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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive cancer characterised by poor survival rates and an increasing global incidence. Advances in the
staging and categorization of pancreatic tumours, along with the discovery of functional mutations, have made precision treatments possible, which may lead to
better clinical results. To further improve customized treatment approaches, in vitro models that can be used for functional drug sensitivity testing and precisely
mimic the disease at the organ level are required. In this study, we present a workflow for creating a personalized PDAC chip utilising primary tumour-derived human
pancreatic organoids (hPOs) and Human Umbilical Vein Endothelial Cells (HUVECS) to simulate the vascular barrier and tumour interactions within a PDMS-free
organ-on-a-chip system. The patient PDAC tissue, expanded as tumour hPOs, could be cultured as adherent cells on the chip for more than 50 days, allowing
continuous monitoring of cell viability through outflows from tumour and endothelial channels. Our findings demonstrate a gradual increase in cell density and cell
turnover in the pancreatic tumor channel. Tumour-specific biomarkers, including CA-19.9, TIMP-1, Osteopontin, MIC-1, ICAM-1 and sAXL were consistently detected
in the PDAC chip outflows. Comparative analyses between tissue culture plates and microfluidic conditions revealed significant differences in biomarker secretion
patterns, highlighting the advantages of the microfluidics approach. This PDAC chip provides a stable, reproducible tumour model system with a functional
endothelial cell barrier, suitable for drug sensitivity and secretory biomarker studies, thus serving as a platform for functional precision medicine application and
multi-organ chip development.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a prevalent form of
pancreatic cancer, comprising about 80 % of the cases [1]. PDAC is one
of the most aggressive cancers commonly diagnosed in an advanced
stage, resulting in ~10 % overall survival beyond 5 years for patients
with all forms of PDAC and a dismal 3 % for patients with metastatic
disease [2]. Considering the general ageing of society, obesity, the
epidemic of type 2 diabetes and other factors that contribute to the
development of pancreatic cancer [3,4], PDAC incidence and
PDAC-related deaths are expected to double in the next ten years [5,6].
Along with the advancements in treatment options, identifying relevant
biomarkers and refining early detection methods is crucial for improving
patient survival [7]. In fact, cumulative efforts over the last decade have
led to the two-fold improvement of survival statistics and hold promise
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for the future [8].

Molecular profiling has broadened the understanding of the genetic
and transcriptional PDAC landscape. Aberrations in KRAS are the most
frequent among PDAC patients with more than 90% prevalence and
appear early in the precursor lesion stage. These are often followed by
changes in CDKNA2 pertaining to low-grade disease and TP53 and
SMAD4, which are associated with high-grade PDAC. Other mutations
found with less than 10% frequency include changes in DNA repair
(BRCA1, BRCAZ2) and chromatin remodelling associated genes (ARID1A,
KDM®6A), as well as alternative driver mutations (e.g BRAF) [8]. Based
on the molecular features, PDAC has been divided into classical and
basal-like subtypes [9]. The basal PDAC subtype is being associated with
a less favourable chemotherapy treatment outcome [10].

In addition to improved standard chemotherapy, personalized tar-
geted PDAC therapy is evolving, with treatment decisions depending on
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the type of genetic alterations in tumour cells [11,12]. However, the
sensitivity of the neoplastic cells to chemotherapy is also regulated by
elements that are more difficult to account for, such as tumour micro-
environment (TME) and epigenetic determinants [11]. In the case of
highly desmoplastic PDAC, where cancerous cells can be a minority,
TME plays a crucial role and could be equally responsible for tumour
aggressiveness and resistance to the treatment [8]. Indeed, there is a
complex interplay between neoplastic and TME components as well as
the physical barrier factor that contribute to chemoresistance [13-15].
To further advance treatment outcomes, functional precision medicine
approaches combining drug sensitivity tests with genomic analysis have
been suggested for tumours that are difficult to treat [16].

