human cardiac preadipocytes, with gradityen
recirculating flow(Slaughter et al., 2021The system was perfused with a basal serem
medium with two conditions (healthyp mM glucose, 1 nM insulin and diabetic: 25 mM
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glucose 69 pM insulin). TNFU and FFAs were added to create
plasma conditions respectively, with the hepatocytes accumulatimgher fat percemige

when exposed t@ diabetic and lipiefich medium. The adipoderer system showed an

increase in hepatic steatosis in the obese and proinflammatory medium, compared to liver
chips exposed to these media, givenitheivocase of TNFU secr et ed by macr o
infiltrate into adipose tissue driving adipose tissue lipolysis and ingdistanceWhile these

were the prime examples of WAiver interactions, metabolic diseases were also studied with

other MOCs. A gutiver-chip platform demonstrated via mRNA sequencing that FFAs
accumulating in the gut and liver led to elevated levetgok expression for glucuronidation

and endoplasmic reticulum stress respecti(®ng et al., 2020)Another gutliver connected

model investigated the onset of hepatic steatosis in the liver by FFA accumulation upon
absorption by the gut chifree & Sung, 2018)TNFU i ncreased t he Usteat o
lipoic acid and butyrate alleviated the steatosis tendencies.

Another disease progression model is towards type Il diabetes, awhémsulin-secreting
pancreatic islethip was coupledwith a liver model in the study of glucose uptake and
metabolism of the liver in the presence of insulin secreted by the islet cells, with the subsequent
breakdown of the mechanism in the presence of diabetic conditions in d@awrer et al.,

2017) The effecof insulin-producing rat pancreatic islets on rat hepatocytes explored in
another model, wheiasulin from the pancreas improved liver metabolic function with regards

to the expression of genes related to glucose metabolic patfisszouiba et al2020)

In general very few models discuss WATiver connection and hence, there exists a great
need for novel approachasstudy the effect of adipose tissue lipolysis on fat accumulation in
the liver.

1.5.2. Pharmacological and toxicological studies

An in vitro platform comprising of a WAT and liverchip componentould enable the
investigation of drugs influencing the metabolism of glucose and F&kAsodel connecting
liver-adiposelung-other tissues assesbthe distribution and toxicity of drugs on the
microscale cell culture analdgCCA) platform (Viravaidya & Shuler, 2002)According to

this study, the hydrophobic drug fluoranthene was taken up by the adipocytes, reducing its
availability for the liver and lung chambers, resulting in reduced naphthanetabolism and
naphthoquinonénduced glutathione depletion.

Pharmacological treatments for NAFLD and NASH exist to target the symptoms of the disease
itself, but an opportunity for MOCs is clearly visible in the field of target identification and
gaining mechanistic understanding. vitro models for NAFLDcurrently being used in drug
development pipelinearefor therapeuticsn Phase 11l clinical trialsincludingthe farsenoid

X receptor obeticholic acid, the staroyl coenzyme A desatunag®tor Aramchol, the GLP

1 receptor agonist Semaglutjdetc. (Ramos et al., 2022Znstee et al., 2019; Rinella et al.,
2022) Of note, are the recently failélderapief phase lll clinical trialdbecause they did not
meet efficacy targets. Theselude the chemokine 2 and 5 receptor agonist Cenicriviroc, the
antioxidant Pioglitazone or vit. E, the angiotensin Il receptor type | agonist Losartan etc.
(NCT03028740, ClinicalTrials.gov, 2021; Newton et al., 2008; Hoofnagle et al., .2013)
Immune sygem intervention plays a role in the progression of NAFLD, with cues from resident
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immune cells in the liver and adipose tissue as well as the circulating immune cells
(Moayedfard et al., 2022; Ramadori et al., 2022) the best of our knowledge, eaisting
multi-organ models investigate the PK/PD of drugs involved ir\RELD pathways which
include the immune cell pathways on the platform.

1.6. Immune cellintegration into OoCs

Immune cells have been integrated into and perfused across OoC platforms over short time
periods.Peripheral blood mononuclear ce{fRBMCs)with immunomodulatorsvere perfused
across the choroidhip platform to evaluate immune cell recruitm@wards astromal tissue
(Cipriano et al., 2022)The freshly isolated and plebeled PBMCsvere perfuse@dcross the

chip with a pipette tip reservoir at the chip media inlet and a linear pull perfusion regime via a
syringe pump pulling the cells across the syst€D4" T cellswere perfusedcross an MOC

model of gutliver-brain-chips to demonstrate the influence of short chain fatty acids on the
pathophysiol ogical dev eTrapgcanetmlt, 2021freshPimmukd ns on o
cellswere infusednto the platform every two days over a shperiodand then allowed the
unidirectional recirculating pumijo perfuse the cells across the MOC. There is scope for a
mechanism for long term perfusion of immune cells to mimic chronic inflaomnednditions.
Inspiration forimmune cell suspension could be drawn from stirred tank repiGtariplesto
maintain cells in suspensioRor examplecultivation of cells in bioreactorsvhich include
theoretical calculations afhear, mixing speednd the liquid levieor reports ofperfusion

culture for mammalian cellgvith a focus on filtration, gravitational settling and centrifugation
(Doran, 1999;Tokashiki & Takamatsu, 1993The design criteria for immune cell handling
includes precaution® avoid activatn ofthe immune cells, including minimal shear, sharp
edges or direct contact of the cells with a mixing apparatssith commercially available

ball mixers and magnetic impeller culture flasks (volumes above 150Thk)rotatingwall

vessel provided raappropriate mixing platfornexceptfor the rotating components which
could be bulky and prone to leakage if applied to an MOC platfblammond & Hammond,

2001) A stirred tank pump comprising a magnetic stim&smounted on a computer fan to

drive dlurkat cells across an organ chigp two hours(Cook et al., 2022)While the cells were

in direct contact with the mixer, the viability was maintained over the culture pAriedsted
microfluidic mixer with the fluidic channel alternating across tifterent levelsvas proposed

such that the components were constantly moved and more likely to stay suspended
(Sivashankar et al., 201@)coustic or electrophorettcappingaresome t¢her strategies which

could be applied to suspend the immune d8lissche et al., 2020; Ding et al., 2012)
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1.7. Aim of the thesis

The aim of this thesiss to build a robustand physiologically relevariiOC platformthat
allows for sensor integration amimune cell circulation, usingicrofabricationapproaches
To achieve this aim, the workassplit acrossnultiple objectives

1. Designing,fabricating,and developing @&obust, flexible, and reversible connection
strategy to connect two organhips

2. Designing and developing orgahipswith minimally absorbing materiathat would

interface with the MOC platform, taking thmase of metabolic interaction between

human white adiposetissueand hepatic tissueas an example

I ntegrating sensorgnto the WAT-Liver MOC.

Designing fabricating,and characterizing model to studygonation within a liverchip

5. Designing and fabricatingnimmune cell reservoir for the longterm suspension and
circulation of immune cells, and simplgegration with an MOC platform

H W

Establishing thewo-organ connection will allovior the investigaton of organ iteractions,
taking the case of WATiver interactions. Design considerations such as choice of maiérial
the chipslow dead volume and connection stragsgnake this concept applicable to a variety
of studies covering drug metabolisRKPD and timeresolved effluent analysis in efficacy or
toxicity studies. Incorporating the sensendl allow for additional irline monitoring of cell
cultureparameters and hence offer insights intonieéabolic statuef the orgarchips in real
time. The integrationof the immune cell reservoir serves to enable {rgh suspension
culture and perfusion of immune cells across a eotad organ platfornkinally, the design
and fabrication ofthe zonation modeton-chip allows for the study othe physiological
complexity of a liverchip model.Overall, this thesis aims txplore the design criteria and
requirements of building MOCsd incorporating features into the platform.
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2. Materials and methods
2.1. List of materials and devices

2.1.1. Cell culture reagents
Table 1: List of reagents used in cell culture of adipocytes, hepatocytes and endothelial cells.

Name Manufacturer (Product no.)

Bovine serum albumin Merck KGaA(A9647-500)

Collagen I, bovine Advanced Biomatrix (5133)
Collagenase Serva Electrophoresis GmiBS17454.01
Dispase Merck KGaA(D4693

DMEM/F-12, no phenol red Thermo Fishe6cientific (21041025)
DMSO Merck KGaA(C61649

Dul beccoNjs Phospl Merck KGaA(D8662)
with magnesium chloride arwhlcium
chloride (PBS+)

Dulbecco’s Phosphate Buffered Salil Biowest(MS00SG1001)
without Magnesium, withouCalcium

(PBS)

EBME -2 basal medium Lonza (CG3156)

Endothelial Cell Growth Medium Promocell GmbH (C22010)

EGME -2 SingleQuot& Lonza (CG4176)

Endotoxinrfree water Thermo Fisher Scientifi()65589K2)
Fibronectin Merck KGaA(F1141)

FCS Cytiva HyClond& FetalClon& | Thermo Fisher Scientifit10326762)
Il Serum)

Freezing medium classic Ibidi GmbH (80022)

Gentamycin (10mg/in) Thermo Fisher Scientifi¢15710049)

GibcoE TrypLEE Select Enzyme | Thermo FisheBcientific (50591-419)
(1X), no phenol red

Glucose solution Gibco (A2494001, 1M stock)

GlutamaxE Thermo Fisher Scientific (35050061, 100x)

HEPESBuffer (1M) Thermo Fisher Scientifi€15630056)

Hxdrocortisone 2-hemisuccinate Merck KGaA(H227G100MG)

sodium salt

HyStem®C CellSystems® GmbHGS313)

Insulin solution human Merck KGaA, Darmstadt, Germany (19278)

PBS Biowest (L0615)

Penicillin-Streptomycin (10,000 Thermo Fisher Scientific (15140122)

U/mL)

Rosiglitazone Merck KGaA(R2408)

Trypsin Merck KGaA(59418C)

Versene Thermo Fisher Scientific (15040033)

Williambés medi a PAN Biotech P0429510) OO0 mgL glucose
(11.1 mM), 2.24 d/ NaHCQJ]

Williambébs medi a PAN Biotech P0429050S4)2.24 gL
NaHCQ]

2.1.2. List of chemicalsassaysand staining reagents
Table 2: List of chemicals, assay reagents and staining materials used for chiparacterization.

Name Manufacturer (Product no.)
3- Aminopropyltriethoxysilae Merck KGaA(440140)
Albumin antibody, goat host RnD Systems (AF3329)

Alexa FIuoE 488 (goat antmouse) | Thermo Fisher ScientificX-28179
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Alexa FluoE 488 (goat antrabbit)

Thermo Fisher Scientific (41008)

Alexa FluoE 546 (goat antgoat)

Thermo Fisher Scientific (A1003)

Alexa FluoE 647 (goat antmouse)

Thermo Fisher Scientific (&£1235)

Alexa FluoE 546 Phalloidin

Thermo Fisher ScientifitA-22283

Amylase solution

Merck KGaA(A3176)

Antibody diluent

DAKO (S3022)

Anti-Cytochrome P450 Enzyme
CYP3A4 Antibody

Merck KGaA(AB1254)

Anti-humanGST Al1 Goat
polyclonal antibody

Oxford Biomedical Research (GS68)

apoB antibody

Santa Cruz Biotechnology @8538)

BODIPY™ 493/503 dye

ThermoFisher Scientific (D3922)

BODIPYTM 500/510 C1C12

Thermo Fisher Scientifid}3823

Calcium chloride dihydrate

Fluka 21097

CD31 (monoclonal (Clone JC70A)
mouse anthuman)

DAKO (M0823)

CellTiter 96® AQ.ecusONne Solution Promega 3582
Cell ProIAiferation(MTS) Assay
CellToxE Green Cytotoxicity Assay | Promega©874)

CellTrackeE Deep Red Dye

Thermo Fisher Scientifidq34569

DAPI solution

Merck KGaA(MBD0015

Fluorescein diacetate

Thermo Fisher Scientific (F1303)

FITC-Dextran (3kDa)

Merck KGaA(FDA4)

Glutamine synthetase, goat host

Abcam, 176562

Hoechst 33342 Solution (20mM)

Thermo Fisher Scientific (62249)

Human/Mouse ECadherin Antibody

R&D Systems AF748)

LDH-GIoE Cytotoxicity Assay

PromegaJ2380Q

MRP2/ABCC2 (R260) Antibody

Cell Signaling Technology (#4446)

Normal Donkey Serum

Jackson ImmunoResearch (60G0-121)

PDMS Silicone Elastomdésase and
Curing Agent

Biesterfeld SpezialchemimbH, Hamburg,
Germany(SYLGARD™ 184;549884000)

pH indicator strips

Merck KGaA(109557)

Periodic acid, Schiff reagent kit

Merck KGaA(395B)

Pierc&e Chromogenic Endotoxin
Quant Kit

Thermo Fisher ScientificA39552

Phalloidin (6.6 uM)

Thermo FisheGcientific (A34055)

Propidium iodide

Thermo Fisher Scientific (P3566)

Purified Mouse AntASGPR 1

BD Biosciences (563654)

QuantiChronk Glucose Assay Kit

Bioassay System®(GL-100

Recombinant artASS1 antibody

Abcam (170952)

Recombinant AntGlutanine
Synthetase antibody

Abcam (176562)

Roti ® - Histofix 4%

Carl Roth GmbH + CKG (P087.3

Saponin

Merck KGaA(SAE0073

Sodium sulfite

Merck KGaA (S0505)

Triglyceride GlIoE Assay

Promega (J3160)

TritonE X-100

Merck KGaA(X100)

2.1.3. List of Consumables

Table 3: List of consumables used in the production of chips and the connection platform

Name (specification)

Manufacturer

21, 23GA stainless steel plastic hub
dispensing needles

RS Components Gmb#00-3895, 4008272
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384 well platé’ white opaque walls

Greiner BicOne (781074)

3M Scotchpak (Coated foil)

3M, Saint Pau{1022Release Liner
Fluoropolymer Coated)

96-, 48, 6-well plate for cell culture
Cellstar®

Greiner BioOne(655182, 677180, 657160)

96-well plate, black wall, transparent
bottom for cell culture

Greiner BieOne (655090)

Biopsy punch0.75 mm diametégr

World Precision Instrumen{$04529)

Block magnet, 25 % X 2 mm

Supermagnete (Q506-02-SN)

BreatheEasy® sealing membrane

Merck KGaA (Z3800591PAK)

Cell culture dish (90 x 17 mm,

Avantor, VWR (0062878

Cell culture flask (T25, T75, T175)

Greiner BioOne(690175, 658175, 660175)

Conical centrifuge tubd (50 mL, 15
mL)

Corning (CLS430829, CLS430791)

DIN 934 hexnuts

Reidl Fastener (SKU: 21886)

Disposable syringe InjeRtWith Luer
Lock fitting, 2 nL (B. Braun)

Carl Roth GmbH + Co. KGEP95.1)

Dosing needl e; I

IP732025, GONANO Dosiertechnik GmbH

ARcare®Double sided tape

Adhesives ResearcB{106NB

Foldback clips

Jakob Maul GmbH2141999)

ipCellCultureE PET membrane, 5 un
pore size

It4ip (2000M12/510M508

Luer Adaptemwith top cap

MoBiTec (M3003)

Luer connectors

Nordson Medical, USA (BDMFTLL9)

Luer stopper ROTILABO® (female)

Carl Roth CT69.])

DIN 912, A4, M3 screws

Minischrauben.com (10 mm long, 942310)

Male Mini Luer Plugs

Darwin Microfluidics (CS-10000030)

Male Luer Plugs

Darwin Microfluidics (C$10000230)

Male Mini Luer Fluid Connectors

Darwin Microfluidics (C$10000095)

Mobicol "Classic" with 2 different
screw caps without filters

MoBiTec (M1002)

Omnifix®-F Luer Solosyringe (1 mL)

BraunMelsungen(9162909\

StandAlone Female Mini Luer Ports

Darwin Microfluidics (C$10000701)

Inkjet® Solo 2part disposable Luer
Lock syringe @ mL, 5 L, 10 L)

Braun Melsunged606027\ 4606051V
4606108\

Track etched membrane
(5 um pore size ipPoke, 3 um pore
size ipCellCulturg )

lt4ip (L000M25/541M500/XY
1000M25/610M303/XY

Tygon® ND-100-80 NonDEHP
Medical Tubing

VWR (89404302)[ID x OD: 0.020 x 0.060"

PCR tape (sterile)

Carol Roth (ThermaSealD@-THER-PLT)

Peristaltic Pump tubing (PharMed®
BPT)

VWR (2281684) [Tubing internal diameter:

0,50 mm (0,020")]

Stainless steel springs

Federtechnik Knoerzer GmbH (50/3/1)

Tactile Pressure Indicating Sensor
Film

Sensor Products Inc. (SHH

UHU superglue plastic 3ml + 2g

Selva (358221)

UHU Superglue Pipette

UHU GmbH & Co. KG(35739

UV glue- Norland Optical Adhesive
81

Norland Products (NOA81)

VWR® nonfrosted Microscope Slide

Avantor, VWR 631-070))
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2.1.4. List of Devices
Table 4: List of machines and devicesitilized in fabrication and experiments.

Device (specification) Manufacturer

Cutting Plotter Graphtec Corporation (CE7000)
Phasefluorometer Pyroscience GmbH, Germany
Hydraulic Laboratory Press FontijnePresses (LabEcon)
Incubator Flow box Automated Lab Solutions GmbH

Inverted fluorescence microscope | Leica Microsystems CM&mbH (DMi8)
Inverted fluorescence microscope wi| Carl Zeiss MicroscopBmbH (ZeissAxio

apotome Observer 7 ApoTom)

Incubator Binder (BD Series)

Laminar flow bench Spetec GmbH (Cleanboy)

Laser cutter with 10 VCO; laser Universal Laser Systems In&/1(S2.30

Laser scanningiicroscope Carl Zeiss MicroscopsmbH(LSM 710

Laserwelder LPFK GmbH (PowerWeld 3D 8000)

Multimode microplate reader Tecan (Spark®)

Plasma generator Diener electronic GmbH &0 KG (Zepto One,
Rotary Switch)

Reglo Digital Pump with Avantor, VWR (MFLX7801824-CH)

MasterflexLivee , 4-Channel, 12

Roller

SLA 3D-printer Formlabs (Form 3, V2.0)

Spinning disc confocal microscope | Carl Zeiss MicroscopgmbH (Cell Observer®
System with spinning disk head)

Syringe pump Landgraf LaborsystemdLL GmbH (LA-190,
12-channel)

Syringe pump with mixer Cetoni GmbH (Nemix)

Peristaltic pump Cetoni GmbH (PersyS)

UV lamp UWAVE (UV ChambeE )

2.2. Fabrication of the WAT -chip

The general structure of the WAChip has beerdescribedpreviously (Rogal et al., 2020)
(Figure 1.a). White adipocytesare injected intoa tissuechamber below an isoporous
membranewith media perfused across a media channel above thdraeen The exchange

of nutrients wasteand metabolitesakes place across the membrane, with endothelial cells
lining the media channéFigurel.b).

Chip top
Media channel

% Membrane

Endothe_lial cells

B I o e e e o P
=

Tissue chamber

Figure 1: Designof the WAT-chip. (a.) The PDM&based WATchip describegreviously(Rogal et
al., 2020) (b.) Crosssectional schematic of the cell organization within the \AGNIp.

While theinitial version of the WATchip was fabricatettom PDMSvia soft lithography and
exclusion molding, the chips used in this thesis were fabricated out of rigid plastics and
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thermoset elastomerBhroughout the thesisultiple versions of the thermoplastic WAIp
were developed ea comprising various layers of different polymergy(re2 & Appendix
section8.2). Two versions were most widelysed in experiments, whettee first version was
built out of PMMA with a PDMS chip top, while the second versiothdrabedded connectors
for connection taubing, and anaterial combination of TPE and PThe WAT-chip also
underwent a variation in the overall chip shape, port algm membrane dimensiorend
fabrication protools in Version 2, to fit theMOC connection setuplhis allonedfor a scale
upin production of Version 2 WAThips, as explained in the upcoming sections which include
an overviewof the materialandelaborate on each step of fabricat{@able5), with process
details,schematics, and pictures.

Chip top < V

0

[ (e
@ «

Media layer

5 pm membrane

Tissue chamber
layer

Tissue fluidics

Chip bottom

<
. 4

Version 1 Version 2

Figure 2: Schematicand annotationsof chip layers for the WAT-chipsversions 1 and 2
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Table 5: Fabrication stepsand process parameter$or versions 1 and 2 of the WATchip.

Material, Layer Height Structure | Process Step1 Step2 Step 3 Step 4 Step 5
PDMS, chiptop | 2mm Molded, APTES treat PMMA, plasma treat Assemble
punched PDMS and bond at 60°C for 30 min | between glass
. lid d
PMMA. chiptop | 250 um Lasercut 5 ices an
clamps and
PMMA. media 250 pm Lasercut bond in the
layer oven at 130°C
- - - for 10 min,
= | 5 um pore,PC 22 pm Lasercut Bond with PDMS stamp methodim | ¢q0c 5130
'% membrane gle c;ven atllfolo(?b fgr 10 min. min and allow
. ool completely before
” | PMMA. Tissue 75 pm Lasercut disassembliin %ass slides and to cool
chamber layer 1 88 completely to
- clamps RT before
PM[\'.LA. Tissue 175 pm Lasercut disassembling
fluidics layer
PMMA., chip 250 pm Lasercut
bottom
PMMA, Chip 1 mm Lasercut Mix and degas PDMS. Bond in Add PCR Cure PDMS UV treatment Apply
top. small ports hotpress with metal frame at 105°C. | tape and pour | for2h at 80 for30 sec, 99% | pressureat RT
PMMA. Chip LS mm Lasercut 20 minutes, 8 kN. PDMS into °C. Cut off intensity hl.llotpress
top. bi ot the step excess cured (16.4 with 8 kKN
Op-. DIE POris connector. PDMS. punch | mW/cm?), force for 25
ports. bond and roll min.
. t i Pl
TPE. Media 250 um Lasercut o remove ai ace
1, bubbles overnight in
_S ayer oven with 1.5
E Sum pore, PC 22 pm Lasercut PDMS stamp (110 pm high) UV treatment | Apply 8 kN UV treatment kg
» | membrane method in hot press at 100°C, 20 for 30 secs. force for 25 for 30 sec, 99% | weight/chip
. min, 8 kN 99% light min at RT in intensity and ramp at
Pll\ {M,[;A‘ Tlssue 2?()30 Km Lasercut 16.4 mW/cm? | the hotpress. | (16.4 1.5°C/min to
chamber layer (100 pm) To avoid mW/cm?), 60°C, hold for
TPE. Tissue 100 pum Hot- Emboss the TPE with epoxy stamp | UV treatment | membrane bond and roll 6h then ramp
fluidics layer embossed | and bond against the PC in hot for 30 secs. sagging, to remove air down at.
. press at 130 °C. 16 kN for 20 min. 99% light membraneis | bubbles 1.5°C/min
PC, Chip bottom | 175 pm Lasercut Cut out chip shapes with a scissor. 16.4 mW/cm? | unsupported.
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2.2.1. WAT-chip version 1: PMMA chip with PDMS top interface layer

Version 1 of the WATchip involved individually fabricated chips out of PMMayers Figure
2, Figure 3.8). Thelayers for each chip were clamped together wittel foldback clamps
between glass slides cut to dimensions®by 26 mm. Individual chips were bonded in the
oven in a-s@@d @tdo taynwium dbput 50 chipp peli nomtm g o f

2.2.1.1. 2D laserstructuring and cleaning of chip materials

The materials of construction of the chips comprised varying thicknesses of PMMA
(polymethylmetharylate), PC (polycarbonate), 5 um pore size PC or PET (polyethylene
terephthalate) membranes, and TPE (thermoplastic elastohadxe 6). The designs of the
features to be patterned in the materials were created using the CorelCAD and AutoCAD
software.

Table 6: List of materials of construction of chips and connection apparatus.

Material Processing Manufacturer
involved
50 um PMMA Lasercutting| Schlésser GmbH & Co. KG (558%0536)
75 um PMMA Lasercutting| R6hm(PLEXIGLAS® Film OF073
175 um PMMA Lasercutting | ROhm (PLEXIGLAS®, FF99524GT0-175)
250 um PMMA Lasercutting| ROhm(PLEXIGLAS® FF99524GT0-250)
500 um PMMA Lasercutting | ROohm(PLEXIGLAS® 0F301)
1 mm PMMA Lasercutting| ROhm(PLEXIGLAS® FF99524GT0-1000)
1.5 mm, 2 mm, 3nm PMMA Lasercutting | Modulor GmbH 0279836 0133420 0342098)
5 um pore ipPORE PET Lasercutting | It4ip (2000M23/541M509
membrane
5 um pore ipPORE PC Lasercutting | It4ip (1000M25/541M500)
membrane
175 ym PC Lasercutting | Konig Kunstoffe, Makrofol DE 11,500 x 915
x 0,175mn)
250 pum, 750 um TPE Lasercutting, HEXPOL (Mediprene OF00M), extruded by
hot Fraunhofer IVV, Germany
embossing
PDMS Silicone Elastomd3ase | Mixing, Biesterfeld Spezialchem@®mbH
and Curing Agent degassing | (SYLGARD™ 184;549884000)) mixed in
and curing | the ratio 10:1 of base to curing agent

Channel éatures were created in PMMA, membranes and PC layers byaksssted
structuring with a carbon dioxidasercutter EFigure3.b). Thebacking foilsof materials were

kept on while cutting to keep the materials free of debris. Under a laminar flow bench, the
backing was removed from each part with tweezers, the part was wiped with a cleanroom wipe
(Hans Michael GmbH, RTPRT1091L) damp with isopropaaral allowed to dry under the
bench. A nitrogen gun was used to remove any dust and debris prior-tsskipbly.

2.2.1.2. Stamp methodof bonding PC membranes to PMMA parts

The WAT-chip comprisd tissue chambers of diameter 1.5 mm, enclosed by a PC membrane.
This membrane was embedded into the PMMA tissue layer with the stamp method, where it
retained its flatness over its larffeely suspendedrea. APDMS stamp was moldddom a

3D printed mold(clear resin, Formlabsilesigned to ensure a fixed height of the stamp every
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time (Figure 3.c). The cleaned PMMA partgissue fluidics, tissue charats and membrane
layers)were placed such that the open tissue chamber region exactly fit around the protruding
portion of the PDMS stamg.he layersvere aligned with each other around the stamp with
the help of a stereomicroscopge(s9 and this hybrid material combination was enclosed
between glass slides and clamped valdbackclamps The hybrid was placed in the oven at
130°C for 10 min and then allowed to coobtmbientemperature before disassem{ifygure

3.d).

a. Bonding overview b. Lasercutting thermoplastics

~
d Laser '
O\V/ PMMA
I |

.
I |

G \>0
v Thermoplastic ablated to create features

STEP 1
N

~

W ¢. Stamp method, membrane bonding
\\;__‘_R \ %
o 2 B d
o 3D printed onding pressure
[0 mold .,
E ?
» Ja

]

*

. Stamp aligned between
PMMA part and membrane

d. positioned above

. s = NS — -

- i e - : ‘. o Membrane

Figure 3: Fabrication of version 1 of the WAT-chip. (a.) Overview of thestepsand layers involved

in the bonding process, (I5thematic of the lasestructuring of thermoplastic layers, (&hematic

of the stamp method of bonding, starting with a 3D printed mold to create a PDMS stamp, then aligning
the membrame and PMMA pieces with the stamp such that the membrane was ennitedtted
PMMA layer and retained its flatness, (dPictures of the WAT tissue chambers bonded to the
membranes, and the PDMS stamp

PDMS filled mto mold

30



2.2.1.3. PDMS top part fabrication and bonding to thermoplastic layers

Version 1 of the WATchip consisted of dayer of PDMSbondel tothe PMMA top layer to
facilitate connection with cannulas to therfusion setupTo this end, PDMS was covalently
bonded to PMMA using a silad®nding methodA mixture of PDMS was created using the
PDMS precursor and curing agent (SYLGARD 184@)yrisg vigorously then degassing for

30 min under vacuum to remove air bubbles. 30 gm of the PDMS mixture was poured into a
Petri dish and cured on a flat surface at 60°C overnight. Once cured, features were rastered
(etched) on the top of the piece witietlasercutter to facilitate cutting the top pavith a

blade A biopsy punclwith adiameterf 0.75mmwas used to punch out the ports. The PDMS
parts were cleaned with a wipe soaked in isopropanol and sprayed with an air gun to dry
completely Ports of diameter 1.4 mm were lasercut RMMA parts of thicknes250 pm and

175 pmthick PC partglarger than PDMS ports to allow for manual alignmetitgn backing

foil removed and wiped with isoproparsbaked wipes and left to airdry tine laminar flow
bench. The thermoplastics parts were first plateated at 78V, 10 sccm Q@for 30 sec (Zepto

One, Diener Electronics) and then placed plagmatedside down onto a droplet of 1%-(3
aminopropyl) triethoxysilane (APTES44014Q Merck, KGaA, Germany) solution in
deionized (Dlwater fFigured.a.). The surface treatment proceeded for 45 min, after which the
parts were washed with DI we and sprayed dry with an air gun. They were immediately
aligned by ports and bonded to the PDMS parts that were plasatad bottom sidap at 75

W, 10 sccm @for 30 sec. The bond was strengthened by placement into a 60°C oven for 30
min (Figure4.b).

Plasma treatment of plastic Plasma treatment of PDMS

_ | |

Plastic placed face down ona Press both activated faces and
drop of 1% APTES solution cure at 60°C for 30 min

Figure 4: Schematic of PDMSPMMA bonding for the fabrication of WAT -chip version 1 (a.)
Silanization of the plastic layer with a 1% APTES solution, (b.) Bonding the SRiHated plastic
with plasmaactivated PDMS laye[c.) A picture of the top part of the WAGhip

2.2.1.4. Final chip assembly

After the preparation of the membrane and tissue channel hybrid and the-PRMS top,
the WAT-chip was bonded via thermflsion bonding in the oven in one final st@jis was

a quick and effective strategy to bond PMMA parts using easily availablenegpiipl he
cleaned PMMA parts were stacked, aligned, and placed between glass slide@sqQ§3MWR)
that were either whole or cut to a size 6ft#/ 26 mm. This assembly was then clamped with
steelfoldbackclamps 2141999, Jakob Maul GmbH, Germarg unformly apply pressure
across the shape of the parts being bonded and then pleecednnectioroven set to 130°C
for 10minuteg(Figure5.a.) Theparts werehenplaced in a 60°C oven for 30 minutefiowed
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by removal from the oven and allowed to cool to room temperature before disasserably,
two-step cooling proceds prevent a sudden shrinkage of the different materials in the chip,
and hencenaintaining the flatness of the membraRiy(re5.b).

Figure 5: Thermal-fusion bonding of the WAT-chip version 1 (a.) Preparation of the individual
chipswith steel foldback clampand glasslides, (b.) End result of the bonding prodeste oven.

2.2.2. WAT-chip version 2: PMMATPE hybrid chip withembedded PDM$onnectors

In Version 2 of the WATchip, TPE was introduced to facilitate low temperature bonding
processes and to scale up production. The scale of operation contddasediepending on
the parts fabricated, to even200dhipspe manih.i | ot
Additionally, new fabrication methods were employed for the top of the chip and tissue fluidics
layers.

2.2.2.1. 2D laserstructuring and cleaning of chip materials

Version 2 of the WATchipwas composedf a PMMA top withembedded PDM8onnectors,

a TPEbased media channahd tissue fluidic channel, a PMMA tissue chamber layer with a
PET membrane Kigure 6. a.). The plastic parts were lasercut and cleaned as mentoned
previously gubsection2.2.1.). TheTPE foils were custorextruded from commercial SEBS
pellets into films of approx. thickness 750 um and 250 um extgrbglFraunhofer Institute

for Process Engineering and Packaginy IMPE layers were first sandwiched between two
sheets of 250 um PMMA, and then lasercut. The cutting process for TPE led to the production
of sticky debris which remained on the PMMA backing foil, thus leaving the TPE underneath
clean and dusdiree. Undetthe laminar flow bench, the backing PMMA sheets were removed
with tweezers to avoid touching the TPE. The TPE parts were aligned on-lieéldmpaper in

petri dishes to protect the sticky TPE surface until ready forasspmbly.

2.2.2.2. TPE hot-embossing, pre@aration of TPE-thermoplastic hybrid

The tissue fluidics channel of the WAChipwasembossed into TPE with the help of an epoxy
mold. This allowed for smooth channels within the TPE, maintaining its transparency and
allowed for up to 9 embossed chips ppoxy mold in one go in the hotpress. The TPE films
were hotembossed in accordance to protocols establigaelier (Schneider Bras, et al.,
2021).First, a wafer was fabricated usipgotolithography with features to be embossed into

the TPE. For thisa mask with the features was designed using the AutoCAD software and
printed on a transparent sheet (Schrift + Bild GmbH, Gerin@rfgure6.b.1). Wafers were
produced in the cleanroom at the Natural and Medical Sciences Institute, Reutlingen, Germany,
by Dr. Eduardo Bras. Wafers with features of thickness of 100 um were crgatphtoating

32



SU-8 50 negative photoresist (micro resist technology GmbH) at 1000 rpm (Convac, APEX
Semiconductor GmbH) and pexposure baking at 65°C for 10 minutes and 95°C for 30
minutes. The wafers were then exposed through a transparent mask vgsha®0 mJ/crh

(Karl Suss MA6 mask aligner, SUSS MicroTec SE, Germany), followed by seppssure

bake at 65°C for 1 min and 95°C for 10 min. Features of thickness 250 um were fabricated in
a twostep process to achieve an accurate, uniform featigath@&his was achieved by first
spincoating and preparing the wafer with-8%0 for a film thickness of 100 um. Then, a
second layer of S18 100 was spincoated at 2000 rpm, based at 65°C for 20 minutes and 95°C
for 50 minutes, exposed with energy of 380/cnt and post exposure baked at 65°C for 1 min

and 95°C for 15 min. After all pogixposure baking steps, the resist was developed in a glass
tin with MRDev 600(micro resist technology GmbHd remove the unexposed resist and
washedhoroughlywith acebne and IPAFinally, the wafers were hard baked at 180°C for 45
min, followed by a natural cooling down of the oven. The last step of the wafer preparation
involved silanization with trichlorosilane (175552, Merck KGaA, Germany). Upon exposure
to oxygen fasma for 5 minutes, the wafer was placed in a desiccator pot connected to a vacuum
pump. 200 uL of the silane was placed in a beaker in the desiccator and vacuum applied to
create silane vapors, which were allowed to coat the wafer over 1 hour.

This fabrcated wafer was used as a templatestit lithographyof PDMS, to prepare a
negative replica mold. Multiple PDMS molds could be cast off the wafer, increasing the scale
of the operation. The wafers with features to be molded were sprayed with isoprapénol
dried with a nitrogen gun prior to use. They were then placed inteirrchSound petri dish
(Greiner BioOne). A mixture of 0.07 kg of PDMS base and 10% of curing agemrepared,
degassdto remove bubbleandwas carefully pouredth awafer. Thepetri dish was then left
overnight on a horizontal level surface (confirmed with a bul#hlel indicator), followed by
curing at 60°C for four hours in the oven. The PDMS was carefully peeled off t8engiféer,

and edges trimmed to reveal a flat PDMSdnwith a negative impression of the features for
thestamp Figure6.b.II).

PDMS, being a soft materjalvas notemployed directly as an embossing mold. Howewer,

was used as a template off whithrdcuring epoxy resin was casb prepare this embossing

mold. A custom molding tool was fabricated in aluminum by an external manufacturer
(CNCTeile24). The assembtpnsistedf an aluminum vacuum base with the PDMS mold on

top, followed by an @ing lined aluminum top ring and PMMA top sprayed with WD40 mold
release agent (Conrad Electronics). Screws held the assembly in place, while 50 mL syringes
were connected tthe PMMA top plate for a controlled filling with a degassed epoxy resin
mixture. The mixture was prepared as a two component (100:16 parts A:B components by
mass) epoxy resin (EpoxAcast 670 HT, Sme0tl), with an additiorof 10% supplement of

part A withan epoxy thinner (Epic Epoxy Thinner, Smo@h). After weighing and mixing

the components with a spatula, the mixture was degassed for 10 minutes under vacuum and
filled into the mold. This setup was allowed to partially cure overnight at room temperature
with the baseplate of the assembly connected to a vacuum pump (KNF 035, membrane vacuum
pump, Carl Roth GmbH). The pump and syringes were then disconnected, and the mold placed
into the oven at 60°C for 24 hours for complete curing of the resin. Uporidiegydhe stamp
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was tempered for 2 hours at 80°C and 3 hours at 150°C before being allowed to cool to room
temperature with the oven switcheff (Figure6.b.lll).

Finally, the TPE foils were embossed against the epoxy stamps on one side and simultaneously
pressbonded to 175 um PC films on the other side. This was achieved with the help of a
programmable hotpress (Fontijne Presses). A layered agsemablcreated with the epoxy
stamp on the bottom, the 250 um TPE foil and the PC/ PMMA foil on top, a roller being used
to remove as many air bubbles as possible from the assembly. This setup was placed onto a
steel plate, sprayed with mold releasing ag€t450400, Weicon). With the hotpress
preheated to 130°C, the assembly was placed inside and pressed with 16 kN force (2.17 MPa
pressure) for 20 minutes, followed by a cooling to 40°C with cooling water running through
the plates of thpress Figure6.b.1V). At this stage, the TRRlastic hybrid was demolded from

the stamp, individual chip shapes cut out with a scissor and the parts stored in a square petri
dish lined with Teflon paper.

a. Bonding overview b. TPE hot-embossing
-~ o ~

D Transparent mask (D)

Spin-coated photoresist PDMS cured on
on silicon wafer silicon wafer

STEP 1

Wafer photolithography Soft lithography of PDMS

Epoxy poured into
(I mold

Y
¢ ddLS

av) Pressure applied by

' hotpress
| PC
| | TPE |
Epoxy stamp | =

]
*

| TPE embossed with features and
bondedto PC

Figure 6: Fabrication of version 2 of the WAT-chip. (a.) Schematic of the various layers and steps
of chip fabrication, (b.) TPE hot embossing process to produce the tissue fluidics layer with schematics
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of () The waferfabrication(ll) PDMS soft lithography (lll) epoxy molding and (IV) Hetmbossing
of TPE against the epoxy mold with a picturehe result

2.2.2.3. Embedded PDMSconnector fabrication

A new type of worleto-chip connector was developed to include a small piece of PDMS
embedded into the PMMA chifpp, together with Johanna Chuch®yriefly, thick PMMA
layers were lasercut to include large holes at the portqartg.of diameter 3 mm were lasercut
into 1.5 mmthick PMMA pieces andports of diameter 1.5 mm lasercut ih® 1 mmthick
PMMA pieces. These layers were aligned and bahdath two strategies on a smaller scale,
each of the pair of PMMA were sandwiched between glass slidestegidfoldback clamps

and bonded in the oven at 130°C for 10 min. On a larger scale, the pairs of PMMA were bonded
i n the hot pr eldMPa pressuré for2@Entnutesi. A nietalZrame was custom built
to accommodate the PMMA layers by CNC milling aluminum (FlatCom M30, Isel, Germany)
with a 1.5 mm diameter drill bit (668.5@150, SPPW GmbH) in the workshop of the Natural
and Medical Sciencelnstitute by Dr. EduardBras figure?). A piece of propylene sealing

film (ThermalSeal) was attached below all ports and PDMS filled with a syringe from above.
After curing at 60°C overnight, the tops cleaned, excess PDMS shéheaatt ports punched
with a 0.75 mm biopsy punch.

| |
| - . - |
" PCR tape
Bond PMMA parts Fill PDMS mto the step- Cure PDMS and
Metal frame to  with varying port shape with a syringe punch a port opening
bond PMMA top diameter

Figure 7: Fabrication of the PMMA top parts with embedded PDMSconnectors For the hotpress,
a metal frame (pictured left) was used to bond 9 PMMA siqsiltaneously

2.2.2.4. Stamp method in hotpress

The membrane was bonded to the PMMA tissue channel with the stamp method as highlighted
previously (subsection2.2.1.9. However, a larger scale methodology was applied in that the
PDMS stamps for 9 chips were placed in the hotpress with the PMMA tissue chamber layer
(two layers of 50 um thickness each) angdrd pore size PC membrane aligned around the
chamber pillars of the stamp. This setup Wwasded al00°C for 20 minutes with &N force

(2.22 MPa pressurand cooled to RT before disassembly

2.2.2.5. Final chip assembly

With the individual components createdhetentire chip was bonded in a simultaneous
operation in the hotpress. TPE films of thickness 250 um were lasercut to create the media
channel. The first step of the chip assembly involved bonding of the embossed tissue fluidic
bottom to the tissue chambeith membrane. The two faces to be bonded to each other were
exposed to a UV lamp (UWAVE) for 30 sec, followed by fine contact by rolling with a
handheld rolling too(VWR). The next step involved UV treating the media channel top and
PMMA top and rolling(Busek et al., 2021)The entire chip was aligned and assembled and
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bonded in the hotpress at RT for 10 minutes wikiN&orce, then placed in the oven at 60°C
for 6 hours, with a ramp up and down at 1.5°(@ (Figure8).

Figure 8: Final chip assembly of ersion 2 of the WAT-chip.

2.3. Fabrication of the liver-chip

The liverchip in this thesisnspired bythe liver Biochip model, comprising a tissue channel
lined with a hepatocyte cell line (HepaRJzand the media channel lined withdothelial cells
(Rennert et al., 2015)hetissue channel was positioned above the media channel, with an
exchange of nutrients via the endothelial cell monolayer. The model in this thesis utilized
HepaRé cells and primary microvascular endothelial ceitd/ECs) Figure9).

=) b.

a
— = = |
k_'->.(}_ ﬂOW k \

o e v = | Chip top

HepaRG cells Tissue channel

human primary Endothelial cells Media channel

- :;e-:'—-u-‘-u'- ------ i S e T 13 1 r
LX2 ! !HeoaRG
stellate cells hepatic layer hepalocyles

Figure 9: Designof the liver-chip. (a.) Schematic of a crossection of the livechip concep{Rennert
et al., 2015)p.) The crossectional schematic overview of the cell organization withirLther-chip

The previously publishediver Biochip was fabricated by an injection moldipgpcess, with
the membrane lasevelded onto the chip body and had a size footprint of a 75 by 25 mm glass
slide. The liverchip in this thesis underwent a significant sieduction to 25 by 25 cm,
maintaining the hexagonal chamber shape to create-ghiear region above the hepatoeyte
endothelial coculturareg and to facilitate cell alignment in the tissue chamber. The dilvigrs
were fabricated by thermal fusion bondofgrarious layers dfserstructured plasticgigure

10). Like the WAT-chip, the liverchip underwent a variation in the overall chip shape, port
alignment and membrane dimensions in Version 23rtd fit the connection setufther
versions of thdiver-chip design have been summarizedAppendix section8.3). Three
versions of the chips were most widely used in the experimealsication methods of the
three chip versions varied depending on the materiebmdtructiorof the chips.

36



yr
\/ . |
Tissue layer Kﬁ & &
\/ 4 p

5 pm membrane o

Media layer

Chip bottom \\/\/ \\/\/
Version 1 Version 2 Version 3

Figure 10: Schematicand annotationsof chip layers for theliver-chips version 1-3.