Several platforms have been considered for drug sensitivity tests in
precision medicine. The organoid culture approach complements studies
performed in cancer cell lines and animal models [17]. These
self-organising 3D cellular structures provide improved recapitulation of
structural and functional properties of the original tissue. Recent pro-
tocols have allowed deriving both normal and tumour organoid cultures
of the exocrine pancreas from human primary tissue [18,19]. Organoid
technology enables in-depth analysis of pancreatic cancer subtypes [20]
and drug screens [19]. Organoid-based platforms have been successfully
used in personalized medicine approaches for novel drug discovery and
to predict the efficiency of chemotherapy in PDAC [21].

Similarly, many efforts have been directed at the development of the
advanced PDAC 3D models to better mimic the tumour microenviron-
ment. Bioengineering techniques such as two-photon polymerization,
hybrid scaffold designs, and novel hydrogels are employed to recreate in
vivo-like tumour structures. For example, 3D-printed microscale scaf-
folds with bioactive coatings (e.g., hyaluronic acid, fibronectin) have
been used to study early-stage metastasis [22]. Ex vivo explant models
preserve the original tumour architecture for direct therapeutic testing
on PDAC patient tissue [23]. Other studies explore biocompatible scaf-
folds like polyvinyl alcohol/gelatin to support cancer cell growth and
tumour aggressiveness [24]. Long-term tri-culture models with hybrid
polyurethane scaffolds mimic key PDAC features, such as desmoplasia,
for over five weeks [25]. Innovative hydrogels promote spheroid for-
mation for studying tumour invasiveness markers [26], while the
cancer-on-a-bead model replicates the tumour microenvironment,
emphasizing the role of the extracellular matrix in drug resistance [27].

Nevertheless, several aspects of the tumor environment and drug
delivery remain challenging to replicate in both 2D models and more
advanced 3D and organoid cultures. The delivery of the chemical agent
to the tumour cells is influenced by both the characteristics and
behaviour of the chemical preparation in the blood flow, as well as the
properties of the components of the bloodstream, such as plasma phar-
macokinetics, tumour vessel structure, including endothelial perme-
ability, vessel diameter and branching [28,29]. Models that could
consider these dimensions and simulate how much of the chemical agent
passes from the flow in the blood vessel to the tumour cells would be
beneficial.

In recent years, microfluidic devices allowing long-term co-culture of
different cell types and simulation of physiological barrier function,
often termed organs-on-the-chip (OOC) have become increasingly pop-
ular [30]. By adding the possibility to modulate dynamic mechanical
signals on the cells (e.g. fluid shear stress, interstitial fluid flow, waste
removal etc.) [31] or spatiotemporal chemical gradients [32], it is
possible to bring the in vitro microfluidic system closer to the organ or
tumour of interest [30,33].

Various PDAC-on-the-chip approaches have been proposed exploring
tumour cell cross-talk with stromal components [34-37] and vascular
endothelium [38]. A trend to incorporate primary cells in microfluidic
devices is noticeable and often preferred for more accurate effect
modelling [30]. Several recent studies used donor tissue-derived PDAC
organoids [34,36] or tumour spheroids [39] embedded in the ECM gel.
However, the concept of harnessing primary PDAC tissue in the chip
with a focus on endothelial/epithelial barrier allowing flow
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manipulation has not been explored so far.

Here, we partially integrate previous approaches and describe a
workflow for generating personalized PDAC-on-the-chip (PDAC chip)
that brings primary tumour tissue expanded as organoids in direct
contact with the blood vessel barrier. The system allows long-term co-
culture with repeated readouts and offers control of the media flow rate.
First, we produce a vertically stacked-channel polydimethylsiloxane
(PDMS)-free microfluidic chip that simulates blood vessel and pancre-
atic duct lumens, separated by a porous membrane and providing
separate outflow collection. We characterise the microfluidic system and
compare it to a 2D culture model. Such microfluidic device could be
used to simulate and manipulate blood flow and permeability parame-
ters, to study PDAC/vasculature interaction and to clarify the pharma-
cokinetics, pharmacodynamics and efficacy of the chemical agents. We
demonstrate that reliable biomarker readouts can be obtained specif-
ically from the chip samples aided by PDMS-free chip and experimental
setup. These readouts could be useful to monitor the system, assess drug
sensitivity and could be integrated into personalized functional
oncology approaches to predict therapy response.