2.3.1. Liver-Chip version 1: PMMA chip

The first version of the livechip was fabricated entirely out of PMMA, in a similar manner to
the Version 1 oWAT-chip (Figure1l a).The rigid plastic top directly interfaced withe
perfusion setupThe fabrication procedure for this chip started with a stamp method to bond a
5 um pore size PC membrane with a cleah&slm PMMA tissue layer(Methods suksection
2.2.12), to maintain the flatness of the large #isganding membrane region. The bonding was
performed in the ovefsubsection2.2.1.4 (Figure 11.b.). In the next step, the remaining
cleaned plastidayers were assembled. These included the 2 mm PMMA top, the tissue
channelmembrane hybrid, the 175 um media channel and 250 um chip b@ftgorell.c).
Bonding was performeth the ovenat 130°C for 10 min, followedy a two step cooldown

first at60°C for 30 min, after which the chips were allowed to to&® T before disassembling

the glass slides and clam(gsibsection2.2.1.4. The large freestanding membrane still sagged

in step 2, which led to a reduction in membrane area for versions 2 and 3. Additionally, in this
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version, the cannulas were inserted into the ports with a small piece of tubing to preseitle
interface to the rigid connection, but this was prone to leakage and slippage if wetted by media.
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Figure 11: Fabrication strategy of liver-chip version 1. (a.) Schematic of the chip layers and
fabrication steps, wittep 1 being the stamp method, followed by assembly of the entire chip in Step
2. (b.) Picture of the flat membrane bonded to the PMMA tissue layer with the stamp method, (c.)
Picture of the whole chip assembly

2.3.2. Liver-chip version 2: TPEPC chip with PDMS eservoirs

In this version of the livechip, material improvements were made which facilitated a
simplified manufacturing methodologp ensure membrane flatness with lmmperature
bonding Figurel2.a). Thechip bottom and top layers were lasercut 175 um PC, while tissue
and media channeisere 750 um high lasercut TP 5 um pore size PET membrane was
sandwiched between the tissue ametlia channels. PET has better optical properties than PC,
enabling better imaging and is also simpler to lasercut leaving clean edges. However, PET does
not bond to PMMA and thus, the WAGhip and version 1 of livechip were restricted to the

use of a P@nembrane.

2.3.2.1. Fabrication of the PDMSreservoir top part

The tissue channel of the livehips consisted of a monolayer of HepdR@ells in static

culture nourished by a reservoir situated above the ports of the tissue chEmneekservoir

layer was fabricated out of PDM8apable of holding 150 ubf media The mold for the
reservoirs was 3D printed, and once poured and cured, the PDMS was cut into squares and
bonded to a 2 mr@ mm thick slab of PDMS cut to the size of th@¢hand ports punched with

a 0.75 mm biopsy punch. The bottom of the reservoir squares and the top of the PDMS slab
were plasmaactivated a75W, 10 sccm Qfor 30 se¢ pressed together and the bond allowed

to cure at 60°C for 2.h

2.3.2.2. Final chip assembly

To fabricate this chip, the first step involved layering 1fi® um PCchip bottom,750 um
lasercut TPEnedia channel and 5 um pore sized FBEdmbrane, sandwiching between glass
slides and securing wittteel foldback clamp@-igure12.b). Thesetup was placed in the oven
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to ramp overnight with the following protocol: ramg up over4 hours to 60°G~1.5°C/min)
maintainng for 6 hours at 60°C and ramp dowwer 4 hourdo room temperature. Care was

taken to place the membrane flat and evenly on the TPE media channel, because this alignment
was permanent and had to be achieved in one step. In the next si) fira lasenst TPE

tissue channel art’5 umPC top were layered onto the bonded parts, the assembly once again
clamped and placed in the oven to follow the ramping protocol. In the final step, the PDMS top
partwas bonded to the chip by silanization with AAS{(as pe subsection2.2.1.3 (Figure

12.c). Plugs were 3D printed (clear resin, Formlabs, USA) for this version of theclverto

be inserted into the reservoir cavities to maintain static media conditions at the site of the liver
tissue channdFigurel2.d).

l .
t

¢ d4dLS

STEP 1

Figure 12 Fabrication steps involved for liver-chip version 2 (a.) Schematic of chip layers and
fabrication steps, (b.) Picture of bonding the bt@tom layer, TPE media channel and 5 um pore PET
membrane, (c.) Picture of the final chip assembly (d.) Picture of the 3D printed plug for the tissue
channel reservair

2.3.3. Liver-chip version 3: TPEPC chip withembedded PDM$onnectors

The final version of the livechip matchedhe outer shape dhe final version of the WAT
chip with a 250 um high TPE media channel and top part enthedded PDM$onnectors
(Figurel13.a). This chip waso beused with orgaithip connection platform and connected to
the WAT-chip in future experiments. It also bore similarities to kekip Version 2 in that the
PC bottom layer,250 um TPEmedia chanel and membrane wetgonded in an identical
mannerto the WAT-chip, as well as the top part with embedded connectors (Metudxs
section2.3.2.3 (Figurel3.b).
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Upon fabrication of the chip top, the top of the 750 um lasercut TPE tissue channel and the
base of the chip top were exposed to UM &4 mW/cn? for 30 sec and bonded together. A

roller was used to push out any trapped air bubbles to ensure good contact between the TPE
and PMMA (Figure 13.c). Then, the top part of the chip was stacked onto the bottom part,
clamped between glass slides wathel foldback clampasndreturned to thevenfor the ramp
protocol(Figure13.d).

a. N b.
PMMA top
o \\M with
E < embedded
7l § PDMS
, &% connector
O]

TPE tissue

\\/\/ channel

&

e~ i Membrane,
~ “'S: E} TPE media

& > = channel and
\\/\/ it PC bottom

Figure 13: Fabrication steps involved for liverchip version 3. (a.) Schematicof the various chip
layers, with fabrication steps, (Rctures of the parts corresponding to steps 1 and 2, before bonding
(c.) Pictures of the chip components for the final step of chip assembly, (d.) Picture of the final chip
assembly
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Table 7: Fabrication process steps for théiver-chip: Version 1 and 2

Material, Layer Height | Structuring Process step 1 Step 2 Step 3
PMMA, chip top 2 mm Laser cut Assemble between
glassslides and
o PMMA, tissue layer 250 ym | Laser cut Bond with PDMS stamp | clamps and bond in th
g method in the oven at 130°( oven at 130°C for 10
® 5 um pore, PGnembrane | 22 ym Laser cut for 10 min min, 60°C for 30 min
()
> PMMA, media layer 250 um Laser cut and allow to cool
completely to RT
PMMA, chip bottom 250 um | Laser cut before disassembly
PDMS reservoir 4 mm Molded Mold PDMS into 3D printed | Plasma treat and bon{ APTES treat
mold, cure and clean at 60°C for 1 hour the PCtop of
the chip,
PDMS, chip top 2 mm Molded, Mix and degas PDMS, cure plasma tFr)eat
punched PDMS and
N PC, chip top 175 um | Laser cut Align and bond bond at 60°C
- together between glag  for 30 min.
2 TPE, tissue layer 750 um | Laser cut slides and clamps with
o a ramp protocol: Ram
> | 5um pore, PET membran{ 22 um Laser cut Align and bond together up trc))gO°C over 4 [
between glass slides and 0
: hours, hold at 60°C fo
TPE, media layer 750 pm Laser cut - ’
Y H CIaF\r)T;F;:pW:; t?) r(saor?(%\s)ercr)tfcol 6 hours, ramp down tq
i RT over 4 hrs.
PC, chip bottom 175 um Laser cut hours, hold at 60°C for 6
hours, ramp down to RT ove
4 hrs.
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Table 8: Fabrication process steps for théiver-chip: Version 3

Material, Height | Structure Process step 1 Step 2 Step 3
Layer
PMMA, Chip 1 mm | Lasercut| Mix and degas PDMS. Bon¢ UV treatment for 30 sec| Align and bond together
top, small ports PMMA in hotpress with 99% intensity between glass slides an
metal frame at 105°C, 25 clamps with a ramp
PMMA, Chip | 1.5 mm/| Laser cut | min. Add PCR tape and poy (16.4 mWiend), bond_ protocol: Ramp up to
. : and roll to remove air o i
top, big ports PDMS into the connector bubbles 60°C over 4 hours, hold &
mold. Cure PDMS for 2h at 60°C for 6 hours, ramp
80 °C. Cut off excess cured down to RT over 4 hours
PDMS from chip top.
™
5 TPE, tissue | 750 um | Laser cut
I layer
S
5um pore, PET| 22 um | Laser cut Align and bond together
membrane between glass slides and
clamps with a ramprotocol:
TPE, media | 250 um| Laser cut Ramp up to 60°C over 4
layer hours, hold at 60°C for 6
hours, ramp down to RT
PC, Chip 175 um| None over 4 hours.
bottom
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2.4. Fabrication of the chip connection setups

This section describes the fabrication involved in the various connection appriablhés
modular and systemiclhnd fabrication of the two types ofodular cassetteonnection
mechanisra A detailed description of the design criteria, layout apglication ofthe
connection setups has been provided in the Results s8ction

2.4.1. Fabrication of inbuilt, modular and systemic connection approaches

The inbuilt connection chips included both organs on the same chip, the media channels
connected by a fluidichannelbuilt into thechip (Figure 14.8). The chips were created by
thermal fusion bonding PMMA layers of varying thickness using the -based bonding
procesqSection2.2.1.4. The layers were as followis250 pum chip bottom, 5 pm pore PC
membrane, 250 um media channel, 250 um chip top and an ABGEEd 2 mm thick PDMS

top with 0.75 mm punched ports.

The modulacconnection chipsverestacked over one another at the siteonnection Figure

14.b). The upper chip had similar chip layers as the inbuilt commechipi a 250 pum chip
bottom with a port at the site of connection, a 250 um media channel, 250 um chip top and an
APTESbonded 2 mm PDMS port top. In the case of the lower chip, the layers were as follows
T 250 pum chip bottom, 250 um media layer, 250 media interface layer, 0.5 mm gasket
(cushioning materiafolder layer and a 2 mm APTH®nded PDMS top port layéFigure

14.c). Thegasket holder layer enabled the stabilization of the gasket, created by punching a
concentriaing (3mm inner diameter, 6 mm outer diameter) from a 0.5 mm thin sHestible

PDMS which was created by pouring 8 g of the 10:1 PDMS:curing agent mintara petri

dish and curing in the oven.

The systemic connectiotonsistedof two partsi the orgarchips and thdluidic interface

which is systemic connection platform that they would be plugged into. These chips were built
with the following PMMA layersi a 250 um chip bottom with ports to interface with the
connection platform, 5 um pore size PC membrane, 250 um media channel, 250 um chip top
layer, 2 mm APTESonded PDMS port layer. The gaskets were punched out of 0.5 mm thick
PDMS with an inner diamet of 2 mm and outer diameter of 6 mm. The first version of the
connection platform (the invertgmbrt setup) for the media channel flow through studies was
built by lasercutting and gluing the following PMMA layé&rS§00 pum bottom, 175 pum fluidic
connecton layer, 175 mm port layer with 2 mm high connection layer to connect to the
perfusionsetups Figure15).
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a. Inbuilt connection approach
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Figure 14: Inbuilt and modular approaches for vascular chip connection(via the media channels)
(a.) Inbuilt connection where the WAT and livéissue channels are built into the same cliip)

Modular connections with the livechip as the top chip and WAdhip asthe bottom chip (c.)

Schematic of the WAThip layers as the lower chip in the modular connection approach.

L] -]
. B ¥ WAT-chip
I | I I
' Fluidic ‘.
interface Pressure mechanism

Figure 15 Systemic approach for vascular chip connection (via the media channelgjth the
WAT- and liverchips (gray) placed onto théuidic interface(blue). The gaskets (green) enabled
uniform pressure distribution from the pressure mechanism (red) at the point of connection of the chips.

Holders were constructed out of PMMA to simplife handing of thechips with cells during
seeding and connection of the modular and systemic connection plathortins.case of the
magnetic holders, the base magnet holder was created by immobilizing disc or bar magnets
into a PMMA block directly under the pgs of the chips for thenodular and systemic
connection systenmrespectively Figurel6.a,c).In the case of systemic connection, filélic
interfacewas attached onto the holddérhe top magnets were also glued into a PMMA
enclosure, to prevent rusting and degradation during the experiF@nthe screwbased
connectionholderswere fabricateds a3 mm base pieasith 2.5 mmdiameteholes, threaded
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with an M3 screwA piece of 2 mm thick PMMA called a bracket was placed across the screws
that it applied pressure at the site of connection of thechigs Figurel6.b,d).

Modular connections Systemic connections

a. Magnetic pressure mechanism c. Magnetic pressure mechanism

== R cam. ™
'@ Bl ()

b. Screw pressure mechanism d. Screw pressure mechanism

| < : ‘/ ‘~. ( » —

) @ ﬂ ) e \ ’

v * r—

Figure 16. Holders for the modular and systemic connectionga.) For the modular system with
magnets, disc magnets applied pressure atithef connection(b.) A pair of screws with one bracket
across the site of connection provided the required pressure to maintain the connection, (c.) For the
systemic connections, a pair of bar magnets provided adequate pressure at the site ofrctonmteaio

ports per chip and the fluidics of tHaidic interface (d.) For the screw connections, two brackets and

two pairs of screws provided pressure across the points of connection.

L o

Given the challenges of seeding and connection in the invertedydtgmic connection, the

next versions of the connection platform were called the modular cassettes. The chips were
also modified in shape to fit into the cassette which had a provision for reversibly connecting
a fluidic channel across the chips. The mlad cassettes were of two iteratidnthe first was

the modular slot and the second was the 3D printed modular insert cassette. For both these
approaches, pressure was applied by three Wwayagnets, springs or screws. The nextsub
section describes thtaree pressure mechanisms taking the case of the PMMA modular slot
cassette.

2.4.2. Fabrication of the modular cassettmnnection setup

The modular cassette provided a platform into which chips were secured in the x,y, and z
directions due to cassettiesign. The chips were connected to eattter by a connection
channel and pressure was applied at the site of connection by a prasshenismKigure

17). Gaskets provided an even pressure distribution around the site of connectianedithe

outlet of each chip and brackets were used in some cases to secure the site of conwection.
types of modular cassettes were developed in this theeksPMMA modular slot cassette
(which explored 3 pressure mechanisms) and the 3D printed modular insert cassette, which
used the optimal pressure mechanism.
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Figure 17: Layout of the modular cassette.

The PMMA modular slot cassette was created by gluing together varying thickness of cleaned
lasercut PMMA sheets, with designs differing depending on three mechanism of pressure
application, magnets, threaded screws or sgeadgnscrews Figure 18). In general, the
cassettesonsistef a cassette base (usually 250 pum thick PMMA), the chip slot for the WAT

or liver-chips which were built in a specific outer T shape matching the thickness of the chips.
The design of the slots secured the chips in the x and y directions. Finally,pan2&ick

PMMA chip top flap secured the chips in the z direction. In the case of the magnetic pressure
mechanism, the cassette base was thicker to accommodate the base magnets, and the
connection channel was thicker to house the corresponding magneketbrate threaded

screw cassetteada manually threaded PMMA chip slot, to hold M3 screws. Brackets were
created as pieces of 1.5 mm thick PMMA to press down on the site of connection as the screws
were tightened manually.
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Figure 18 Mechanisms of pressure application in the modular cassettda.) Magnetic pressure
mechanism comprised a cassette base (green) housing two magnets (black), a chip slot (red) and cassette
top flaps (blue). The connection channel (red) across tgélehthe chips was covered with a channel

top (blue) housing the corresponding magnets. (b.) Screw pressure mechanism with a cassette base
(green), chip slot (red) with M3 screw holes and threads fabricated into the part directly, and the cassette
top flaps (blue). (c.) Sprintaden pressure mechanism with a cassette base (gheenghip slot

(orange), WATchip slot (red) and cassette top(blue). hexs (black) were embedded into the chip

slot parts directly and held in place by the cassette tog.flap

For the sprindaden pressure mechanism, M3 hex nuts were added to the chip slot layer during
cassette fabricatio(Figure 19.c). Above the brackets, springs were added to screws which
enabled application of force without much manual screwing as was the case of the threaded
screw pressure mechaniskdurel19.a,d). Gaskets for the PMMA modular slot cassette were
punched out of a 250 um thick TPE layer with inner diameter 2 mm and outer diameter 6 mm.
The connectin channelconsistedof three layers of 250 um thick PMMA, thermal fusion
bonded together in the oven with glass slidessteel foldback clampd he gaskets were then
bonded to the connection channels via low temperature bonding at 60°C in the oeguodisth
(Figurel19.b).

Figure 19: Summary of components in the PMMA modular slot cassette system wiipring-laden
pressure mechanism(a.) M3 screws with springs, (b.) PMMA connection channel with TPE gaskets,
(c.) The PMMA slot cassette with integrated haxs, (d.) Bracket to add pressure at the site of
connection Scale bar: 3 cm

The 3D printed modak insert cassette improved on the design of the sfaden modular

slot cassette, in that the cassette was now 3D printed and had additional features to simplify
handling during cell culture. The cassette was designed with the Solidworks software and 3D
printed with clear resin (Forma) Figure20.a). Chips could be inserted into the cassette from

the top while hex nuts mounted onto a haxholder could be inserted from the bottdamglre

20.b). This chip was designed for an assay to read glucose uptake of a single chip connected to
reciraulation perfusion. For this, the cassette had one chip insertion spot, and a region to secure
the connection channel which connected to the chip via a gasket on one side and had an outlet
port to connect to the peristaltic pump on the other $tagife20.a.VIII). 250 um thick TPE

with 250 pum PMMA backingvas lasercut to create gaskietbulk, with an inner diameter of
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1.5 mmto allow a tolerance durg chip alignmentRigure 20.c). Oncethe backing was
removed, the outer hole of diameter 3 mm was punched to reveal the gasket ring

Figure 20: Components of the 3D printed modular insert cassette(a.) An overview of all
components involved in the connections of the 3D printed modular insert cassette with (I) M3 screws,
(I springs, (II) hex nuts being added undee tassette, (IV) connection channel securing stylus, (V)
cassette with viewing window for the chip tissue channel and holes for the insertion of sensor cables to
measure the sensor readout, (VI) the W&iip in this case, (VII) bracket to add pressurihatsite of
connection of channel and chip, (VIII) sensor chip, (IX) reservoir holder for the recirculation setup, (b.)
Picture of the hexut holder, (c.Picture of the sensor chip, (dSthematic of the various chip layers

of the sensor chip, (e.) TPESskets for this connection setup

2.5. Burst pressure daracterization test

The pressure that the compressinechanisms of the connectianghe PMMA modular slot
cassettecould withstand was measured with a burst ¢8shneider, Bras, et al., 202T)he

three pressummechanismgscrew, magnets and sprid@den connectors) were assembled with
connection channels, chipassettand gaskets, and outlet ports of the catinae channels
sealed with superglue (UHW).Luer connector was attached to the chip inlet, which connected

it to aregulated compressed air pressure source via a presgutator Figure21.a.) This
connected system was submerged under water and the compressed air pressure was
incrementally increased in steps of 200 mbar going up to a maximum possible pressure of 6
bar or until bubbles formed at appint in the assembly to indicate material failuFgg(re

21.b). Theramping of air pressure was used to mainédiperimentatonsistency across the
samples
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Figure 21 Burst pressure characterization test setup(a.) Schematic of the burst pressure
characterization test, with the cassette setup attached to a compressed air inlet at the chip and the
connection channel sealed (b.) Picture of the setup submerged under water

2.6. Cell culture

2.6.1. Isolation of primary human adpocytes

Primary humaradipocytes were freshly isolated from biopsies of subcutaneous adipose tissue
obtained from plastic surgerigzerformed by Dr. Wiebke Eisler (BG Klinik Tibingen,
TlUbingen, Germany) and Dr. Ulrich E. Ziegler (Klinik Charlottenhaustt@irt, Germany),
approved by the local medical ethics committee. The protocol for isolation of adipocytes from
the biopsies was publishguateviously(Rogal, et al., 20@. Briefly, the adipocytdaden fat

tissue layer was separated from the dermis, washed twice with PBS+, and the connective tissue
and blood vessels cut away. The adipose tissue was then minced into small pieces and digested
in a collagenase solution (0.13ml. collagenase type NB4 in Dulbecco's Modified Eagle
Medium with 1% bovine serum albumin (BSA)) for 1 hour at 37°C on a rocking shaker (50
cycles/min). The digested tissue was stimth a glasgipette and strained through a 500 um
mesh sieve. The isdkd adipocytes were collected in a 50 aonical tube, washed twice with

D ME M/ H a +hdmeedilim and placed in a T75 cell culture flask in WaAITture medium
overnight.

2.6.2. Cell culture and differentiation of HepaR& cells

The HepaR@& cell line, originally deived from apatient suffering from hepatitis C and
hepatocarcinoma was obtained in the cryopreserved, undifferentiated form and cultured in
collaboration with the group of PD Dr. Alexander Mosig at the Jena University Hospital
according to their establistl protocols. Avial of the HepaR& cells was thawed into 91m

of maintenance med@ M) and centrifuged at 20§for 3 min (Table9). Uponresuspension

in maintenance media, the cells were seeded at a density of 20000 cell€ jpea diR5 flask

and cultured in an incubator at 37°C, 5%2@d 95% relative humidity. Meglichange was
performed two times per week and the cells were passaged every two weeks in a ratio 1:6.
During passaging, the flask with cells was washed with warm PBS. The cells were then
incubated for 3 min with 0.05% trypsin in 0.48 mM EDTA solution &3 facilitate their
detachment. The trypsinization step was stopped with inactivation methercells were
collected into a 50 i conical tube and centrifuged at 2§Q@or 3 min. The pellet was then
resuspended iMM and seeded at a density of 200@liscper cm in a T25 flask. After two
weeks of culture iMM, transition medium (MM with 1% DMSO) was added and four days
later changed to differentiation medium (DMM with 2% DMSO) to differentiate the culture
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into a 50% hepatocy#®0% biliary cell phaotype. After two weeks of culture DM, thecells
weredifferentiated and ready for injection into the chips. The cells could be then usga for
to two more weeks. One week afteecompletion of differentiation, the cells were also frozen
and bankedxbe thawedar used directly. To freeze the celiseywere resuspended in freezing
medium 80022,lbidi GmbH) and 1 million cells were frozen perinn a cryovial. The vials
were frozen in an IPA bath in th@0°C for 12 hoursral transferred to a liquiditrogen storaeg,
and te cells used between passages 15 to 20.

Experiments were also performed with thawed differentiated HegaR@ls. To prepare the
cells for direct use in experiments, a 6 well plate was coated with a 0.1Lnogdfagen |
solution in PBS for 30 min at 37°C. After coating, the collagen solution was aspiratédivand
was added per well to be seeded. A vial coigid million frozen differentiated HepaR&
cells was thawed witMM and plated into 2 wells resulting in a cell number of 0.5 million
cells per well. The cells were cultured for approximately 1 wedlNh until confluent with
media change every two dagdter which, they were cultured in transition medium until ready
to use.

Table 9: Media components of maintenance media, and inactivation media for HepaR& culture

Medium component Maintenance Media (MM) Inactivation Media (IM)
Medium Williambébs medi PBS
FCS 10% 10%
GlutaMAXE 2mM
Human insulin 5 pg/mL
Hydrocortisone 24.7 pg/n
Penicillin/ Streptavidin 1%

2.6.3.  Cell culture of primary microvascular endothelial cells (mMVECS)

The isolation and culture of primary mVE@as been describgateviously (Rogal, Roosz,
Teufel, et al., 2022)Briefly, the cells were isolated from the same biopsies which yielded the
adipocytes, where the skin layer was cut away from the rest of tissue and blood vessels, into
strips of approximately 4m by 1 mm. After washing the strips of skin in PBS, they were
incubated in 10 M of skin digestion solution (2.0/mL dispase D4693Merck KGaA, in

PBS) at 4°C overnight. The next day, the epidermis was peeled away with tweezers and the
dermis washed with PBS twice, before incubation in versene solution followed by 40 min in
0.05% Trypsin in EDTA Solution (59418C; SAFC) at 37°C to atéicell separation from
tissue shaking every 5 mifThe trypsinization was stopped with inactivation medium and the
strips transferred to a dish with PBS, where each strip was scraped with a scghalyto
scrape awayhe cells from the tissue. Thestdting cell suspension was strained in a 70 um
mesh, centrifugdat 200g for 5 min and resuspended in 1Q wf prewarmed ECGM medium

(C 22010, Pr o mo CmadniL Geaatarbidth)(nVECi ekpansidnUnediumlhe

cells wereseeded into two T25 cell cutel flasks and incubated at 32, 5%CO; and
95%relative humidity (rH)overnight. The next day, the culture was rinsed with PBS and
mVEC expansion medium to remove dead cells and debris. Versene treatmpatfoased

as needed otie culture to removelroblasts during the first days of culture as needed. Here,
the cells were washed with PBS and incubated with versene solution at 37°C foubtimi
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the fibroblasts detached. Prarmed mVEC expansion media was added once more after
washing with PBS toemove the versene solution. Media was changed every three days until
the cells reached 80% confluency after which they were either passaged, frozen to be banked
or injected into the chips. The isolated mVECs were used up to P6 in chip.

2.7. Chip culture and perfusion

2.7.1.Priming of chips, cassettes and consumables

In preparatiorfor an experiment, the chips were plasma treated for 5 n7Tid\Wtand15 sccm

O2 with portsside up For the chips with ports on opposite faces, each face was plieessated
sequentially Holders were sterilized with 70% ethanol and dried in the biosafety cabinet.
Springs, screws, tweezers atmllectiontubes for sampling (with holes drilled into thep}

were autoclaved. Sterile PCR tape was cut with autoclaved scissors in a biosafety cabinet and
maintained sterile in a petri dish sealed with paraf@assettes were washed with 70% ethanol

and wiped with wipes soaked in ethanol, placed into the ltysahbinet where they were
allowed to airdry and exposed to UV for 30 minutes.

After plasmatreatment the chips were placed in a biosafety cabinet and flushed with room
temperature PB&riming) and then placed with sterile tweezers into the degassidighin

a50 mL collectioncup (Medi Shop with an additional 25 inof PBS(Figure22). Thelid for

the cup wagpartially screwedn (to leave an aigap)andtaped in place (so as not to fall off
during degassingjhenplaced into a desiccation pot. Attached to a vacuum pdexgmassing

was carried out for 45 min. After degassing, the chips were placed into a petri dish, 2 chips per
dish, and inspectefor bubbles in the channels. If bubbles were present, the chips were placed
channel side pointed upwards int®@ mL conical tube with 25 in PBSand centrifuged at

2009 for 10 min to remove any residual bubbles. At this stage, both channels of thehiprer

and media channel of the WAdhip were coated with 0.1 mglnof ice-cold mllagen I in

PBS. The collagen solution was injected into the channels, with dropletsl gplaperts to
preventthe channels digg out. 15 nk. conical tube caps filled with PBS were then placed
next to the chips inside each petri dish and the system was placed in the incubator for coating
at 37°C for 30 min. After coatinghe channels were #8hed with the respective pvearmed

media corresponding to each channel, with extra droplets placed on each port, and the chips
were returned to the incubator until ready for seeding over the next hour. Over the rest of the
experiment, care was taken tdyadd preequilibrated media to the chips and that ¢hgs

were outside the incubator for a maximum of 2 min at a time, to ensure a constant temperature
of chips during handlingConnectionchannelsfor the cassettevere prepared by plasma
activation pat side upin the same manner as chipdter flushing the channels with00 L

drop of PBS the chipswere dropped into a 50Llmconical tube containing 25 Imof PBS.

These were centrifuged at 26@or 10 min to remove any bubbles and stored at 37°C @n th

day of connection of chips, to equilibrate. Prior to use with the connection platform, the conical
tube was centrifuged again to remove any residual bubbles and returned to the incubator during
connection.
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Figure 22:Degassing holder for chips, to fit in a collectiorcup

2.7.2. Cell injection into the WATchip

The adipocytesvere injected into the chips within 22 hours of isolation. From the culture
flask, the cellavere transferred to a 50Lntonical tube where they weleft static for 1 min

to allow the adipocyteto float to the topUpon aspirating the media below the adipocytes,
they were washed twice with adipocyte seeding meditatble 10)and split into two 15 iin
conical tubes which alternated in remaining initieibator to equilibrate while the other was
in use.

For the preparation of the Hystér gel(Advanced Biomatrix, USA)the components of the

kit were thawed to room temperature in a dry environment and prepared according to the
manufacturer's instructions. 1Lnof degassed water was adde@aezh ofthe vials containing
glycosil and gelin, and 0.5 Imof degassed water added to thdralink vial. The vials were
placed on a rotary mixéor 30 min and then aliquoted with syringesthe calculated amount

of each component into separate Eppendorf tubes. The gel mixture was prepared as
Gelin:Glycodl:Extralink in the ratio 2:2:1 as per the manufactunetmmendations5 pL

of cells was added @b L ofthe gel mixture and gemtpipetted up and down to mix without
introducing bubbles into the gel mixtu@h pL of this mixture was then pipetted into the tissue
fluidics channel of the WAThip so that eacbhambeffilled via sequential loading. Once all

four chambers were fille@5 pL of puregel mixture was injected into the channel, cagighe
adipocytes in the fluidics part to be flushed out, ensuring that only the tissue chamber region
directly below the media channehs filled with adipocytes. The tissue channel ports were
then dried by wiping gently with a Kirachwipe damp with70% ethanol and plugged witi

piece ofPCR tape. Warm equilibratediipocyte seeding mediufhable10) was pipetted into

the media channel and extra droplets were left at the, @ontisthe chip was placed in the
incubator in a petri dish to allow the hydrogel to crosslink for 1 hour. At that point for the
recirculation setup, the chips wereeatitly connected to flow. For the experiments with push
perfusion regime or for endothelial cell coculture experimend3) Rlter pipette tips with 100

pL of media each were placed into the media inlet and outlet and the chips werk place
overnight into he incubator.

2.7.3. Cell injection into theliver-chip

Upon differentiation, the HepaR& cellsin flaskswere trypsinized, detached and centrifuged
(Methodssection2.6.2. The pellet was resuspendeddepaRE& seedingnedium(Table10)

to obtain a cell density of 4 million celtsL. 20 pL of the cell suspension was injected into the
tissue channel of the prepared lnadip, with an empty pipette tip placed at the outlet of the
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tissue channel. Once more than 70% of the mixture was injedtethe channel, the pipette

tips were removed simultaneously to ensure that the cells were not disturbed due to backflow
of media. The cells were allowed to attach in the chip ta@rhours in the incubator, after

which a droplet of media was placedtlae tissue channel inlet and gravitational flow gently
flushed out the unattached cells. At this stage, the tissue channel reservoirs for version 2 of the
liver-chip were plugged with the 3D printed plug, while the ports in versions 1 and 3 were
pluggedwith PCR tapeP200 filter pipette tips with 100Luof corresponding media were
placed at the media tissue inlets and outlets.

Table 10: Media components of adipocyte seeding medium, HepaR&G seeding medium, mVEC
culture medium and FullW connection culture medium

Adipocyte seeding medium HepaRG& seeding medium
DMEM/F122Ha mdé s me d i u r WEM Media (w/o phenol red)
Phenol red) 1% Pen/strep
1% Pen/strep 10% FCS
10% FCS 100 mMGlutamax
10 mM HEPES buffer 5 pg/mL Insulin
0.1 uM Rosiglitazone 5 ug/mL Hydrocortisone
60 nM human insulin
MVEC culture medium FullW medium
ECGM Medium DMEM/F122Ha mdés med i |
1% Pen/strep Phenol red)
1% Pen/strep
SingleQuot kit comprising 10% FCS
2% FCS 10 mM HEPES buffer
12 pg/mL ECGS 0.1 uM Rosiglitazone
1 ng/mL bFGF 60 nM human insulin
0.1 mg/nL. EGF 12 pg/mL ECGS
1 pg/mL Hydrocortisone 1 nginL bFGF
0.1 mg/m. EGF
1 pg/mL Hydrocortisone

2.7.4. Caell injection of endothelial cells intohe inbuilt, modular and systemic
connectionchips.

In the case ofhe inbuilt connection chjgheports beyond the connection chanwele dried

and plugged with PCR tape. Thadothelialcells in the flask were trypsinized, detached and

centrifuged as mentioned previougMethodssection2.6.3) The pellet was resuspended in

MVEC culturemedium(Table10) to obtain a cell density of 6 million cellsimand 15 (L of

this mixture was injected into the systemsning from the WATchip to the liverchip. The

cells were allowed to attach for a period of two hours after which a dropletdinvas placed

at the media channel inlet to flush unattached cells via gravity. Fondkelar connection

system the WAT-chip was placed into the holder and a PDMS gasket added to the connection

port.50 uL was flushed into the chip to fill the chanaetl a20 pL droplet ofmedia was added

to the gasket to ensure ligdidquid contact during the connection of the linaip which was

subsequently aligned at the site of the port. Magnets were added carefully, and screws were
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fastenedsimultaneously onturn at a timeto ensure an even distribution of pressure across the
site of connection. The chigeeding then followed in a similar manner to ithguilt system
Forsystemic connectignhedownward facing connection ports leading to the casssftassh

chip were dried and plugged with PCR tape. Texlia channels of the chipgere injected

with cellsandallowed to attach for a period of two hours after which a droplet of media was
placed at the media channel inlet to flush unattached cells via gravity.

2.7.5. Chip connection to push perfusion regime

Syringe pumps were employed for thesitive pressurdriven perfusion of chips in push
regime. Tygon tubing of inner diame®@51 mmconnecédthe syringes of volume 1,3, or 5

mL to the chipsTo connect tubing to chipsarnulas were prepared by soaking the blunt needle
tips in acetone overnight and detaching itietal cannuldrom plastic with a tweezer. The
metal cannulas were washed with ethanol, dried, and set aside until connected. The inlet tubing
wasprepared by connection of3® cm long piece of tubing to a 2f&uge blunt cannula on

one end which would beonnected to the syringe, and the metal cannula for connection to the
chip. In the case of version 1 livehips, the part of the metal cannula that connected with the
chip also contained an additional cladding of tygon tubing. For experiments that needed
extended inlet tubing, an additional 10 cm long tygon tubing was attached onto the end of the
metal cannula, to enable tubing change at the point of extension. The outigitagimepared

by connecting 10 cm long tygon tubing to a metal cannula. Thegwasthen placed into
autoclave bags and autoclaved before the start of the expt.

During connection, the media to be perfused through the chip was prepared-aadmeel to

37°C. It was then poured intccallectioncup for ease of handling. Syringesne loaded with

the media and each inlet tubing was carefully removed from the autoclave bags and connected
at the plastid.uer part to the syringes. The tubing was filled with media from the syringe until

a droplet of media appeared at the metal canAutdip (individual or connected systemwps

placed intoa chip perfusion holder and the metal cannula from the inlet tubing was connected
into the chip and tubing fixed at the hold&his holder was constructed out of 2 mm thick
PMMA to hold 3 chips at &#ime andhad the outer dimensions of a well plate to enable
interfacing with microscopstagesThe outlet tubing was piiled with media to again have a
droplet at the metal cannula, which was inserted into the chip. The free end of the outlet tubing
wasplaced into the hole in tHe5 mL collectiortube placed into the chip perfusion holder.

After the establishment of a confluent monolayeemdothelial cells, in the caseinbuilt and
modular connection systenthie WAT-chip inlet was connected to tlegringe pump, while
liver-chip outlet was connected to the short outlet tubing, leading to flow from WAT to Liver.
The fowrate was ramped from 5, 10, 20 to 4D/ln every 2 hours. Culture perfusion was
maintained at 40 Iwh. The channels in thgystemidluidic interfacewere plasmdreated and
pre-flushed with warm PBS and warm media and stored in the incubator until it was time to
connect the chips. Gaskets were also added withL.28agh of media just before the chips
wereplaced on top. Thdownwardfacingconnection portsn the chipsvere unplugged, and
chips were aligned onto the cassette. Magnets or screws were added in a similar nteener to
modular connection systeamd push perfusion was ramped as mentidreadre.
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In the case of the modular cassettes (PMMA slot and 3D printed insert cassettes), a seeding
schedule was followed depending on the availability of fresh adipocytes from sufgme(
23.a.). The workflow began with thedipocytes injecteihto chips(subsection2.7.2 and
placed static irthe incubator overnight with pipette tips é&tl with WAT maintenance media
and humidity reservoirs (15lonconical tube cap with mL of PBS). A day before connection

to perfusion, the mVECs were seeded in the WA precoatediver-chips (subsection
2.7.4. In the case of the WAThip, the chips remained upright and after the 2 hours of
attachment, the pipette tips with ECGM medium were add#getohips, maintained static for
yet another day in the incubatdrhe liver-chips were flipped onto the flipping bokigure

23.b) and allowed to adich to the bottom of the membrane for four hours after which they were
returned to the upright position and pipette tips with ECGM medium addaattmand left
static overnight in the incubator. On the day of connection, the HépagBs were injected

into the liverchips(subsection2.7.3, and after the two hours of attachment and removal of
unattached cells, the tissue nhals plugged, angipette tips with FullWmediainserted into

the media channelmitil ready for connectio(irable10).

Working with one system attame, one WAT and ondiver-chip were added to treterilized
cassettdsubsection2.7.95. In the case of the PMMA slot cassette, the PDMS gaskets were
added to the chip tops and FullW media pipetted onto the connection ports to allow liquid
liquid contact. A connection channebhw/removed form the conical tube storage and aligned
onto the gasket with tweezers. At this stage, the brackets containing either thdagfming
screws for spring connectors or screws for the screw connectors were placed onto each
connection port and feened with a screwdriver, alternating the tightening a little at a time to
ensure a similar amount of pressure. Then, with an empty pipette tip placed at thraedvar

inlet and a pipette tip with 200ull W media placed at th&AT-media inlet, the aanected

setup was placed in a petri dish and returned to the incubator until time for connection to
perfusion. Once all connection setups were established, the chips were connected to perfusion
with a syringe pump. Perfusion proceeded at U
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Figure 23: Experimental timeline and apparatus during connection of WAT and liver-chips in

the modular cassettega.) Experimental timeline of cell seeding and connection, (b.) Schematic of the
flipping panel and box while seeding endothelial cells in the-i\@p, (c.) Picture of the connected
WAT- and liverchips before connection to perfusion

2.7.6. Sensorintegration into the 3D printed modular insert cassette and recirculating
perfusion regime

2.7.6.1. Design,fabrication, and preparation of the sensor chips

The sensor cocktail for the glucose and oxygen sensordevatoped andrepared by Stefani
Fuchs at TU Grain Graz, Austria(Fuchs et al., 2022)The cocktail wasa homogenized
mixture of a polyurethanbased hydrogel, ethanol, water, glucose oxidase crosslinked enzyme
aggregates, andpolystyrene beads stained with the oxygen sensitive Hiye
TPTBPF(platinum(ll) mesaotetra(4fluorophenyl) tetrabenzoporphyrirtuthenium(lV) oxide
hydrateand catalase or ruthenii) oxidefor hydrogen peroxiddegenerationThe cocktail

was dispensed as 5800 um spots onto a pressure sensitive adhesive (ThermalSeal RTS,
Excel Scientific) with a microdispenser (MDS3200+, VERMES Microdispensing GmbH).
Given the enzymatic nature of the cocktail and a temperatabdity of less than 40°C, the
pressure sensitive adhesive offered a convenient method of sensor integrattbe base of
fluidic channelsOnce dried, a diffusion barrier (1 um pore size PET membrane, ipCell§ultur
it4ip) was placed directly onto the sensor spAt piece of thispressure sensitive adhesive
containingthe glucose and oxygen sensors was cut and stuck onto the base of the connection
channel, with the oxygen sensor oriented before the glucose sensor in the diretiben of
(Figure 24.a). The connection channel comprised a 250 um TPE fluidic channel layer
sandwiched between two layers of 175 um thick Pi@ure24.b). The bottom PC layer had
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the channel inlet port and the sensor window, while the top PC layer had the channel outlet
port, onto which a PDMS interface layer was APTiitthded(subsection2.2.1.3. A day

before the connection and perfusion experiment,cthrenectionchannel wagplasma treated

and centrifuged in a 50 mL tube BBS+. Thefalcon wasthen placed into the incubator to

swdl the sensospotsandto equilibratethe connection channg the incubator temperature.

2.7.6.2. Setup of the 3D printed cassette for recirculation perfusion regime and sensor
integration experiments

The 3D printed modular insert cassette was employed for these experiments, to assess the

individual glucose and oxygen consumptairadipocytes or hepatocytes with the glucose and

oxygen sensors in the connection channel. First, the primedvelipsered intothe cassette

and a piece of BreatheEasy membrane placed onto the surfacetupttoefluidically seal the

embedded PDM$onnectors and to prevent leakgBeure24.c). A small hole was punched

with a sharp serological 23 needle at the media outletlowing fluid flow across the chip

and connection channelh& sensoconnectionchannelwas placed at the site of connection

and pessure at the brackets was created with M3 screws or the spring ladenveithetive

hex nut holder slid below the casseffée stylus was connected to secure the connection

channel Figure24.d) and reservoir holder added on top of the pillars of the casajted

24.e). The cassettes were mounted onto the cassette holder in the ALRltoxnéted

Laboratory Solutionsand the setup maintained at 37°C and 60% rH. The cassette holder setup

consistedbf a PMMA frame with metal legs to raise the cassettebsallow for the insertion

of sensor cables attachedaghasefluorometdrom below the holde(Busche et al., 2022)

(Figure 24.f). The fibers were passed through holes in the holder, 4.3 mm apart and

corresponded to the cassettes which could be positioned directly on theFibers 24.9).

Autoclavedreservoirs and tubing were prefilled wit@0 pL media and placed onto the media

channel inlet of each chip with the reservoir holder. The outlet tubing was plugged into the

sensor chip outlet to close the loop.

The system was set tdlawrate of 100 |iL/h andthe glucosealibration proceeded by filling

the reservoirs sequentially with a calibration solution | througf Hb{e11). After calibration,

6 chips were injected with cells while the other 6 were maintained as blanks. During the
experiment, perfusion proceeded at the rate of 100 pL/h and the chips were exposed to two
types of media, fed and fastéfable11). At the end of the experiment, calibration was once
again performed.
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PC top

TPE fluidics

PC bottom

€.

Figure 24: Setup of the 3D printed cassette forecirculation perfusion (a.) Picture of the assembled
connection channel showing the oxygen sensor located before the glucose sensor as perfusion proceeds
from left to right, (b.) Schematic of the layers and features of the connection channel, (conruferti

the chip into the 3D printed cassette, mounted on thetiekolder, (d.) Assembled cassette with the

chip, connection channel, stylus and reservoir holder, (e.) Assembled cassette with mounted reservoir,
(f.) Cassettes mounted onto the cassettddnpl(g.) Pictures of the setup in the ALS box with 2
peristaltic pumps, 12 chips and sensor cables connectedRbadkefluorometer

Table 11: Compositions of the calibration solutions, Liver and WAT media (fed and fasted)

Calibration solutions Liver media WAT media
I 7 zero glucosel WEM (w/o phenol red w/o| DMEM/F122Ha mo s
respective supplementg glucosé Phenol redw/o glucosg
media 0.2% BSA 0.2 BSA
Il'7 10 mM glucosei 100 mM Glutamax Fed:
respective supplemente 5 |,q/m_ Hydrocortisone 60 nM insulin
media 0.1% DMSO 11 mM glucose
M 29 mM glucose| Fed: Fasted:
;ﬁ:g;ctlve supplementg 60 nM insulin 60 pM insulin
11 mM glucose 7 mM glucose
Fasted:
60 pM insulin

7 mM glucose
To compare the sensors with a commercially available glucose detection assssndbe
resolution, limit of detection and limit of quantification were calculated as
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2.8. Chip characterization

2.8.1. Live-staining of cells onchip

2.8.1.1. Live-dead staining

The viability of cells on chip was assessed by a live/daesshy with fluorescein diacetate
(FDA) and propidium iodide (BIThe chips were flushed with warm PBS+ with graadtyven

flow by placing an empty pipette tip at the mediaegind a pipette tip with 100_tsolution

at the media inlet. A solutioof 1 pg/mLHoechst in PBS+wasaddedo thechip (100 pL)via
gravity flow for 20 min in the incubatdp allow thelive stainingof nuclei with Hoechst. Next,

a staining solution wad FpAaadd@ug/raLdPlicRBBpand s i n g
flushed into the media channel by gravitational flow. The chips with cells in direct contact with
the staining solution (liver, mVECs) weincubated for 5 minutes with the solution, while the
WAT-chips were incubated for 25 minutes with the solution to a#itaining moleculeso
diffuse across the membraard hydrogeto the cells. The media channels were then flushed
with PBS+ via gravational flow and imaged immediatelyith an inverted fluorescence
microscope (Leica DMi8, LEICA Microsystems GmjBlermany.