2. Material and methods
2.1. Primary human pancreatic tumour organoid derivation and culture

Primary human pancreatic organoids (hPOs) were derived from
donor tumour tissue following the pancreatic ductal adenocarcinoma
(PDAC) resection procedure performed in Riga East Clinical University
Hospital. The study was approved by the Central Medical Ethics Com-
mittee of Latvia (approval Nr. 7028 from July 21, 2021) and patient
informed consent was obtained. Tissue samples were transferred in
transportation solution Ad-DMEM+++ containing Ad.DMEM/F12
(Gibco, #12634010) 2 mM GlutaMAX Supplement (Gibco, #35050061),
10 mM HEPES (Gibco, #15630080), 100 units/ml Pen/Strep (Sigma-
Aldrich, #P4333) and isolated within 24 h. Pancreatic organoids were
established following a previously published protocol [40]. The tissue
samples were minced into smaller fragments using scissors, a portion
was collected for DNA and RNA isolation and placed at —80°C freezer for
later isolation. The minced tissue was transferred to a 15 ml tube and
washed three times with D-BSA, containing DMEM (Sigma-Aldrich,
#D0822) and 0.1% BSA (Sigma-Aldrich, #SLCK4304) on ice. Each
washing step included sample pipetting, allowing minced tissue to
sediment and removal of the supernatant. The sample was enzymatically
digested in a solution, containing Ad-DMEM+++, 1 mg/ml Collagenase
type II (Gibco, #17101015), 100 pg/ml Trypsin inhibitor (Gibco,
#R007100) and 10 pM rock inhibitor (Y27632) (AbMole BioScience,
#M1817). Digestion was carried out in a 37° C incubator with a shaker
at 140 rpm for 2 h and included a pipetting step every 30 min with a
pre-wetted 5 ml serological pipette. The digestion process was stopped
by adding 1 ml FBS (Gibco, #16141079). The sample was washed with
D-BSA and filtered over a 100 pm pore size filter in a 50 ml tube. The
collected flow-through was centrifuged in a 15 ml plastic tube and
centrifuged at 1200 RPM for 5 min. The pellet was placed on ice and
resuspended in Culturex BME Type II gel (R&D Systems,
#3533-005-02). 50 pl of gel was used to make four individual domes per
well in a 24-well low-adhesion pre-heated plate (Sarstedt). The plate
was inverted and placed in the incubator at 37°C, 5 % CO» for 20 min
allowing the gel to solidify. After 20 min 0.5 ml of organoid full medium
containing ADMEM/F12, 10,000 units/mL Pen/Strep, 40 % Wnt3A
conditioned medium, 2 mM Glutamax, 10 mM Hepes, 1x B27 supple-
ment (Gibco, #17504044), 1x N2 supplement (Gibco, #17502048),
1.25 mM N-acetylcystein (Sigma-Aldrich, #A7250), 10 mM Nicotin-
amide (Sigma-Aldrich, #240206), 10 nM Gastrin (Sigma-Aldrich,
#G9145), 10 % RSPO conditioned medium (homemade), 50 ng/ml
Noggin (Peprotech, #120-10C), 100 ng/ml FGF10 (Peprotech,
#100-26), 50 ng/ml EGF, 1 pM Forskolin (Tocris, #1099), 0.5 pM
A83-01 (Tocris, #2939), 50 pg/ml Primocin (InvivoGen, #ant-pm-2),
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10 ng/ml FGF2 (Peprotech #100-18B) and Y27632 was added to wells
and plate was placed back in the incubator.

2.2. Human umbilical vein endothelial cell culture

Human Umbilical Vein Endothelial Cells (HUVEC) (#SCCEO001,
Millipore Chemicon®) were cultured in a T75 flask in EndoGRO-VEGF
Complete Culture Media Kit (cat. nr. SCME002, Millipore) medium,
based on the manufacturer’s instructions. Cells up to passage 7 were
used in the experiments.