2.8.1.2. Cell tracker staining

Cells were stained with&ll TrackeE Deep Red Dydor live-imaging and tracking during

culture on chips. fie dye solutiorwas prepared according to the
by first preparing a 1 mM stock solution in DMSO, followed by further dilution to 2.5muM
FCSfree cell culture medium. The endothelial cells were labellechgm with the solutia by

incubating for 45 mirn the incubatowith the solution via gravitflow across two pipette tips

inserted into the media inlet and outlet. The chips were then connected to push perfusion regime
and mounted ontonainvertedmicroscope (Leica DMI8) wit an incubation chamber and

imaged overnight at 10 min tinetervals

2.8.1.3. CellToxE Green Cytotoxicity Assay

The CellToXE Green Cytotoxicity Assay was performed to assess any adverse effect of
various media compositions on the adipocyiability on-chip. The kit was used as
recommended, where a 1:1000 dilution of the CelB d®reen reagent was prepared with the
media and perfused across the chip in the push perfusion regena period of three days

The chips were imaged in brightfield and fluorescent fields with the Leica DM microscope. To
guantify the fluorescence, a region of interest spanning the chamdzewas selected and
mean grey value quantified for each chamber.

2.8.2. MTS assay onand off-chip
The CellTiter 96® AQeousOne Solution Cell ProliferatiofMTS) Assayassessdthe viability
of adipocytesin the WAT-chips or mVECsin 96 well platesexposed to arious media
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combinationgsummarized in thé&ablel2,and t he assay was used as

protocols
Table 12 Media compositions of the EGM, W, 1tol, FullE and FullW medium
WAT ECGM 1 to 1 Medium Fullw FullE
Medium Medium Medium Medium
DMEM/F12- | ECGM DMEM/F12- DMEM/F12- ECGM
Hamos Medium Hamés m¢gHamdés m Medium
medium (w/o | 1% Pen/strep | (w/o Phenol red) (w/o Phenol 1% Pen/strep
Phenol red) SingleQuot kit | ECGM Medium | red) 10% FCS
1% Pen/strep | comprising- 1% Pen/strep | 1% Pen/strep | 10 mM
«» | 10% FCS 2% FCS 6% FCS 10% FCS HEPES buffer
g 10 mM 12 pg/mL 5mM HEPES | 10 mM HEPES| 0.1 pM
S HEPES buffer| ECGS buffer buffer Rosiglitazone
2 | 0.1uM 1 ng/m. bFGF | 05 uM 0.1 uM 60 nM human
% Rosiglitazone | 0.1 mg/nk Rosiglitazone | Rosiglitazone | insulin
; 60 nM human | EGF 30 nM human | 60 nM human | 12 pg/mL
g insulin 1 pgimL insulin insulin ECGS
S Hydrocortisone| 6 pg/ mL ECGS | 12 pg/mL 1 ng/mL
0.5 ng/mL ECGS bFGF
bFGF 1 ng/mL bFGF | 0.1 mg/mL
0.05 mg/mL 0.1 mg/mL EGF
EGF EGF 1 pg/mL
0.5 pg/mL 1 pg/mL Hydrocortisone|
Hydrocortisone | Hydrocortisone
Glucose| 17.48 5.5 115 17.48 55
conc.
(mM)
FCS % | 10% 2% 6% 10% 10%

The MTS reagent was mixed with the medi¢he ratio 1:Gnd the mVEC# well plates were
exposed to this media for 2.5 hours. Cell viability was quantified by measuring the absorbance
in the plate readeat 490 nm subtracting the background absorbance value measured in a well
with reagent but without cells. The cell viatyilwas quantified everthreedays over a3-day

period of the experimenthe assay was modifiédr the perfusedVAT -chips,whichhad been
exposed to different media compositions as part of the media optimization expdantemat

weeks with extension tubingonnected to the syringe pun#d the end of thexperiment, the
extensiontubing wasclamped,and thelong inlet tubing andsyringe switched with the
correspondingmedia containing the MTS reagefmiixed in the ratio 1:6)Perfusion was
started once again 20 uL/h and 1 hour later, the effluent tit®erechanged to sampfarther
effluents (this was taken as t®fter 4 hous, the collecte@ffluentvolume was pipetted in
triplicates of 25 |1 into 3 wells of a 384 well plate (dark wall, clear bottom) and absorbance
was measuredt 540 nm For background, the effluent of reagent with media flowing through
blank chipswithout cellswas subtracted from the corresponding chip efflu€nhé values of
absorbance from background and from the inlet of the chips were subtracted from the
absorbance values of effluents to give the net viability of the adipocytes in the chip.

2.8.3. LDH-GIoE Cytotoxicity Assay
With the LDH-GIoE Cytotoxicity Assay, the lactate dehydrogenase in the effluent of the
WAT-chip was analysed and compafedthe different media compositions perfused across
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the WAT-chips. The effluent samples were collectedrgway and centrifuged at 5§@or 10

minutes, and pL of effluent wadilutedin 95 uL of LDH storage bufferX0% glycerol, 1%
BSA in 200 mM Tris HCI solution at pH 7.3These solutions were stored-80°C until

assayedThe assay was performed in accordance with manufacturer's protocols]14/beite

of samples were pipetted into an opaque white wall 384 well glateul LDH solution was
added,and the reaction poceeded at RT for 30 minutes, after which lumineseavas

guantifiedwith a plate readgfTecan Spark).

2.8.4. Bodipy uptake and release

The functionality of adipocytes in the WAGhip was assessed by their ability to take up and
release fatty acid in reéime. This assaywas performed in accordance wigneviously
published reportéRogal et al., 2020where the chips were perfused with a 4 uM solution of
BODIPY (a fluorescent fatty acid analog)a push flow regime for 60 min 80 uL/h. Each
chamber of te chips was imaged withtamperature and humid#gontrolledspinning disc
confocal microscope every 2 min to capture the increase in fluorescence within the lipid droplet
as the cells took up the fluorophore. The pump was $hétcthed to pull flow regira and a

pipette tip with onlyplain culture mediumM{WAT or FullW) was added to the media outlet and
pulled across the chip. A reference image was captured for each chamber at tinQaged.

1.50i software National Institute of Health, USAwas used to quantify the fluorescent
intensity variations during the uptake aetkase of the BODIPY dye. The mean gray value of

the fluorescence of the individual tissue chambers and the background was measured at each
time point, the background levels subtracted from the fluorescent intensities measured per
chamber and the offsetlculated, setting the fluorescence of t0 to a value of zero A.U. The
intensities of each chamber were reported as a percent of the highest recorded intensity within
that chamber during the experiment and averaged for the four chambers to report an uptake
rate per chip.

2.8.5. Triglyceride and glycerol quantification in effluent

Triglyceride and glycerol content in chip effluents were assessed usifiggtyeeride GloE
Assayas permanuf act ur e r Orginallynefflient caming ftomshe chipsere
certirfugedat 500g for 10 min pipetted to appropriately labelldds mLtubes and frozen at

80°C. At the time of the assay, the effluents were thawed and sampled in duplicated.of 20 u
into a 384 well plate (opaque white walBlycerol lysis solution wi (GLS+) and without
lipase (GLS) and glycerol detection reagent (GDRgre prepared aradded to the samples

and incubated at 37°C for 30 min. Reductase was then added, and an hour later, kinetic
enhancer was added to the samples. Lastly, GDR was autiezlwells, incubated at RT for

60 min and the luminescence recorded. The samples incubated with GLS+ yielded total
glycerol content while the samples with GLhfelded the free glycerol content. Triglyceride
secretion was quantified by subtracting thkiga of free glycerol from total glycerol content

and after a final background subtraction

2.8.6. Cell fixation, blocking and permeabilization

The adipocytes were fixed arhip by first flushing with PBS+, followed by 4% phosphate
buffered formaldehyde solutigiRoti®- Histofix 4%) for 30 minutes at room temperature by
gravity-flow (100puL). Endothelial cells cocultured in the chip were fixed simultaneously. The
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HepaR@& cells were fixed on chip by first flushing with PBS+, followed by 4% phosphate
buffered formadehyde solution (Roti®Histofix 4%) for 10 minutes at room temperature by
gravity-flow (100 pL/s). Thefixative solutiors werewashed out three times with PBS+ by

gravity flow and the chipcould be stored at’€ until processed further.

In the WAT-chip, the adipocytes were first permeabilized with 0.1% Triton in PBS+ for 20
minutes at RT, followed by blocking with 0.1% Triton in PBS with 10% normal donkey serum
for 45 minutesin the media channeln theliver-chip, the hepatocytes were blocked and
permeabilized with 0.1% saponin and 3% normal donkey serum in PBS for 30 min at room
temperaturén the media channel

2.8.7. Immunofluorescence staining

Primary antibody solutions were prepared by diluting the appropmateirat of antibody in
antibody diluent (0.1% saponin and 3% NDS in PBE)b{e 13). 50 uL of the antibody
solution was added to the chips via graviopM and incubated for 16 hours at 4°C.

Table 13 List of primary antibodies used during experimens with the three cell types

Adipocytes HepaRGE cells mVECs
GLUT-4, Ms Albumin, Gt(AF3329 R&D System Biotech VE-Cadherin, Rb
(9001, Cell GST-U Gt(GS68 Biomedical Research) (555289 BD Bioscience}
Signaling E-Cadherin, G{AF748 R&D Systems Biotech) | CD31, Ms(352§ Cell
Technology) CYP3A, Rb(AB1254, Millipore) Signalling Technology)
Glutamine Synethetase, Rib73593 abcan)
MRP-2, Rb(4446, Cell Signaling Technoloyy

The cells were then washed with wash solution (0.1% Saponin in PBS for liver, 0.1%Triton in
PBS for WAT) three times. Secondary antibodies and DAPI solutions were prepared by
diluting the antibodige 1:100 in antibody diluent. Bodipy was also diluted in the secondary Ab
solution in a ratio 1:1000, and the 488 secondary Ab was withheld. DAPI or Hoechst were
mixed into this solution in the ratio 1:500. This was then added to the chips and incubated for
1 hour in the dark at room temperature. The chips were washed again three tinRBSwih
gravity flow, and then imaged with the Zeiss widefield, LSM microscope and spinning disc
confocal microscopéTlable 14)

Table 14: List of filter sets used for thefluorophores on the fluorescence microscope

Fluorophore Filter set Excitation Emission
Alexafluor 488(A-21202 Invitrogen) Bodipy 38 (HE) BP 470/40 BP 525/50
(D3922; Thermo Fisher Scientific Inc.)
Alexafluor 546(705-165-147, Jackson 43 (HE) BP 550/25 BP 605/70
ImmunoResearch Labs)
Alexafluor 647(A10036 Invitrogen 50 BP 640/30 BP 690/50
DAPI/Hoechst(D1306 Invitrogen) 96 (HE) BP 390/40 BP 450/40

2.8.8. Periodic Acid and SchifReagent (PAS¥taining

PAS staining was performed detect glycogen ifixed HepaR@& cells in well plates as per

the manufacturer's instructian&fter rinsing the plates with running tap water for 1 minute,
the negative control was prepared by addinggdnmh of amylase solution in 30 mM Cagl
solution to the cells in one well and incubating for 15 minutes at 37°C. This digested the
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glycogen for the negative control, while the other wells were incubated with DI water. Periodic

acid solution was then addemleach well and incubated for 5 minutes at RT. After rinsing the
over one mi
and incubated for 15 minutes at RT. The wells were then washed over 5 minutes in running tap

well s three ti mes

water. The nuclei were then stained with Hoechst (1 pgrmtap water) for 20 minutes at RT,

nut e

Wi

t h

di

St

after which fluorescence was measured in a plate reader and imaged with a fluorescence

microscope (Zeigs Measuring the fluorescent intensity of the immunoflucees and PAS

staining was found to be the most quantitatively rigorous and time efficient method of assessing
marker expression, as opposed to imaging individual €hswla et al., 201 )Tablel15).

Table 15: Excitation and emission on the fluorescent plateecader to measure PAS staining

PAS Hoechst
Excitation wavelength 535 360
Emission wavelength 680 465
gain 100 60

2.9. Liver -Sinusoid-on-Chip (LSOC)

2.9.1. Formula derivationof fluidic resistance across the pores in the branched shower

concept

The radii of the pores were calculated using resistance equagmssiring that the
corresponding resistance of each pal@ng the branch was the same, and an equal flow of
fluid existed across aflores(Figure25). Thefluidic channel had a rectangular creestion,

ard the pore was treated as a cylinder for the resistance calculations. The resistance of a channel
of rectangular cross section of height h, length | and width w where | >>w and w >> h and p

as dynamic viscosity of the fluid is

Y

The resistance of a cylindrical channel with diameter d and length | here | >>d is

Y

p
Q
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Figure 25: Derivation of pore resistance across a shower branch

2.9.2. Fabricationof the LSOC

The fabrication of thdiver Biochip (LB) was performed by Dynamic42 GmbH in Jena
Germanywhere the chip body was madeiofection moldedpolybutyl terephthalate (PBT)

with a 50 umPC foil laser welded on the bottom tife chip(LPKF). An 8 um pore PET
membrane was laser welded into the membrane candyhe ShowerTop laser welded onto

the top of the chipThe idea was to provide a gradient of dissolved species in the media as it
flowed from the shower top, mixing with the flow from the media channel and exposing the
hepatocytes in the Biochip to a gradient of species.

Experiments were performed on two versions of the LB and the ShowerTop integrated onto
the chips. Version BC002 of the LEath a hexagonal tissue chamber with culture volome

100 pL while BCOO05 hada straight channel architecture for the tissue channel and a culture
volume of55 L, requiring fewer cells in the tissue chamber and hence a smaller perfusion
volume. TheShowerTopcomprised three lasercut layérshe 50 umPC pore layey 250 pm

TPE shower channel and 175 pum @@ (Figure26.a). Pores oapproximate diamet@00um

were lasercut is the PC pore layer, and the other layers were lasercutzaredi(Siglsection
2.2.1.1. The three layers were arranged on top of eachother with the lowest being the pore
layer, placed between glass slides with a 2 mm thick cured PDMS spacer to evenly distribute
pressure, clanegd with steel foldback clampand bonded in the oven with the same ramp
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protocol as for the livechips (subsection2.3.2.9. The assembled ShowerTops were then
laser welded onto the liver Biochlyy Dynamic42 GmbHThe ShowerTops were lined with

UV glue (NOA 81, Norland Adhesivgsby application of a thin line of glue outside the
ShowerTop with a 1 imsyringe and cured under a Uasmp UWAVE) at 99% inénsity for

10 minutesFinally, aPET female minLuer connector@arwin Microfluidics, Francewas

glued onto the top port to enable simple connections. To achieve thiBptdreUHU glue

(UHU, Germany was used where in the firdep, the solvent marker was applied onto both
faces to be bonded. Next, the connector was positioned onto the top port and the UHU glue
was dropped at the boundary with the help of adispenserltimus |, Nordson EFpand

ar 66 (1 D 0. 09detGONANDDssiemeghnik @rdHFigure26.c).

—— Mini Luer adapter

175 pm PC top

g 250 pm
~ TPE shower
channel

50 pm PC
pore layer

Liver biochip
BC005

Figure 26: Design and fabrication of the LSOC .(a.) Schematic of the layers of the Shower Top and
alignment onto the LB, (b.) Picture of the assembled shower top, (c.) Picture of the assembled chip,
with luer connector and the shower top

2.9.3. Preparation of the LSOC for perfusion

Connections with the LSO®@ere made with Luer adapters (M3003, MoBiTec). Tubing with
inner diameter 0.51 mm (SC0731, PharmMed BPT, Ismatec) ceaae2lG blunt needle tip

with the luer adapter. The shower channel tulmogsistedof a similar setup with the 2G

blunt needle tip0.51 mm ID tubing and a male mini luer connector to interface with the female
mini luer connector on the LSOC. Two sets of the shower tubing were prepared, to enable a
time-controlled introduction of the solution to create the gradientiop. The outletubing

was built by connectinthe 0.51 mm ID tubingvith aluer adapter.

These tubings were autoclaved before use in the experiment. At thef staxperiment, the
chips were plasma treataddfirst primed with 70% ethanevith a P1000 pipettstarting with
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the shower channel then the media channet {isigbsectior2.7.1). This was immdiately
followed by flushing with PBS and the chip was then placed into a conical tube filled with 25
mL PBS with the shower channel facing towards the cap. The tube was centrifugedyat 200
for 10 minutes to remove any bubbles from within the system.

2.9.4. Zonation of FITC-Dextran across the LSOC

To demonstrate the principle of zonation, a solution of FiiE€tran was perfused across the
shower channel such that it mixed with the media channel and the zonation of fluorescent signal
could be analyzed by fluoresaenicroscopy Figure27.a). At the start of connection, the tissue
channel of the primed LSOC was blocked with male Ipleigs (CS10000230, Darwin
Microfluidics). A solution of 1 mg/mL of FITC Dextran (FD¥lerck KGaA) was prepared in

PBS. One set of tubing was loaded with the FITC solutinperfusing into the shower
channel while another set of tubingasloaded withPBS for perfusing across the media
channel The primed chip was first connected to the media channel inlet, after which the media
outlet tubing connected the chip to a 1k oentrifuge tube as a reservoir outlet. The media
channel syringe was mounted omtayringe pump. The two syringes for the shower channel
were loaded onto a separate syripgenp and the tubing filled with PBS connected to the
shower channel at first. Theerfusion setupvas mounted onto a spinning disc microscope
(Zeiss), programmeatobtain tile scan images of 4 columns with 10 tiles each, running across
four regions perpendicular to the directiorflofv (Figure27.b). The pumpsvere programmed

to perfuse PBS at 50 pL/min across the media channel and FITC solution at 5 pL/min across
the shower channel. At a specific time (t0), the shower inlet tubing was switched to enable the
perfusion of FITGdextran solution across the showdiannel. Images were obtained in the
brightfield and FITC channels at t0 and when the experiment was terminated, after 160
minutes. The tiles per column were stitched together and mean gray values obtained for each
column.

2.9.5. Zonation of oxygen across theSOC

Another demonstration of zonation was by flushing an oxygen scavenging solution of sodium
sulfite across the shower channel, which scavenged oxygen from the PBS perfused across the
media channel. This zonation of oxygen could be observed twyaen sensor embedded into

the tissue channel. For thiketprimed chips were placed in a petri dish with a{fB&I 15

mL conical tube cap and equilibrated to 37°C in the incubator. OXNANO beads (Pyroscience
GmbH) were resuspended in sterile miliQeat as per the manufactur
obtain a stock of 10 mg/mL. An oxygen sensing gel solution in MiliQ water was prepared on
ice with the following componenis10% OXNANO bead stock, 10% of 10x PBS, 6% 0.1M
NaOH solution, 30% of bovine Collagérsolution (10 mg/rh stock FibricoE , Advanced
Biomatrix, 3 mg/mL final concentration). The pH was checked with pH indicator strips to
ensure a qualitative value between 7 and 7.5. 150 pL of the gel was injected into the tissue
channel below the membraaad immediately plugged with male luer plugs {0¥®00230,

Darwin Microfluidicy (Figure 27.c). Care was taken not to introduce bubbles into the gel
mixture during preparation and injection, and the gel was allowed to crosslink in the incubator
for 1 hour. The crosslinked gel was then inspected for bubbles and discarded if there were any
present, due to future interference with the sensor experimerntd-experimentpneset of

tubing was preparefr the media inlet and two for the shower ir{ltction2.7.1). A solution
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of 40 mg/mL of sodiunsulfite solution was prepared 20 min before the start of the experiment
and he media inlet tubing was loaded with PBS and syringe loaded onto a syringe pump. The
shower inlet tubing was loaded with the2R&% solution, and the showénlet was initially
plugged with a male miduer plug (C$1000003, Darwin Microfluidics)Kigure27.d).

A sensorcableholder was fabricated with a rectangular PDMS piece cut in the size of the chip
of height 5 mm with three holes punched with a 4 mm biopsy punch. The sabsswere

fed into the holes and secured onto a conical tube rack. The chip was mounted sensdohe

fiber holder first away from the sensors to perform a background calibration. Then, the chip
was positioned such that the tissue channel containing the sensor gel aligned exactly on top of
the three sensarables to enable capturing oxygen conaations at three different points

along the length of the tissue channel. The sercables were connected to the
PhasefluorometgPyroscience GmbH), set to capture readouts every 5 minutes ovdrausix
duration of the experiment.

a. Shower channel b.
(FITC) Media outlet

Media mlet ~
(PBS) ! !

Tissue channel (plugged)

C. d. Shower channel (sodium
sulfite) Media outlet
Media inlet
(PBS) i i

Tissue channel
(Collagen I with
OxNANO beads)

PDMS sensor
cable holder

Sensor cables to
Firesting

Figure 27: Testing zonationof media componentswith the LSOC. (a.) Schematic of the zonation
setup for FITGdextran zonation across the LB, (Bigture of the acquisition setup on the spinning disc
microscope, (c.) Picture of LSOC with oxygsensofladen hydrogel injected into the tissue channel,
(d.) Schematic of the zonation setup for oxygen zonation across the LB

2.9.6. Effect of zonation parameters on HepaREGcells in well-plates
The dfect of concentrations of media components such as gluicasdin andglucagonwas
tested on the HepaHRG cells in well platesThe conditions were chosen based on a publication
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by Grecocet al.(Greco et al., 1979ndcell culture and experimealtprotocok weredeveloped
to reprogram the sensitivity of the HepalRGCcells. DifferentiatedHepaR@& cells were
seeded at a density of 2500 cells?¢m1 million cells/ well) into darkwalledclear bottom 96
well plates in seeding medium (MM with 0.1% DMSO), withoutlaintics. The medium was
changed every 2 days and cells were maintained until confluent (approx. 5Qiaydgy 5,

starvation was induced with starvation medium (WEM medium without phenol red, 4.55 mM

glucose and 0.2% BSA) for three days. At the starhefexperiment, the cells were exposed
to varying concentrations of glucose, insulin, glucagon, and ammartiloride Table16).