2.3. DNA isolation and targeted sequencing

DNA was isolated from tumour hPOs after reaching passage five.
Tumour hPOs were mechanically isolated from the gel by washing and
pelleted. Isolation was performed using a QIAamp® DNA Mini kit
(Qiagen, #157055028) according to the manufacturer’s instructions.
The sequencing libraries were prepared with the QIAseq Targeted DNA
Human Comprehensive Cancer Panel DHS-3501Z (Qiagen, Germany)
following the manufacturer’s protocol. The panel included 11,311
primers targeting regions in genes, with a total length of 836.7 kilobases.
The libraries were quantified via qQPCR and size-estimated with TapeS-
tation (Agilent, USA) before equimolar pooling for sequencing.

The pooled libraries were sequenced on the Illumina NextSeq 550dx
platform using the High Output reagent kit in 150 PE configuration,
producing approximately 60 million paired reads per sample. Data
processing and variant calling were conducted with Qiagen CLC Geno-
mics Workbench (v23.0.1), using the default workflow from the
Biomedical Genomics Analysis module (v23.0.1) and the GRCh37
reference genome. Interpretation of the obtained variants was per-
formed using Qiagen Clinical Insight software.

2.4. Microfluidic chip fabrication

Off-stoichiometry thiol-ene (OSTE)/cyclo-olefin copolymer (COC)
devices were based on COC mini-luer port microscope slides (Micro-
fluidic ChipShop, Germany) for the top channels and COC microscope
slides (Microfluidic ChipShop, Germany) for the bottom pieces. The
chips have a vertically stacked design with a channel height of 1.25 mm
for the top channel (used for epithelial cells) and 0.20 mm for the bottom
channel (utilized for endothelial cells), with an overlapping area of 18
mm?, with 1.2 and 1.0 mm channel widths, respectively. The chip
initially was designed in 3D CAD software Solidworks (DS Solidworks
Corp., USA) The master molds for OOC channel fabrication were then 3D
printed with a masked stereolithography (MSLA) 3D printer (Zortrax
Inkspire, Zortrax, Poland) with ivory resin. The prepared master mold
was then washed in an ultrasonic bath for 10 min in isopropyl alcohol
and blow-dried using N2 followed by UV (6.6 mW/cm? for 30 min) and
thermal treatment (60°C for 48 h) to fully cure the master mold. Then
PDMS was mixed in a 10:1 ratio and cured in the molds at 60°C over-
night. Cured PDMS was peeled off a 3D-printed mold, using isopropyl
alcohol for wetting and easier peeling.

For device fabrication A and B components of OSTE 322 (Mercene
labs, Sweden) were mixed in w/w proportion 1.09:1, as per manufac-
turer’s instructions, followed by mixing in Mixer Thinky with 750 rpm
for 5 min in the mixing program and 750 rpm for 5 min in the defoaming
program. Mixed OSTE was degassed using a vacuum desiccator for ~20
min. COC slide’s surfaces were oxidized using Plasma Asher (GIGAbatch
360 M, PVA Tepla, USA) with a flow rate of 800 sccm (O), power 600 W
for 2 min. To prepare the bottom layer of the chip, the PDMS mold was
pressed against the COC slide in a jig, and a glass slide on top was
secured tightly with 6 M4 screws (at 0.3 Nm). OSTE container was
connected to the PDMS mold using polytetrafluoroethylene (PTFE)
tubing, and OSTE injection was done using Microfluidic Flow Controller
OB1 MK3+ (Elveflow, France). Injected OSTE was exposed in UV using
Mask Aligner Suss MA6 with a dose of 850 mJ. The COC slide with
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exposed OSTE was peeled of the jig and pressed against a 20 pm thick
porous polyethylene terephthalate (PET) membrane (3 pm pore size,
0.8E6 pores/cm?, porosity of 5.65%, (it4IP, Belgium) so that air bubbles
are pressed out. The COC/OSTE bottom layer was cured on a hot plate at
60°C for 1 h between PTFE films with 2 kg weight pressing the devices to
the hot-plate. To prepare the top layer, OSTE injection was done the
same way as for the bottom layer and exposed to UV with a dose of 925
mJ. Finally, the top and bottom layers were aligned using an adapted
alignment tool and pressed together, pressing out any air pockets.
OSTE/COC hybrid device was compressed from both sides using a
custom setup and left to cure in an oven at 60°C overnight. Internal
process control for chips included alignment control to ensure consis-
tency for the cell culture area, and bottom channel fluidic resistance
testing. Resistance testing was done at 50 mbar pressure with 10% (v/v)
isopropyl alcohol and de-ionised water mixture for every channel, which
allowed us to obtain the volume flow rate through every channel. The
resistance testing allowed to control for constant bottom channel height,
which otherwise cannot be tested non-destructively. Given the fact that
for square channel profiles, the flow resistance is impacted by channel
height to the power of 3 [41], it was possible to control that the channel
height varies no more than + 10 % from the 0.2 mm design. The overall
chip dimensions are that of a standard microscopy slide of 75.5 x 25.5
mm. Fig. 1 shows the chip setup scheme.

2.5. HUVEC and tumour hPO seeding on the chip

The microfluidic chip was rinsed with 70% ethanol and dH20 at a
flow rate of 10 pl/min for 2 h and 4 pl/min for up to 4h. The chip
membrane was coated with Cultrex BME Type II gel at a ratio of 1:100
(0.1 mg/ml) in Advanced DMEM/F12 (#12634010, GibcoTM) before
cell seeding. Initially, the bottom channel of the chip was coated with 50
pl of the coating solution, the output and input ports were closed with
mini luer plugs (ChipShop, #10000053) and the chip was placed in an
incubator 37°C, 5% CO» for 30 min, upside down, to allow coating to
adhere to the membrane. In the meantime, HUVECs were trypsinised
according to manufacturer instructions and counted using LUNA II cell
counter (Logos Biosystems). Channels were seeded at 6x10e6 cells/ml
concentration using 50 pl cell suspension per channel, inverted and
placed in a 37°C, 5% CO2 incubator for 2 h for cell attachment to the
membrane. After 2 h the chip was removed from the incubator and
connected to the syringe pump ISPLab10 (DK Infusetek) using HUVEC
medium at 4 pl/min flow rate and cultured until endothelial cells were
fully confluent. Syringes with the cell culture media were connected to
the chip inlets via Teflon tubing, while the outlets were connected to the
media-collecting sample tubes placed in the incubator along the chip. A
similar seeding procedure was used for tumour hPOs, except the flow to
the lower channel was stopped prior upper channel coating and cell
seeding process.

Tumour hPOs were dissociated to a single cell level by adding 0.5 ml
Collagenase/Dispase solution (Roche #10269638001) in AD/
DMEM-+++ containing 10 pM Y27632 to a phosphate buffered saline
(PBS)-rinsed well (24-well plate), and incubating at 37°C 5% CO2 for 2
h. After digestion tumour hPOs were washed with D-BSA and further
digested using 0.5 ml Accutase (Gibco, #A1110501) with 10 pM Y27632
in a water bath at 37°C for 40 min, pipetting cell pellet every 15 min and
checking for cell dissociation. Digestion was stopped with Ad-
DMEM-+++ solution, cells were centrifuged for 5 min at 1200 rpm and
resuspended in full tumour hPO medium with 10 pM Y27632. Cells were
seeded on the chip using one full tumour hPO well (24-well plate) per
chip channel and placed in the incubator for 3 h for attachment in 50 pl
of full hPO medium with 10 pM Y27632. After 3 h the chip was removed
from the incubator, upper channels were connected to the syringe sys-
tem using tumour hPO full medium diluted with AD/DMEM+++ in 1:5
ratio (adjusted to 50 ng/ml EGF, 10 mM Nicotinamide and 1.25 mM N-
acetylcysteine) concentrations and set to flow rate of 4 pl/min.
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Fig. 1. PDAC chip setup scheme. (A) An illustration of the chip cross section with primary pancreatic ductal adenocarcinoma (PDAC) tumour cells in the upper
channel and endothelial (HUVEC) cells in the bottom channel separated by a porous PET membrane. A brightfield image of the PDAC chip channel. (B) A diagram
showing the flow direction in upper and bottom channels of the chip with the cell seeding membrane area highlighted. (C, D) A schematic of the microfluidic setup

with the chip and outflow collection tubes in the incubator.