Table 16: Description of media component concentrations for the zonation experiments in well

plates
Description of Insulin | Glucagon| Glucose | NH ,CI
condition ID# zone [nM] [nM] [mM] [mM]
1 Zone l 60 0.070 5.550 -
in vivoconc. 2 Zone 2 39 0.049 5.345 -
3 Zone 3 18 0.028 5.139 -
Effect of 7 Zone 1 100 0.000 7.000 -
glucose 8 Zone 2 100 0.000 11.000 -
variation 9 Zone 3 100 0.000 | 17.000 -
20 | Control FED 860 - 11 -
Control for
HepaR®& Control ] ]
21 FASTED 100 455
in vivoconc., | 1* Zone 13 60 0.07 5.55 3
ammonia cycle
activated * Zone 13 100 0.000 7.000 3
Control for | >0« | control FED3 | 860 - 11 3
HepaR ,
ammonia cyclg 514 Control i
activated 21 FASTED-3 100 455 3

A 1 mg/mL stock solution of glucagon was prepared in 0.05 M acetic acid and diluted for the
experiment. At the end of the experiment, effluent was sampled, and the cells fixed and stained.

PAS staining or immunofluorescence staining was performed oHepaRGE cells (sub
section.8.7and2.8.7respectively). Thetainingwascharacterizedn theplate readefTecan

Spark)(Table 17)i

Table 17: Excitation wavelengths for the immunofluorescence quantified on the plate reader

Fluorophore Excitation [nm] Emission[nm]
Bodipy 485 535
Alexa Fluor 546 535 590
Alexa Fluor 647 620 680
Hoechst 360 465

The data was normalized by dividirie fluorescence value per chantgl the nuclei
fluorescence. Then, comparisons were made ofaidechangeof expression of markers for
zone 3 compared to zone 1 for each media condition.
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2.10.

Computational modeling
Finite element models were used to simulate fluid flow in WMAT, liver-chips, chip
connections and in the Liv&inusoidon-Chip by finite elementmethod (FEM; COMSOL

Multiphysic$® v5.5, COMSOL).The modules used weranhinar fuid flow, free and porous
media flowand transport of diluted species

For the WAT andliver-chips,at i me

dependent

study

of

OTr an:c

Por ous whbkeuded aobstudthe diffusive transport o dissolved media component

perfused into the media channel and diffusaggoss the membran&ghe membrane was

per meabil i
5.27x 10 m? and 0.0785 respective(izoskill et al., 2017) These values were calculated for

a 5 pm pore size membrane of pore densit§,@00pores/cm. TheNavieii Stokes equain

assumed to ba poo u s

governed the flovin the free regiopand he Brinkman equatiom the porous regiorwith the

regi on

and

hydraulic

assumption oh waterlike mediumanda fully developed flow at the inlet face of the media
channel. Neslip boundary conditions were defined, and a constant zero Pa relative pressure at
the outlet face of the media channefl#id flow ratewas chosen as 20 yL/h across the media
channel A steady inflow concentration of 1 M was chosang adiffusion coefficient(D) of
10° m%s was chosen to modaiblogical molecules in water.

Oxygen consumption differences were quantified comparing two different heights of the tissue
channel in the livechip. The top surface of the membrane was chosen as a reacting surface
with a rate of oxygen consumption@.3x 10 nmols? for the cell number in chip. With a

diffusion coefficient of3.15 x 10° cn?s?! (Brischwein et al., 2009)an inflow oxygen

concentration of 0.2 mM was selected at the chip ports and as an initial value for the system.
For a tissue channel of height 250 pm with an inflow of 20 pL/h, the variation of oxygen

concentration along the channel length was compared to a tissue ¢feiid um, where

additional inflows of 60 and 100 pL/h were also evaluated.

For the LSOC, theshower inlet concentratiorad diffusion coefficientgorresponihg to a
physiological rangef the dissolved specied the base of the chanrdelve been summiaed

in Tablel18.

Table 18 Simulated concentrations of dissolved species in the shower inlet and media outlet
Species Shower Diffusion coefficient Reference
inlet [mM] [m?s]
Glucagon | 1.44x 103 1.5x 1010 (Buladi et al., 1996)
Glucose 55 9.1x 10%°
Insulin 11.1x 103 1.5x 10%°
Oxygen 0.2 3.15x 10° (Brischwein et al., 2009)

A computational model was set up to study the flow profiles of various designs of the immune
cell holder. A stationary porous media flow model was set up, in a 2D model with radial
symmetry. The angulatelocity in radian/s was calculated as

Sy
(pT[
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Wh e r ethewevolusions per minute (rpmé disc impeller model was created dgsigning
the outline of a bar magnet and projecting it via the axial symnogtign about the central
axis of the mixer A pressure point constraintas selected at the erface of the liquid level
and the wall of the immune cell mixé.moving wall boundary condition was provided at the
outline of the bar magnet rotate with the angulare | oci ty Y.

2.11. Development of the mmune cellreservoir

2.11.1. Fabrication of the holder anccomponents

The immune cell holder was designed to interface with a fluidic platform and to support the
long-term culture and perfusion of immune cells across MOCs. Components for the holder
were fabricated in collaboration thiMr. Martin Gaier at the Natural and Medictiences
Institute, Reutlingen, Germanywo mixing mechanisms were fabrica{@@ble19), theparts

for whichwere either 3D printedr lasercuby me(Form3+, Formlabs) or turned on the turning
machinen the workshop of the NMI by Mr. Martin&er (Weiler Condor) Table20).

Table 19: Components of the mixing mechanisms of the immune ce#iservoir

Common components

Outer cylinder Main mixing chamber, enclosing the components

Inner cylinder- Cell chamber, holding the cell suspension

Cannula legs Support the innecylinder, connect to the MOC platform

Membrane Confined the cells within the inner cylinder

Silicone base Interfaced with the MOC

Bayonet fastening mechanistiio support the immune cell holder

Voltmeteri to modulate thenotor power

Motorized impeller holder components Magnetic impeller holder components
Top membrane fastening rifighad high walls tq Bottom membrane fastening ring and base \
guide the flow to the impeller mounti high walls below the inner cylinder fq

flow focusing
Impeller head attached to a motor via a shaft| Impeller attached to a disc magiietio generate

upward flow
Motor and motor holder to support andirive | Magnetic stirrer mounted on a computer faio
the impeller to generate an upward flow drive the inner magnet

Shaft seal to maintain a watetight system Silicone top lidi to seal the system shut

Table 20: Summary of parts of the immune cell holder and manufacturer details

Part Material Fabrication Manufacturer
method
Outer cylinder | PMMA Turning KTK GmbH, PMMA extruded
hollow tube, 502424
Inner cylinder | PMMA Turning Reiff GmbH, PMMA extruded
cylinder, 9735448
Membrane 8 um pore PET Laseraitting It4ip, ipCellCulture
Cell chamber Polyethylene Turning Reiff GmbH,PE1000
rings
Silicone base | Silicone rubber Molded out of | SiliTech AG, Bluesil RTV 3428
a PTFE form
Bayonet Clear resin 3D printed Formlabs
fastener and ring
Impeller Clear resin 3D printed Formlabs

70



Motor holder High polymerization | Turning Hildi GmbH, HPVCRO70GR
polyvinyl chloride
Base wall moun{ Clear resin 3D printed Formlabs

2.11.2. Flow test setup for endotoxin tests
The setup for thenagnetic impeller holder was used to run this experiment, quantifying the
endotoxins in the system and the effect of sodium hydroxide treatment on these endotoxin
levels. The components of the holder and fluidic interface were wiped with a Kimtech wipe
so&ked in 70% ethanol and placed in a sterile workbench. They were then exposed to UV within
the bench for 30 min before assembly and comudotpush perfusion of PBS. Effluent was
collected over 24 hours for a flowrate of 100 puL/h. Téservoirsetup washen disconnected

from the pump, and pipette tips containingM %olution of NaOH filled into the cell chamber.

The mixing chamber was washed by filling with NaOH. The setup was left static for one hour
as a general recommended treatment to purge arsydtendotoxins, after which the setup

was washed three times with endotekige water. The setuwas perfused overnight, and
effluent collected. The collected effluents were stored at 4°C until the endotoxin assay
(A39552, Thermo Fisher) was performeds @or di ng t o t he
immediately upon termination of the experiment. Briefly, the samples and endotoxin standard
curve solutions were pipetted into a 96 well plate maintained at 37°C on a heating block.
Amebocyte lysate reagent wadded to the wells and incubated for 10 minutes, after which the
chromogenic substrate was added to the well plate. After 6 min, the reaction was stopped with
25% acetic acid and absorbance read at 405 nm.

2.12. Image processing and statistical analysis
Fiji [Image J version 1.53c] wasilized to adjust brightness armmbntrastof imagesto create
maximum intensity projections afstacks and tinsert scale barg:luorescent intensity was
measured by calculatedean gray valueslso performed using FijGraphPadPrism version
9.5.1 for Windowswas used to analyze effluelbédsedassays, generate standard curves and
graphs, and perform statisticsignificance testingBar graphs are represented as average
values + SEM(standard error of meansless statedtherwise and the sample size (n)
representingechnical and biological replicates detailed in each figure captioiio test
statisticaly significant differencesbetween twogroups ofsamples oneway or two-way
ANOVAs were performedThe pvalues are denotad every figure caption where specified.
To generate standard curvegbfcose, lactate, and glycerol/triglyceride concentrations linear
regression was used

manufact
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3. Results

3.1. Developing connectiorstrategies for OoCs

An ideal MOC platform allows for a robudtexible, and reversible connection of the OoCs
via their vascularized media channel. The chips are either integrated directly onto or easily
pluggednto the platform, with minimal dead volunteenable quick response times to stimuli.
The platform should beonstructed oubf minimally absorbing materials and allow for the
integration of sensors, for the study of cell culture parameters timeal To this end, the
connection approaches favo organchipswerecompared, to select the ideal approach given
certain design criteria. Mechanisms of pressure application to secure theliaannection
and mechanisms of ledkee and robust worltb-chip connection strategiagere explored,
and characterized, taking the case of connecting two metabolising -ohgas, the white
adipose and livechips.

3.1.1. Approaches for the connection of two orgarhips

Design criteria were studied after observing the requirements of the state of tHeemdture
(Introduction section). An optimal connection strategy accounts for criteria stioh ease of
platform design and fabrication, seeding timing and flexibility, dead volumes, ease of sensor
integration, total system size and most importatitig, possibility of a vascularized interface.

The three followingapproaches tomulti-organ connectiowere exploredFigure28):

I.  Theinbuilt connection approachnvolves tissue channels integrated onto the same
chip with a common media being perfused across the two tisdees, the tissue
layers, membranes and madhannels for both OoCs are integrated into the same chip
with a fluidic connection between the two tissues.

i.  Themodular contact approactallows two independently fabricated chipghich can
be injected with cells and cultured separately@nthected #xibly in time, by directly
stacking the chips on top of each oth@ne chipis stackedon G¢opdwhile the other
remairsatt he &b ot t o maoinsertedinthk middle g eng kfeushioning
materialto provide uniformly distributed pressure at thige of connection.This
pressurecan beapplied either by magnets or screwtow would proceed from the
media channel of one chip, across the gasket to the other chip.

iii.  Thesystemic connection approacéhvolves the two orgachips inserted into a fluidic
interface containing the connection fluidics to interconnect the inserted-cingen
The two chips have the same spatial alignment of parescultured with cell
separately, and then plugged into thedic interface via gaskets. Medis perfused
into the fluidic interface, across Chip 1, through the fluidic interface to Chip 2 and out
back through the fluidic interface.
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Figure 28 Approaches for vascular connection of orgafchips (representative pictures of chips with
coloredwater in the media channel connectiols) anexamplefor the modular contact approache
liver-chip was the upper chip, stacked onto the ANIp as the lower chip.

3.1.1.1. Designand fabrication of the three mnnection approactes
The chips were designed in CorelCAD (C&r@land theproofof-concepttesting was

performed with chips containing only the media channel and memlwithethe culture of
endothelial cellsThe inbuilt connection approachnnected twadissue chips, designed based

on previowsly establishedlesigns of the WAThip (Rogal et al., 2020and the liverchip
(Rennert et al.,, 2015)The relative tissuevolume ratio for visceral fat to liver as per
physiological valuesvas calculated as 3.1AChan et al., 2006; S. Jang et al., 2011; Mubbunu

et al.,, 2018) The modular and systemic connection approaches were designed during
supervision of the masterdéds thesis of Jill
WAT- and liverchips matched that of the inbuilt connection apprd&aiure29).

a. b. C.
25,0 mm | 25,0 mm
— 20,7 mm — | 20,6 mm —
22,0 mm - [ I
‘ o]
- 1 4mm o I
5,09 mm é 0 o M~ o
< E > S 9
1,1 ] = 4
9,97 mm il

t12,5 mm

3,0 mim

Figure 29:Design anddimensionsof chips in the three connection approachega.) The Inbuilt
connectionapproachhad WAT and liver media channels (green) on the same chip, (b.n€t=
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channel for th&VAT -chip (green)for the modular contactonnection approach, with a gasket holder
layer (magenta athannel outlet), (c.) The media channel for the Wekip (green) for the systemic
connection approach

The modular contact WAThip was the bottom chip, with the livehip stacked on top. The
liver-chip had a connection port facing downwards, and flow proceeded from the WAT chip,
up to the liver via the gasket inserted in between. The VA liverchips in the systemic
connection approach both had ports facing downwards, so that they coldddu:qn top of

a fluidic interface which contained the fluidics to connect the two chips.

3.1.1.2. mVEC injection and culturein the connection approach chips

Experiments of cell seeding densities and initial perfusion tests were performed with mVECs
in the inbuilt connection approacketup(Table 21). These testivolved iterations in cell
injection strategies (single or double injectipneell densities and cell volumes during
injection, and ramping strategies during perfusion. Erpemnis with the mVECSs established a
seeding density of 6 million cellslmand a volume of 1HL per chip to achieve a confluent
monolayer after 24rof attachment time. A volume of 1 led to inconsistencies in seeding
densities, with gradients of covegeacross the length of the media charmoighe second
organchip. Thus, this volume was increased tod5to ensure the minimal number of cells

per chip needed to ensure a fully confluent monolayer across the media channel. An additional
observation wathatthe cellswerewashed awaypon connection to perfusiahthey did not

form aconfluentmonolayer before connection. This resulted in the reduced coverage in the
lower seeding density cases after connection to perfusion.

Table 21:Cell injection study of endothelial cells into the connection chips

Cell seeding Injection Results after 24 | Reduced cell coverage upor
density volume(uL) hours perfusion?
2 million cells/ mL 20 pL 40% confluency Yes
4 million cells/ mL 10 pL 80% confluency Yes
6 million cells/ mL 10 pL 80% confluency Yes
6 million cells/ mL 15 uL 100% confluency Cell coverage maintained
8 million cells/ mL 15 pL >100% confluency| Cell coverage maintained

After coating the chips witlCollagenl, a series of steps were followed to facilitate chip
connection and mVEC seeding. In thbuilt chip casethe seeding strategy involved plugging

one set of ports, namely the WAT media outlet and liver media inlet, and then injecting the
MVECS across thehip (Figure30.a). The cells were seeding and maintained static with daily
media replenishmemia pipette tips at the inlets and outlatgtil the cells formed a confluent
monolayer. In the first instance, the cells were stained with cell tracker (Thesimer) and
images obtained before connectidfiglire 30.b). In the case othe modular connection
approachthe cell injection strategyvolvedfirst connecting the chips and then injecting the
cellsto yield a uniform endothelial cell coverage before connection to perf(sigare30.c).

In the case of the systemic connection approach, the endothelial cells were first injected into
the chips, after which the chips were connected to the fluidic interface upon the achievement
of a confluent monolayer of endothelial ceBgure30.d). Cells were allowed to proliferate

over a period of two days before connection and initiation of perfuBigarg30.e).
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Figure 30: Endothelial cell injection strategies for the connection approacheqa.) Schematic of
inbuilt chip with plugs (red) at the media outlets and cell injection from position number 1 to 5, (b.)
Fluorescenimageson day 2of theconfluent monolayer aéndothelial cells in the channels at position
2,3,4 (cells stained i@elltracker®deep red, scalebar: 500 um) (c.) Schematic of modular connection,
with the liverchip stacked on top of the WAGhip, and cell injection proceeded from position 1 to 6,
(d.) Schematic of systemic connection, with cell injection taking place inadg separately, but once
connected, perfused from position 1 to 4, (e.) Representative fluorescent imagesieadv&aining
(FDA in green, PI in red, Nuclei in blue) of the positions 2,4,5 in the modular connection system
(Scalebar: 300 pm).

A pushperfusion regimewnas established byampingthe flowrate from 5 to 40 uL/hby
doubling every two hourd&Jpon three days of perfusion of the systéme,coveragef cellsin

the first chip seemed to have diminished compared to the sdoamdstream chip iall cases

of the connectionRepresentativave/dead images obtained at various points along thes chip
in the modularconnection Figure 31.a) approachshowed that from th&VAT to liver
perfusion, the WATchips had lower cell coverage compared to the maintenantieeof
monolayer at the livechips (Figure31.b), and vice versa when the direction perfusion was
revesed (Figure31.c).
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Figure 31 Effect of mediaflow direction on cell coverage(a.) Schematic and definition of positions

at WAT- and liverchips in the modular connection approach, (lb/g-dead images of positions 2,4,6

on day 3 indicating endothelial cell coverage with perfufiom WAT to liver-chip, (c.) Livedead
images of positions 2,3,5 on day 3 indicating endothelial cell coverage with perfusion from liver to
WAT-chip. (Scalebars: 300 um).

3.1.1.3. Feature comparison of the three connection approaches

In an attempt to findhe optimal connectiorapproachfor the application of connecting the
WAT- and liverchips, the three connection approaches were compmaved the design
criteria for the construction of a robustompact,and flexible system with minimal dead
volume, quicktirnaround for any orgachip connection, sensor integration capability and ease
of handling(Table22). Scoring proceededlased onwo aspects: The poiity of the criteria or

the influence of that criteria on the success of the experiment, wherity 1 was the most
important and 3 is the least importafiie second aspect wéaetease of integration of a feature
(Ease)wherea score of 1 for the sgest to integrate and 3 for the most difficlithe two scores
were multiplied to obtain a weighted score for various phases of chip handling during an
experiment.
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The MOC design and fabrication phase considered the ease of construction of individiial chip
overall size of the setup, requirements for additional accessory componenthif balture

phase considered the ease of degassing each of the fluidics and components of the MOC
system, in addition to cell injectioklere, for the systemic approaclotiv chips had the same
overall layout whereas in the inbuilt approach, the chip shapedvatrile the tissues being
connectd While a base accessory is not required for the inbuilt or modular system, a fluidic
interface is required for thgystemic approach. Cell injection and culture times could vary
depending on the cell type and this could be different for the inbuilt approach, requiring a
specific culture schedule based on the study being performed. For the systemic and modular
approachs, it is possible to inject cells and culture the chips separately before conriEoéon.

chip connection and perfusion phase consider the possibility of leakage between the chips
during perfusion, dead volume, sensor integration possibilities fetimealtissue monitoring

and the possibility of tissue retrieval after the experiment. Since the inbuilt appmoalues

a direct connection between the tissue media channels, the chance of leakage between the chips
is minimal compared to the modular and sysic approaches where the chips are placed in
physical contact with each other or the fluidic interface. This also makes dead volume for the
inbuilt system minimal. Finally, the functional assays phase intermtsdive imaging and
sampling possibilits between the chips during culture. Sampling reservoirs would need to be
designed into the inbuilt system, whereas sampling switches could be integrated into the
modular or system approaches in a relatively flexible fashion.