2.6. Immunolabelling of tumor hPOs and cells on the chip

Immunofluorescence analysis was performed on tumour hPO cryo-
sections, whole mount-prepared tumour hPOs and chip membranes.
Tumour hPO cultures were washed with PBS and fixed in 4% para-
formaldehyde (PFA) with 100 mM sucrose for 30 min. For cryo-
sectioning, organoids were subsequently incubated in 30% sucrose PBS
solution overnight at 4°C, pelleted and frozen in optimal cutting tem-
perature solution (Sakura Finetek). 10 pm-thick frozen sections were
used for immunolabelling. For whole-mount imaging, organoids were
prepared according to the previously published protocol [42]. For chip
membrane immunofluorescence, cells in the chip were fixed with 4%
PFA using 4 pl/min perfusion and washed with PBS. Membranes were
extracted, cut into several fragments, and used for immunolabelling in a
24-well plate. Labelled membrane fragments were mounted on a glass
slide in a mounting medium and subjected to microscopy.

The following antibodies were used: epithelial marker E-cadherin
(CDH1) (BD Biosciences, #610182), endothelial marker VE-cadherin
(CD144), ductal marker Cytokeratin 19 (CK19) (Dako/Agilent,
#MO0888), pancreatic progenitor markers SOX9 (EMD Millipore
#Ab5535), PDX1 (R&D Systems, #AF2419), pancreatic tumour markers

GATA6 (Cell Signaling Technology, #5851S) and Mucin 5AC
(MUC5AC), (Santa Cruz Biotechnology, Inc. SC21701), apoptosis
marker Cleaved Caspase-3 (Cell Signaling Technology, #9661), Anti-
mouse IgG Donkey Alexa Fluor™ Plus 488 (Thermofisher, #A32766)
Anti-rabbit IgG Donkey Alexa Fluor™ Plus 555 (Thermofisher,
#A32794), Anti-goat IgG CF™ 647 (Sigma Aldrich #SAB4600175).
Bright-field images were acquired using an EVOS digital light micro-
scope (Thermo Fisher Scientific). Immunofluorescence images were
obtained using a fluorescent live-imaging microscope (Till Photonics)
Images were subsequently analysed using ImageJ software (National
Institutes of Health) and QuPath [43].

2.7. Cell barrier permeability tests in the chip

Cascade Blue (#C687, Invitrogen TM) was prepared in EndoGRO-
VEGF Complete Culture (#SCME002, Millipore) media with a concen-
tration of 50 pg/ml. The media flow was stopped and new syringes with
cascade blue in EndoGRO VEGF media with a total of 4 ml were added to
the pump, set to different flow rates — 1 pl/min, 2 pl/min and 4 pl/min
and placed in the incubator. After the incubation time, the outflow
media was collected from both channels and 100 pl volume per sample
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was transferred to a 96-well plate. The fluorescence was read at 400/
420 nm using a Tecan Infinite 200 spectrophotometer and results were
analysed using Graph Pad Prism software (Dotmatics). For the calcula-
tion of the apparent permeability, we adopted the barrier function
analysis by Emulate [44] (Emulate). The following formula was used to
calculate the apparent permeability:

Qr*Qs Cro*(Qr + Qs)

P, = *In|l—
app SA*(QT*QB) n (QT*CT,O"FQB*CB.O)

The Pypp in the formula is the apparent permeability (cm/s), SA is the
cell contact surface area separated by a membrane (ecm?), Qr and Qg are
the flow rates in the top (tumour) and bottom (endothelial) channels
(cmg/s), while Cro and Cpy are the concentrations measured in the
outflows of the top and bottom channels respectively (uM).