Overall, the systemic approachceived the lowest score of 39, while the inbuilt system
received the highest score of 49. The modular system was scored 45, indicating that for an
experiment to connect two different organ chips in a robust and flexible manner with many
integrated capalities for reattime analysis and sample acquisition, the systemic and modular
approaches are preferred to the inbuilt approach.
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Table 22 Weighted assessment andomparison of the three connection approaches

Inbuilt approach

Modular approach

Systemic approach

Chip No Design Priority Details Ease UEgNEe Details Ease EgNEe Details Ease e
phase feature score score score
Individual Varies with tissue Different chip Both chips same
1 chip 1 structure of each| 3 3 construction for thg 2 2 layout, only tissue| 1 1
construction organchip top and bottom chip channel is diff.
Base L
2 1 Not needed 1 1 Not needed 1 1 Fluidic interface 2 2
accessory
c TR
2 Additional e | Nzt O Sl
S |3 3 Not needed | 1 3 ChIps duningee |- 6 chips during 2 6
5 accessory injection and chip .
< . connection
= connection
2 Two sets of
@ Overall Changes based g standardized chips b Standard chip size b
k=2 4 . 3 each tissuenota | 2 6 P 2 6 additional fluidic 2 6
0 system size . support needed to .
@ standard size . . interfaceadds to bul
a stabilize top chip
Adgg(c):nal Chip design
intearation Difficult if not adaptation betwee Can proceed when {
5 gra‘ 2 planned, entire chi 3 6 first chip and last | 2 4 fluidic interfaceis | 2 4
capabilities . . o
is to be changed chip, and top and modified
(valves, '
: bottom chips
reservaoir)
Degassing of Tissue channelsan Both chips can be Might not be possibl
6 . 2 1 2 1 2 . 2 4
o fluidics be degassed degassed for fluidic interface
% Could vary for eac
P o tissue depending ¢
Q.
= 7 Ind_lv_ldugl 1 cell cultureand | 2 2 Possible 1 1 Possible 1 1
O cell injection

differentiation
protocol
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Inbuilt approach

Modular approach

Systemic approach

Chip No.| Design feature|Priority Details Ease WIS Details Ease Rl Details Ease LSO
phase score score score
Chanceof . . , -
8 |leakagebetweer 1 Minimal 1 1 Al tO.Chlp 2 2 At thg SlUSTILIE 2 2
: connections interface
chips
Only from onegaske Gaskets and connect
- | 9| Dead volume 1 Minimal 1 1 volumeper 2 2 channels in the fluidi¢c 2 2
-8 connection interface
‘g Sensor Difficult, should be Between 2 chips, wi Can proceed when th
2 |10| integration 2 fabricated in from| 3 6 increase the 2 4 fluidic interfaceis 1 2
'c'éd between chips the beginning connection chain modified
c Needs to be Not so easy, can
o sensor . . . : Can proceed when th
= . . fabricated in, new change the orientati R )
© 11| integration 2 : : 2 4 ; . 2 4 fluidic interfaceis 1 2
e , chip every time of chips with resped o
5 before after chij ) modified
S sensor expires to eachotehr
g— Flow No, tubing directly No, tubing directly Yes. Connections tg
O [12| stabilization 1 interfaces with firs| 3 3 interfaces with first| 3 3 tubing are vidluidic | 1 1
before first chip chip inlet chip inlet interface
Impossible to
13 Tissue retrieva 2 sgparate ks t'S.Su' 3 6 Possible 1 2 Possible 1 2
after expt. without destroying
the chip
2 o : . | SEgeaigs Both chips are on th
@ Live intact All tissues are in different focal plane .
¢ |14 imagin 2 same plane 1 2 but compact for 2 4 same plane but raisg 1 2
A ging P comp due tofluidic interface
S microscopy
e Possible with a . .
g Samplin Difficult if not modularconnection MLl
S |15 ping 1 3 3 . 2 2 |installed in theluidic | 2 2
o between chips planned of a switch or .
. interface
sampling connecto
Total 49 45 39
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3.1.2. Modular cassette connection mechanism

Based on the findingisom the assessment tapfecombination ofeatures fronthe systenic
and modular connection approachesre combined to yieldhe ModularCassette This
cassettglatform was developefdr the following design and use criteria:

- A base platformnto whichthe chipcouldbeflexibly and reversiblyplugged

- Minimal deadvolumes

- Flexible connectiorchannelbetween the orgachips with the possibility of sensor
integrationbetween the chips

- Chips with a standardized outer shape witlseeof modification of tissue channel
designsand minimally absorbing materials ainstruction

- Ease of imaging upon connection

- Possibility to reuse most parts of the connection system upon cleaning with appropriate
and validated cleaning methods

The workflow of connection allowed for the separatecatiure of two orgasthips, with the
integration of each tissue and an endothelial cell monolayer into the media channel of each
tissue. The two tissuesethen connected to each other with the help of a cassette, a platform
designed for the insertion of the orgelmps, connected with a flilic channel. Pressuris

applied at the point of connection of each chip to the fluidic channel to enablpréexdk
reversible connections. After the experiment, the setupbe disconnected, and individual
organchips studied. The final two cassettesidas have been specified belovwrhe PMMA
modular slotcassette, and ti8D printed modular insertassetténsert Eigure 32).

The nextsections discugsthe iterations of the modular cassette. The first iterasidilt in
PMMA and called the PMMA modular slot cassette. Significant improvements were made to
this, and the next iteration is the 3D printed modular insert cassette.

a. PMMA Modular b. 3D Printed
Slot Cassette Modular Insert
Cassette

Figure 32: Modular cassette setupga.) The PMMA Modular slotassettg(b.) The 3D printed
modular insertassette
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3.1.3 PMMA modular slot cassetté design and fabrication

This cassettelesigninvolved laserstructured®MMA layers glued together to create a slot to
slide in the orgaithips along the sides. étraightconnection channddridged the two chip
media channelw/ith gaskets to interface with the chips and pressure applied at the points of
contact(Figure33.a). This fully transparent slot cassette enabled easy viewing of the inserted
chips, the possibility to prototype the dimensions and layers of theteadsetdifferent chips

and to allow for thentegration of sensors to the middle of the cassé&tte. design of the
cassette was such that chips with varying thickness could be integrated intessbtecan a

way that ensured the top ports of the clapd thus the chip connections remained in the same
plane Figure 33.b). The modular slot cassettensistedof layers of varying thickness of
lasercutPMMA, glued on top of each other (UHU). Thermal fusion bonding of thick PMMA
parts led to warping and unevieeat distributioralong the height of the partsh& low height

of the cassette due to the 250 pum thin PMMA layer allowed for lower microscope working

distances.

a. Pressure mechanism
above connection

channel ‘

Chip
Brackets
Connection
channel Casette
with slot
Gasket t
a Pressure mechanism at
o ] cassette base
Chip slides mto
slot
b. C. Chip connection ports in the same plane
Connection
¥ channel ¥
' WAT-Chip i ‘A Liver-Chip

t

Figure 33: Design schematicof the PMMA modular slot cassette(a.) Labelledschematic of the
cassettasetup with the slot basand pressure application mechanism (red arrows)S@ématic of the
assembled setup, (cSde-view cross section schematic of the orientation of ports and connection
channel in the sanm@ane in spite of varying chip heights

81



3.1.3.1. Mechanisms of pressure application

Pressure at the site of connection is an essential design requirement to enstnee leak
reversible perfusion across both orgdnips. The literature was reviewed &l the methods

of connection gection1.2) and ultimately, the topown orientation ofpressure application

was chosemdirectlyonthe sidest the site of connectiam the chipsThus,the connection of

the two orgarchips was degned to allowfor the application of an appropriate amount of
pressure onto the site of connectiéigre 33). The chips werenodified to have a spdic

outer 6T6 shape to fit the fastening mechani
(PMMA piece positioned perpendicular to the connection channel at the site of connection)
while maintaining a compact cassette footprint close to theigtdss slide.

Upon insertion of the chginto the cassette, the connection chamviti gaskets was secured
onto thecassettdby the pressure mechanisn®hreesuchstrategies were explored for the
application of pressure at the points of contact for the chips iceteettesnamely magnets,
springs or screws. The design of the PMMA modular slagsettevaried slightly to
accommodate these pressure mechanisvhgh providedleakfree flow for 14 days at a
flowrate of 60 plh (Figure34.a).

The magnetic cassette holder was designed with a 3 mm high laserblA Bédte holding

two commercially available 45SHar magnets that measured 25 mm long, 6 mm wide and 2
mm high (Q25-06-02-SN, Supermagneteand with a strength of 1.7 kfhe magnets were
secured by lasercut slots in the cassette, just above the caasettédlbove the magnet base
stood a 3 mm high lasercBMMA chip slot in thecassettdo secure the chips. The top flaps
fabricated out of 25um lasercutPMMA created the slot thatecuredthe chips inthe z
directionwhile connected. Once the connection channel and gaskets were installed at the ports
of the two chips, anatching pair of magnets on top of the chips created a tight seal at the point
of contact between the chigasketand connection channdlhese magets were encased in a
PMMA housing to prevent rusting during use in the incubator. The magnets could be either
round magnets or bar magnets, depending on the presguieementsKigure18). The K&J

online calculator for magnetic strength showed that the pull force between these magnets was
0.85kg at4 mm corresponding tthe thickness of chip, gaskets and connection cha(it&ls

online calculator) Apart from the design considerations of incorporating the bottom magnet
into the cassette, the connection poimésespaced far enough apart that the magnets did not
attract each other from across the ends of the connection chatuigy to the deadblume
between the chips. dditionally, a pair of connectedhips in one cassette were placed far
enough away from the next cassette, sotti@amagnetigoressure connections from one set of
chips did not interact with another set, or microscopy setups.

The screw slot cassette comprised a 250 pum lasercut PMMA base and 3 mm PMMA chip slot,
with 250 um PMMA slot flaps to secure the chips and prevent vertical movement during
connectionFigure18). 2.5 mm diameter through holes were lasercut into the PMa&Aette

and threads were made with M3 threading equipmieréssure was applied at the site of
connection via two brackets of 3 mimck PMMA through which the screws were screwed
into the cassetteia ascrewdriver The screws were large enough to allow for sterile handling
during the connection with cdkden chips.
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In the case of thepringladenspring slot cassette, hexagonal feaduneere lasercut in the
cassette chip slot at the side of connection ports anddhbagauts, thus eliminating the need
for a threadedcrew holeM3 screws withcustomcompressiorsprings(50/3/1, Federtechnik
Knoerzer GmbHjvere inserted into bracketadiscrewed into the hex nuts to provigeform
pressure at site of connectidburing connection of whole chips including tissue chambers,
chip heights had to be taken into considerafidre WAT-chips had a height of approximately

3 mm and the livechips had a height of approximately 3.5 mm. Thus, the chip cavities of the
cassettehad two parts, thiver slot of height 1 mm and the WAT slot of height 3 ifffigure
34.b). The height difference between the two sides ensured that the ports of botreiped

up near the top of the cassette so as not to bend the connection ¢Rragurel33.c).

a. b.
Magnets Screws Springs \/J Slot top
Magnet Screw a Spring \;
Connection |Connecti0n | [ Connection | b Chip slot —
g Gasket Gasket Y E,/AT and
- T iver
L Chip 1 igE Chip 1 - -
Magnet
s Chip slot -
\ Liver
,) : =] @  Hexnut
/ . }: ! -
|\
\//Z‘Ilip bottom

Figure 34: Mechanisms of topdown pressure application in the PMMA modular slot casette (a.)
Schematic of the cross section of the pressure mechanism at the site of connection for the mangets,
screws and sprinaden screwsand pictures of the flow tests conducted with each of the pressure
mechanismgh.) Schematic of the layers of the PMMA modusdot casette for WATFliver connection,

with the hex nuts embedded into the PMMA for the splaatgn screw pressure mechanism

3.1.3.2. Characterization of sealing strengthi burst test
The sealing strength of each pressure mechanism was testeatiygceeconnection of one

chip in a cassette with the connection channel and sealing all ports except tfidetteids
subsection2.5). The pressure measured with a pressure gauge revealed that all pressure
mechanisms could withstand a higtessure range of 4 bar or over, which is comparable to or
higher than the bond strgth for microfluidic device material&ddings, et al., 2008; Yt

al., 2015) The screw connections could withstand the highest pressure, consistently failing at
the chip bonding at an operating pressure of 6 bar, instead of failing at the conitgelion

The magnet pressure mechaniswithstood the lowest pressure at around 4 bar. Overall, the
connections operated at a higher strength than conventional bond strength of thermoplastics,
making all three pressure mechanisms appropriate sealing m@osafor muli-organ

connectiongFigure35).
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Figure 35: Characterization of the sealing strength of pressure mechanismssing burst tests In
the case of each pressure mechanism, four separateachipctions were tested.

3.1.4. 3D printed modular insert cassetiedesign and fabrication

The PMMA modular slotassette ensured a flexible, reversible connection of two -aigpas.
However, the aspect of robustness could be improved giveoueatimewith repeated use,
the glued layers detached or warp€he labousintensive fabrication of the slot cassetteswa
mitigated by 3D printing the cassette in a new format. The 3D pnmoetllar insertassette
allowed forthe chips to be placed into the cassette, on top wkwing window to allow for
convenient microscopy of orgaiips while connected to one anathiéhe springladen screw
connection mechanism was chosen for further testing, and the cassette mad $iexped
holes from the bottom for the simple incorporation of-hass into the body of the cassette.
The material of this cassett@asmore robusthitan the PMMA slot version, enabling rewsel
some 3D printing resins even alledfor autoclavingcapabilities.

This version of the cassette was designedsafidworks and 3D printed in clear resin
(Formlabs) to have an overall footproft65 cm by31 cmanda height of7 cm (Figure36.a).

The cassette had two locations for the insertion of chips, with a viewing windder the

tissue chamber region of the chijps microscopy due to the seftnansparent resin material.

The base of the cassette had-hekshaped holes to insert M3 hextauThe connection
channel was secured in the y direction by raised walls, and only secured in the x direction while
being connected to the chips via the pressure mechanisms. The cassette was also equipped with
holesbetween the chip®r the insertion oéensor cables for reime measurement of glucose

or oxygen in the connection channel between both chips. Reservoir pillar holders were
provided on the cassette in the case of connection to recirculation perfusion regjure (

36.b). The hex holder was an accessory that could be slid under the cassette, loaded with hex
nuts to allow for the proper positioning and simjpleorporationof hex nuts tohe spring

laden screwsHigure 36.c,d). Haltcassetteaccommodated onghip to assess the glucose or
oxygen uptake from one chip during recirculagomnrfusion, and the other side was maintained

flat to support the sensor channel, which was directly connected to the peristaltic pump via a
PDMS top Figure36.e). Areservoirholder was introduced directly on top of the chip media

inlet to allow for a reservoir with the 23G blunt cannula to fit directly onto the chip media port.
Tolerances were provided to accommodate minor deviations in dimensionsétie for the
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chips in the cassette had a tolerance of 500 pum on all sidesiuhéxserts had a 100 pm
tolerance, and reservoir holder had a 500 um tolerance to allow for the simple insertion of
reservoir witha23G needle.

b. Reservoir
holder pillars

Sensor
cable
insert

channel
insert

d. Hex-nut insert

Figure 36. Design and features of th&D Printed Modular Insert Cassette (a.)Picture of the WAT

and liverchips placed into theassette,l.) Schematic of the cassette designed for connecting two
organchips and forecirculating perfusion regime, with the reservoir holder pillars (yellow), sensor
cable insert holes (red), and the walls for securing the connection channel (blue), (c.) Picture ef the hex
holder with stacked henuts, to be slid under the cassette fanpe loading of the hexuts below
cassette, (d.) Schematic of the base of the cassette holder showingrtheihsarts (green), (e.) Picture

of the WAT-chip inserted into the cassette, along with the sensor channel secured via the bracket and
the presurestylus, and reservoir holder in place, (f.) Color water flow test picture with reservoir
inserted at the media inlet of the WARip and cannula with tubing connected to the sensor chip outlet,
towards the peristaltic pum(Bcalebar: 3 cm)

The highresolution 3D printing capabilities enable the inclusion of threads into the material of
the cassette directly, uh simplifying manufacturing and reducing manufacturing times.
However, the8D printed cassette was prone to bending during fabrication despitg/ mm

thick. This could be attributed to a nraniform level of curing of the resin and part dimensions
(Amera Labs Blog, 2018Addition of ribs below theassette bodgould increase the bending
tendency and a reduction in the sharp corners shag edges concentrate stresses during
shrinkage of resin during the curing steps. The orientatidime print of the model could also

be modified tgprint at an anglesince the horizontal orientation is most prone to warping.

3.2. Design criteria andconnectors for the two organchips

To test the connection mechanisms developed in the section above, the example of interaction
between white adipose tissue (WAT) and hepatocytes was selected, given the motivations
highlighted in the IntroductionThe degjn for the WATFchip was influenced bg previously
developed modelwhere the fragile primary subcutaneous adipocytes were suspended in a
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hydrogel and injected into a chamber situated below an isoporous meniRcg# et al.,

2020) Media was perfusednithe channel running across the tissue chambers and the
adipocytes were nourished by diffusion of nutrients through the membrane. The design for the
liver-chip wasinspired by a previously reported chgonsisting otwo channed separated by

an isoporos membranéRennert, et al., 2015Hepatocytes were seeded on one side of the
membrane and nourished by media perfused along the other channel across the isoporous
membrane. Sinceéhe interaction was to be studied between the WAVJer systems,
endothekl cells were incorporated into the media channels to facilitate the vasoofection
(Figurel.b, Figure9.b).

This subchapter dives into the criteria for chip design and fabanafollowed by exploration

of the concepts of worltb-chip connectors which would enable connection of both chip types
to perfusion. Additionally, the chip layouts and dimensions have been summarized for the
WAT- and liverchips.

3.2.1. Chip design summary

Given the diverse designs, dimensions and fabrication methods of the chipsaabeffert
was put towards harmonizing the two chips being connected in this thksiglesign and
fabrication criteria for the chips interacting with the cassette systeristacebelow

Design criteria
2D or 3D cell injection, depending on the cell type in question

Integration possibilities for endothelial cells

Physiologically scaled orgachips relative to one another

Outer chip shape, suitable for tigitnnection and uniform pressure at the site of connection
Tissue exposed to physiological shear, with the consideration of perfusion regime (linear or
recirculating)

Ease of esnsor integration

Possibility of effluent ampling

= =4 =4 4 5

= =

ii. Fabrication criteria

Minimally absorbing materials of construction, in the form of rigid plastics where possible
Convenient interface with pumping mechanisms (wbwotdhip connection)

A flat membrane to facilitate a flat monolayer of cells for imaging

Optically transparent materiaté construction

Gas control of dissolved gases in the media

Possibilityof scaling up chigoroduction to pilot level production

= =4 =4 4 A4 -

Based on these criteria, geometries and dimensions for tissue and media compartments of the
WAT - and liverchips were definedTable23).

Table 23 Summary of dimensions of the WAT and liver-chips

| WAT -chip | Liver -chip
Tissue compartment
Chamber dimensions  Radius per chamber: 1.5 mm Length: 2.56 mm
Width: 1.36 mm
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Height of tissue chamber regio Height: 750 pum
200 um
Volume Per chamber: 0.35 pL 13.44 pL
Entire chip: 1.41 pL
Co-culture area Chip: 7.06 mm 17.93 mmi
Media compartment
Area 38 mnt 23.53 mm
Height 0.25 mm 0.25 mm
Volume 9.5 uL 5.88L

3.2.2.  World-to-chip connectors

In additions to interfacing chipsith one another, approaches were investigated to connect the
chips to perfusion mechanisnts a robust and leakee fashion Typically, the perfusion
mechanisms involved syringe or peristaltic pumps, connected to the chips via tubing with a
rigid metal @nnula being inserted into the port of the chips. The chips underwent several
iterations to accommodate this canufaa convenient manner, without the addition of
commercidly availableports to maintain system simpliciffzigure37). Thesdterations have

been listed below

Cannula with tubing cladding

In this version of worleto-chip connections, the rigi2l3G metal cannula was provided with a
cladding of tubing at its end. The chip top was constructed from rigid plastic, with a port of
diameterl.4 mm, to accommodatiee outer diameter of the tubing cladding, to ensure asnug

fit of the cannula inside the porin addition to being ladr-intensive to fabricate,his
connection was prone to leakage if the gap between the cannula and the tubing cladding was
wetted, and the cannula slid into the port without the tubing fitting into the port.

PDMStop interface

Here, a flexible PDM%$ayerwith ports wasovalentlybonded onto thtop of therigid PMMA

chip. The ports in the PDMByerhad a diameter of 0.75 mm which ensured a tight fit around
the23Gcannula, and the bond between the PDMS and plastic was dogatesilane treatment
(methods sulsection2.2.1.3. In somecass of PMMA-PDMS bondingthe loss of bonding
between the PDMS and PMMA layers leda detachment of the PDM&yer and hence,
leakageatthe sides of thehip.

Tubing interface

In this version, & mm longpiece of tubingwvith inner diameter 0.5 mnvas bonded onto the
surface of the chip into the part diameter 2.2 mm to accommodate the outer diameter of the
tubing in a tight fit The bonding was performed with a drop of UV glue at the site where the
tubing met the chigurface(methodssub-section 2.9.2. Theinner diameter of the tubing was
large enough to enable pipetting cells and media, and the cannula diameter was also fixed to
ensurea snugfit during perfusion. While chip injection and connection to perfusion proceeded
smoothly, the bonding of the tubing connector was not durable over the coutdelay
experimentsAdditionally, when left unconnectegravity-driven backflow fromhe connector

into the chipled to the formation c&n air bubble at the end of the connecémd care had to

be taken not to push it into the chip during connection.
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EmbeddedPDMS connector

In this version, the top of the chip was assembled with a step ports, which was then filled
with PDMS and punched with a 0.75mm diameter biopsy punch to ensure-tsfuipe
cannula. This minimized the smatiolecule absorbing regions and ensured tight,-prakf
world-to-chip connectionsA BreatheEasy mennane placed on top of the connector and a port
punctured to allow perfusion into the chip and ensuraldarand lealfree connections.

a. Cannula with tubing cladding b. PDMS top-interface
Tubing to pump Tubing to pump
Rigid cannula Rigid cannula

Tubing at cannula end Flexible PDMS

icid PMMA Rigid PMMA
nglchI')lip top - : chip top _
Media channel Media channel

i

¢. Tubing interface d. Embedded PDMS connector

Tubing to pump Tubing to pump
Rigid cannula Breathe-eas o
& B ey 1 Rigid cannula

connector

Rigid PMMA vivA [
: chip top _ chip 1P "\ fedia channel
Media channel

Figure 37: Schematics and desigof world-to-chip connector strategies(a.) Cannula with tubing
cladding, (b.) APTESreated PDMS top interface, (c.) Tubing interface, EmbeddedPDMS
connector built into the PMMA top

3.3. WAT -chip: fabrication, injection and characterization
This subchapter discusses the fabricatidarations, computational models, cell injection

strategies and echip characterization
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3.3.1. Design iterations of the WAThip

The main construction features of the W-8Rip includeda tissue chamber separated from the
media channel via an isoporous PC membrarnith connection ports leading into and out of a
media channdlFigure38.8). Thetissuesectionhada tissue fluidic channel for the injection of

the fragile adipocytes suspended in tiyaluronic aciebasedhydrogel, leading to four tissue
chambers whiclrappedthe adipocytes. The tissue chamber region was taller than the tissue
fluidic region, and th adipocytes were trapped within the chamber under the membrane given
their buoyancy. The WAEhip underwent iterations tinprove the fabrication production

scale and worldto-chip connectionswith major versions of the WAThip emergg in the
designprocess

Version 1: PMMA chip with PDMS top interface layer

This version of the WATchip was constructed entirely outlasercuPMMA, with a PDMS
layeron top of the chip to enable wofld-chip connections. The various layers of the chips
were constrated in a sequence of stesdbonded using thermal fusion bonding with the
application of heat and pressimea convection ovefMethods suksection2.2.1). This was a
smalktscale production process where each chip was fabricated individnally addition to
being labofintensive the challenges in fabrication included membrane wrinkding channel
deformationdue toheat and uneven pressure.

Version 2: PMMATPE hybrid chip withembedded PDM$onnectors

This version of the WATchip alleviated the heat expostrased wrinkling of the full PMMA

chip by introducing a thermoplastic elastorftara lower temperatudgondirg processKigure

38.b). The operational temperature for this version of the WAIp was60°C instead of 130°C

for version 1 and waslesirableto maintain a uniformly flat membrane across the large
unsupported membrane region across the tissue chambers. A hotpress was employed for the
sequential steps of the production of the various components and only the final step included
bonding each chiat a timein anoven (Methods subection2.2.2. The chip connection
method was changed from a PDMSerin the earlier version tembedded PDM8onnectors
embedded in a PMMA top, to significantly reduce the volume of PDMS being used in chip
construction but to maintain ease of wettdchip connection. While this version involved
more fabrication steps, it was more time efficient and resultetiighayield due to theimple
bonding of TPE tahermoplastic¢Table24).

3.3.2. Simulations of flow and transport of species

COMSOL models were establishtamsimulate the perfusion of media across the \AAID,
demonstrang the diffusive transport of species through the membtanards the tissue
chambers perpendicular to media flow directioithis was evident with the evaluation of
velocity in the tissue chambers being zero, compar2a t0° m/sin the media channel above
them Eigure 38.c). The pressure drop across the media channel is about 0.18 Pa, which is
lower than the 10 mmHg (1.333 kPa) pressure drop across véHolgse & Johnson, 1986)
(Figure38.d) A time-seriessimulationdemonstrate the convective andliffusive transporbf

an arbitrary small moleculef concentration InM across the media channeto the tissue
chambers, where thmoleculerequired 30 minutes to diffuse into the final chamber of the chip
at a flowrate of 20 uL/lfFigure38.e).
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Figure 38: WAT -chip design andsimulation of perfusion. (a.) Schematic of the cresgction of the
WAT-chip with adipocytes trapped below the membrane in the tissue chambers, and endothelial cells
lining the media channel across which perfusion occurs. (b.) Picture of Version 2 of theMpAvith
embedded PBIS connectors, (c.) Simulations of the velocity of media perfused across thecAT

at a flowrate of 20 pL/h, (d.) Pressure drop across the WHtip, (e.) Timeseries simulation of the
transport of species across W+ATip

Version 2 of the WATchip can bdabricated in the hotpress up to 36 parts at a time, assuming

9 partsare embossed by one epoxy mold and 4 such ncaldsimultaneously besed in the
hotpressTable24). In version 1, the calculations were made to produce a batch of 16 chips at
a time, with the assumption that the PDMS stamp was already prepared. The total time to
produce 16 chips was 546 minutes (34.125 min/cRip)the other handipr version 2, the area

of the hotpress could hold 4 epoxy molds at a time, each with 9 chips. Once again, the
assumption was that the stamp and epoxy molds wenmagde. The total time to produce 36
chips was 505 minutes (14.03 min/chip).

Table 24: Time improvement of production of version 2 of WAT-chip compared to version 1.
Version 1 Tasks Total time for 16

chips (min)
PDMS chip top PDMS weighing, mixing, degassing 30
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PDMS curing 240
APTES bonding PMMA to Plasma treatmenPMMA 15
PDMS Silanization 60
Plasma treatmenPDMS 15
Bonding in the oven 30
Tissue chamber and membran{ Assembly of the stamp setup 48 (3 min per chip)
Bonding in the oven 10
Cooldown before disassembly 20
Full chipassembly Assembly of parts 48 (3 min per chip)
Bonding in the oven 10
Cooldown before disassembly 20
Version 2 Tasks Total time for 36
chips (min)
PMMA chip top Assembling the parts 5
Preheating the hotpress 20
Bonding time 10
Cooldownbefore disassembly 10
embedded PDMS$8onnector PCR tape beneath PMMA top 10
fabrication PDMS weighing, mixing, degassing 30
PDMS filling 20
PDMS curing 240
Tissue chamber and membran{ Assembly of the stamp 10
Preheating the hotpress 20
Bonding time 10
Cooldown before disassembly 10
Tissue fluidics and bottom Assembling the setup 10
Preheating the hotpress 20
Bonding time 10
Cooldown before disassembly 5
Bonding top to media layer UV, bond and roll to create contact 10
Tissue chamber to bottom UV, bond and roll to create contact 10
Full chip assembly Assembling the setup 10
Preheating the hotpress 20
Bonding time 10
Cooldown before disassembly 10

3.3.3. Calculations ofsequential loading in Version 2 of WAThip

The injection of adipocytes followed the sequential loading principle, where the first chamber
filled with adipocytes, followed by the next and so With changing dimensions of the chip

to create version 2, resistance calculations were perfotimerbnfirm the tendency of
adipocytes to enter the tissue chamismguentiallyas opposed to being flushed out of the
tissue fluidic channel directly. Fonis, the dimensions of the WAGhip were measured, and
regions were demarcated on the chip for which the resistance was calclifadsistance

was calculated for each segment of the tissue fluidic chari3) {ar the branches and tissue
chambers alog with membranes {8) and for segments of the media channelsl@)0 These
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values were then compared depending on whether the first, second, third or fourth chambers
were being injected, and at every chamber, the resistance for the fluid exiting thamstd

was the lowest. This implied that the fluid tended to perfuse into the tissue chambers, carrying
the adipocytes in and filling up each chambeguentially Figure39.9).

a.

Figure 39. Demonstration of the sequential loading principle in WAT-chip version 2 (a.)
Demonstration of sequential loading in WATRip version 1, (b.) Allocation of regions for the
calculation of resistance to confirm the principle of sequential loading

Table 25: Calculations of resistance per region oFigure 39.b. and the confirmation of
sequential loading by comparing resistance

Position Resistance [Pa.s/mr Position Resistance [Pa.s/mr
1 46.76 7 216.07
2 79.70 8 216.07
3 88.74 9 216.07
4 91.27 10 1.08
5 315.6 11 1.18
Btotal 216.1 12 1.21
6branch 35.49 13 0.67
6chamber 0.0014 14 2.56
Bmembrane 180.58 15 22.23
Chamber Riiuidics [Pa.s/mnv¥] Rwmediaout [Pa.s/mn] RMediain [Pa.s/mny]
1 575.36 238.3 6.71
2 495.66 23.2 5.63
3 406.92 4.45 4.45
4 315.65 3.24 3.24
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3.3.4. Cellinjection and biological characterization

3.3.4.1. Injection of the adipocytes

The thermoplastic WAThips were more prone to bubble formation than the original PDMS
chips. A protocol was established to primechgs before injection, to minimize the presence

of nucleation sitegsubsection2.7.1). Thisprotocol included plasma sterilization followed by
degassing and centrifugation, after which the chips were handled one at a time and always
equilibrated to 37°C. Cell viability was checked after two weeks in culture with push perfusion
at a flowrate of 8 uL/h (Figure40.b).

d. Chamber 1

Chamber 2 Chamber Chamber 4
3 e - ,‘g.. s/

e

Figure 40: Injection of adipocytes into the WAT-chip, (a.)Adipocytes filling the tissue chambers for
all four chambers of the WA€hip, (b.) Livedead images of one chamber of the Wetiip showing
live cells in green, dead cells in red and nuclei in blue (Scalebar: 500 pm)

3.3.4.2. Adipocyte-endothelial cell coculture

The adipocytes experienced an exchange of nutrients via the media channel through the
membrane. To cocultarendothelial cells with the adipocytes, a media optimization was
performed to assess the optimal media that would ensure viability of both cellTgpdmal

aim to set up the coculture involvegectingmVECSs in the chip the day after the injection of
adipocytes, with a high cell density to ensure a confluent monolayer withahetygof seeding.

The mVECs weréo be injectedvith ECGM medium andie media was changed to the newly
determined optimal medium the next day after seeding.goal of thdirst set ofexperimens

in well plates with primarynicrovascular endothelial cemVECs)was to determine theell
seeding density which yielded ardluent monolayer the day after cell injection. Various cell
densities of mMVECs were seeded into a 96 well plate and imaged over four days in culture to
observe the change in level of confluenBeeding cells at an 80% confluency yielded a
confluent montayer on the second day ailture Figure4l.a).

The MTS assay was used to assess the mVEC viability upon exposure to various media
conditions.The assay ran for 2.5 hours to yield a sensitive absorbance range to assess the
cellular metabolic activity of the mVE(QMethodssubsection2.8.2 Tablel2, Table26). The

cells were seeded into wellates in ECGM medium in a concentrataff®000cells/well,and

media changed to the various compositions on day 1 after the confirmation of a uniform
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monolayer of cellsCell morphology was observed daily and viability/metabolic activity
measured every second day over a period of up to 16(Bmyse41.b). The cell monolayer
looked disrupted in the WAT media while the other media combinations were able to maintain
the monolayer with differing reaction timesitv the MTS reagent, indicating variable
metabolic activity Figure41.c). The FullWw media and 1 to 1 media performed like the ECGM
medium in maintaimg cell viability. These options were tested on the adipocytes in the WAT
chip.

Table 26: Shortforms of media combinations for the media optimization studies on mVECs and

adipocytes
Shortform Details about the mediacondition
ECGM Commercially available endothelial cell media
WAT Chip culture maintenance meda WAT-chips(Rogal et al., 2020)
ltol A mixture of ECGM and WAT media in the ratio 1:1
Full E ECGM medium containing all trupplementsf the WAT medium
Full W WAT media containing all the components of the ECGM medium
a. Change 1n confluency over 5 days b. Cell viability over 15 days
120 - © 37
) Q
% 100 - —e—10336 cells/well _cg + —-— ECGM
= = - .
= 80 A —o— 6460 cells/well g 2 —— WAT
g 60 —o—5168 cells/well <
2 —e—3230 cells/well IS , 1ol
—°§ 40 1 o ——2584 cells/well 5 1 —— FullE
g 22 T / —o—1292 cells/well % : . ) —— Fullw
' 0 ‘I' T *I‘ = T T
0 Day 3 0 3 6 pay 9 12 15
c. ECGM medium WAT medium Full W Medium
Day 1 — :
before
media
change
Day 16

Figure 41 Assessment of cell viability of mVECsin wellplates exposed to various media
combinations, (a.)Change in observed confluence of cells over five days based on differing seeding
confluency, (b.) Assessment of cell viability over a 15 day period for cells exposed to varying media
combinationgn=3 per medi@ondition, per day)The effluents from the well plates wexampled and
metabolismby the cells oMTS reagent was assessed for the different media condiBackground
absorbance from the respective media without eedissubtractedrom each conditin,and individual

data points plotted. A-2vay ANOVA was performed, comparing the cell viability of each media
conditionwith the ECGM baseline media, with p values representedas 0332, ** =0.0021. The p
values have been color coded tolégend angblaced at the bottom of the graph at each data fmjnt
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Brightfield images of cell morphology on day 1 compared to day 16 for the mVECs exposed to different
media combinationg9000 cells/welkt the start of the experimen§calebar: 500 pm.

Given the results above for the endothelial cells in well plates, adipocytes were injected into
the WAT-chips and were theexposed to these media combinatiomsr a period of six days
under perfusionThe chips werémaged with brightfield imagingnd exhibited a morphology

of cell deathoy bursting in the presence BEGM medium Figure42.a). Dailymonitoring of

LDH release confirmed the morphology disruption observed ©©6GHE medium. Upon
normalizing the data with respect to control chips (chips without cells), the chipseelxjmo
ECGM medium had the highest concentration of LDH in the effluent over a week in culture,
followed by the 1 to Inedium Figure42.b).

Cell viahlity of adipocytes exposed for six days to the different media combinations was
assessed by the MTS assay for three different donors. The cells exhibited similar metabolic
activity when exposed to FullW medium as they did when exposed to the WAT medium
(Figure42.c). Donorvariability was evident in the case of 1tol and FullW medium wéares
replicates had a viability close to zero

a. WAT Media _ECGM Media | 1 to 1 Media FullW Media
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Figure 42: Assessment of cell viability of adipocytes in the WAEhips exposed to various media
combinations. (a.) Brightfield images of one representative chamber in the \d#Ads per media
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conditions on day 1 compared to day 6 (Scalebar: 500 um), (b.) Cell viability assessed by daily LDH
released into the chip effluents upon exposure to different media cosditiba effluents from the

chips with cells were normalized against effluents of chips without cells as hydrogel blanks (n=2 for all
except n=1 for the 1tol media condition), (c.) Cell viability assessed by the MTS assay of the chip
effluents after two weekof perfusion of cells with the various media components. The assay was
performed with MTS reagent mixed into the inlet media and perfused for 4 hr at 20 uL/h. Background
effluent and inlet absorbance values were subtracted from the outlet effluentabesoralues~or all

dat a, the values are mean N SD. One way ANOVA f
values as *** for p= 0.0002, ** for p< 0.003, *for p< 0.Q2=3 chips per media condition for WAT,

ECGM, 1tol media and n=4 chips for FullWith triplicates of absorbance value per chip)

The function of adipocytes the WAT-chipscould be assessed by the uptake and release of a
fluorescent short chain fatty acihalog(4 pM BODIPYE 500/510 C1C12) Figure43.a).

Upon comparing FullW and the WAT media where the function of adipocytes had already been
characterized oghip, the adipocytes exposed to FullW medium seemed to take up astrele
the SCFA analog at a faster rakggure43.b). Over the course dhree daysn culture, chips

were also exposed to CellTox Grearfluorescent compound as a measure of cell death due to
increased membrane permeability. A regionnbéiiest was fit within each tissue chamber of
the fluorescent images obtained of the chipsan gray value analyzed for each media
composition.The fluorescece intensity of chambers exposed BE€GM and 1tol medium
seemed higher and more scattered thanegk@osed to FullW and WAT medium, suggesting

a tendency towards higher dead cells in tR&®& and 1tol mediun(Figure43.c). Glycerol
wasalsoquantified in the effluent of the WATchip when the adipocytes were exposed to the
various media combinations. The results showed that the adipocytes secreted glycerol to a
similar extent in the FullW medium as in tMAT medium Figure43f).
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Figure 43. Functional assessment of adipocytes in the WAThip exposed to different media
conditions (a.) Reaitime monitoring of the uptake and release profile fifi@rescent fatty acid analog

(4 uM BODIPY E 500/510 C1, C12perfused across chips for 60 minutes at 80 pL/h, followed by
perfusion of the respective media up to 160 min (n=4 tissue chanmieVAT condition, n=8
chambers for the FullW condition), followed by evaluation and normalization of mean gray fluorescent
intensity (b.) Fluorescent images of a representative tissue chamber in the FullW condition, for various
time points (Scalebar: BQum), (c.) Quantified mean gray value for a region of interest covering each
tissue chamber in the WAGhip fluorescent images taken on day 3 of perfusion of the chips with
different media conditions, represented as mean + SD164Bsue chambers), Jduantification of
glycerol secreted by the adipocytes in the effluent of the Wips exposed to various media
conditions. Calibration curve fit to the glycerol standard dilutions, blank chip effluent values subtracted
from the chip effluent values (n=4.

These results revealed that the FullW medium could be used as the optimal medium for
coculture of adipocytes with endothelial cells-adnp. The final workflow of creating a
coculture for this chip included first injecting the adipocytes into the, dollowed by
culturing them static in WAT medium overnight. The next day, endothelial cells were seeded
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in the chip at 80% confluency, and they successfully formed a confluent monolayer after just
1 day of static culture overnight. These cell types weteultured in FullW medium, and after

five days in culturethe adipocytes maintained their unilocular lipid droplets and CD31 positive
endothelial cells maintained raostly confluent monolayeacross the length of the media
channelFigure44.c). The only noticeable region of break in confluency was in the beginning

of the media channel as flow proceeded from right to fefufe44.b), where the coverage of
endothelial cells closer to the inlet appeared disrupted but recovered after the second tissue
chamber.

Endothelial cells

Adipocytes

S

Merged’ 3 s Merged

Figure 44: Fluorescent images of adipocytes cocultured with endothelial cells in the WAghip,
perfused with FullW medium for 5 days at 20 uL/h.(a.) Tile scan of an overview of the chip for an
overview of the WAT tissue chambers and endothelial cells (b.) Tile scan of the adipocytes stained for
their lipid droplet via a fluorescent fatty acid analog Bo#iipggreen) and nuclei (blue), (c.) Tileast

of the mVECSs stained for nuclei (blue), CD31 (red) and lipid droplets (green).

3.4. Liver-chip: fabrication, injection and characterization

This subchapter discusses the fabrication iterations, computational models, cell injection
strategies and echip chaacterization for the livechip. Theliver Biochip is currently being
developed by Dynamic42 GmbH for commercial purposes, arltvérechip in this thesis was
modified and scaled down to fit the design criteria for the connection system, keeping the
hexagonal shape of tHever Biochip. The liverchip in this thesisorsistedof a media channel
designed similarly to the WA€hip, running below a tissue channel, separated by an isoporous
membrane. The tissue channel had a hexagonal layout, with a broad chamber region which
narrowed out on either side to facilitate reduced stiedine sheasensitive hepatocytes which
would be housed in this chamber. A hepatocyteloetwas selected to establish the chip and
the coculture model, with HepaR& cells being seeded into the tissue channel. Primary
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microvascular endothelial celigere seeded into the media channel to facilitate the connection
with the WAT-chip (Figure45.a).

3.4.1. Design iterations of the Liverchip

The liverchip urderwent some fabrication iterations with the final goal being to enable pilot
scale production and with simple wottolchip connections. In this section, three major
versions of the livechip have beeniscussedKigure 45.b) (older chip versions have been
summarized in Appendix secti@nd).

3.4.1.1. Version 1: PMMA chip

The first trials of the chiyseeding protocol were attempted on a chip fabricated entirely out of
PMMA. Thetissue and mediehannels werd75um high, with a PMMA topwith ports for
minimal absorption of small moleculeBhe top part had ports of diameter 1.45 mm to enable
connection to perfusion with the cannula with tubing cladding wtorichip connector.
However, this version of the chip was riddled with inconsgesof membranevrinkling, and
additionally the deterioration of health of hepatocytes over time inhipe These challenges
and the shape of the chiereimproveduponin the following versions

3.4.1.2. Version 2: PDMS reservoir chip

However,with the high oxygen consumption rate of hepatocgtetslow oxygen permeability

of version 1 of the livechip, reservoirs were introduced on top of the¥sion 2 liverchip to
nourish the hepatocytes on the tissige in a static culture while the endothgtells in the
media channel would be perfused by the FullW medi&dditionally, thetissue and media
channels fabricated out lafser patterne@PE of height 750 pm and 250 pum respectively, with
PC top and bottom covers to seal the chanii@ls.heighof the channels increased the media

to cell ratiofrom 294 uL/million cells in version 1 t&72 pL/million cells inversion 2 of the
liver-chip. A'5 um pore sizePET membrane was incorporated between the two channels. A
PDMSlayerwith reservoirs was addéd the tissue channel such that the reservoirs held media
specific for the HepaRE cells in a staticulture (Methodssubsection2.3.2.9. Thetissue
channel was plugged with[3 printed plugs during perfusiofhis chip could sustain a liver
mVEC coculture for up to a week, with possibilities of media replenishment and sampling on
the tissuechannel side in addition to the perfusion effluent froedia channel. However, the
PDMS top layer with reservoirs was labor intensive to fabricate and this was alleviated in the
next version of the chip and made it consistent with the top of the final version of the WAT
chip.

3.4.1.3. Version 3: PMMA-Top chip with step connectors

In this version, the top part of the chip was switched fadPDMS layerto a PMMA topwith
embedded PDMS&onnectors to minimize the absorbing components in the system and to
ensure simple worltb-chip connections. This provided stability to the thin and flexible chip
layers below, while still enabling flexible connections via a cannihe. tissue and media
channel dimensions were maintained as per versidrhite fabrication was carried out on an
individual chipbasis (Methodsubsection2.3.3, this version exhibits possibilities for scale

up to pilot scale fabrication.
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Version 1 Version 2 Version 3

Figure 45 Schematic and pictures ofilver-chip versionsl to 3 (a.) Schematic of the crosgction
of the liverchip witha monolayer ohepatocytesn top of the membrane and endothelial cells lining
the media channel (bPictures of the various fabrication versions31of the liverchip.

3.4.2. Simulation of flow and tansport of species

Perfusion of media at 20 pL/h was studied for the version 2 oftikigr. The pressure drop
across the media channel was 0.25 Pa and velocity in the media channel was clo6%o 3
m/s. Both these values are higher than in the WAIp, given the narrower channel surface
areabut still much lower than pressure drop across venaleso (House & Johnson, 1986)
(Figure46.c,d). The velocity in the tissue channel was zero, given that the membrane shields
the tissue channel from direct convective flow, implying that any dissolved small molecule
would diffuse across the membranéte taken up by the hepatocytes. A tisegies simulation

of the perfusion of an arbitrary small molecule of concentratioiMlinto the media channel

at a flowrate of 20 uL/h noted a time of 90 min to completely diffuse into the tissue channel
with the noleculegiven the height of the tissue chan(fgbure46.e).
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Figure 46. Simulations to characterize theperfusion across the liverchip (a.)the velocity of media
perfused across tHeser-chip at a flowrate o0 uL/h, (b.) Pressure drop across thixer-chip, €.)
Time-series simulation of the transport of species adiesschip

3.4.3. Cell injection and biological characterization

3.4.3.1.Injection of the HepaRGE cells

Differentiated HepaR& cells were injected into the tissue channel of thecpated liver
chips with a oncentrationof 3 million cells/mL. The HepaR& differentiation protocol
involved the use obM with 2% DMSO. This led to loss of cell coverage over time, and a
reduction in the percentage of hepatodike cells in the culture. Especially in the case of the
thawed hepatocytes, the cells completely detaahesh thawed witl2% DMSO, and thiged

to the development of a protocol of thawing the hepatocytes in MM for two days until
confluent,followed by a switch to TM (MM with 1% DMSO) for 5 days until injection into
the chip(Figure47).

Figure 47: Morphology of HepaRGE cells in wellplatesa week after thawing Scalebar: 100 pm
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