2.8. Cell viability LDH detection assay in the chip outflows

The cytotoxicity was estimated by measurement of tissue damage
marker lactate dehydrogenase (LDH) activity by a colourimetric assay
(LDH-Cytotoxicity Assay Kit II, Sigma-Aldrich, cat.nr.MAK380). The
aspirated or outflow cell culture media were collected, centrifuged at
600xg for 10 min and transferred in a 96-well microplate at 10 pl/well.
100 pl of LDH reaction mix was added to cell culture media per well and
LDH activity was measured according to the manufacturer’s instruction.
The absorbance measurement was performed at a wavelength of 450 nm
using a microplate reader (Tecan Infinite M200Pro, Tecan Trading AG,
Mannedorf, Switzerland).

2.9. Chip outflow secretome analysis using multianalyte detection assay
(multiplex)

PDAC chip outflow samples were analysed for a variety of cytokines
using the Human ProcartalPlex™ Mix&Match panel (Invitrogen, USA)
according to the manufacturer’s instructions. The following analytes
were detected: sAXL, CA19-9, Fractalkine (CX3CL1), MIC-1 (GDF-15),
ICAM-1, Osteopontin, TIMP-1. Fractalkine was detected as a soluble
secreted apoptotic marker [45]. In turn, the carbohydrate antigen 19.9
(CA-19.9) is the best-established biomarker used in PDAC clinical
management. CA-19.9 exhibits a strong correlation with pancreatic
disease and elevated levels are indicative of worse overall survival [46].
Many other promising candidates are emerging, for example, osteo-
pontin and TIMP-1, that can distinguish PDAC from pancreatitis [47].
Some biomarkers, like ICAM-1 and Macrophage inhibitory cytokine 1
(MIC-1, also known as GDF15), show a high level of specificity in
combination with CA-19.9 [48,49] and can be used for early stage PDAC
detection [49]. Other novel biomarkers, for instance, soluble AXL
(sAXL), can outperform CA-19.9 in discriminating cancer from chronic
pancreatitis [50]. Briefly, magnetic beads coupled with antibodies for 7
different analytes were added and washed twice with wash buffer. The
standard was prepared by mixing solutions provided by the manufac-
turer, and a serial dilution protocol was used to prepare a range of
standard solutions (1:3 serial dilution). Both standards and samples
were prepared and added to the washed beads in the designated wells of
the plate and incubated in an orbital shaker at 600 rpm for 2 h. Between
incubations with different antibodies, the plate was washed twice with
the wash buffer. The plate was then incubated with secondary anti-
bodies for 30 min and with streptavidin-RPE-coupled detection anti-
bodies for 30 min. The plate was washed three times, resuspended in a
reading buffer, and analysed using a MAGPIX® instrument (Luminex
Corporation, USA).

2.10. Imaging flow cytometry

Flow cytometry data were acquired using Amnis® Image-
Stream®XMark II (Luminex). The acquisition was performed using 488
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and 642 lasers set to 100 mW and 5 mW power respectively. EpCAM-
FITC (BD Biosciences # 347197), CD90-FITC (BD Biosciences
#555595) antibody and DRAQ5 DNA probe were used. Gating was
performed based on event size and signal in Ch5 (DRAQ5) using un-
stained samples as controls. Data were acquired using the INSPIRE®
software and analysed using the IDEAS® software (Luminex).

2.11. Data analysis and presentation

Statistical analysis and data visualization were performed using
GraphPad Prism software (GraphPad Prism Software V8.0, USA). Stu-
dent’s t-test with Welch’s correction was used and P-values less than
0.05 were considered significant. All the data in bar graphs are pre-
sented as mean =+ SD, while in whisker plots, whiskers denote min. and
max. values. Figs. 1-3 were partially created with BioRender.com.

3. Results
1 Microfluidic pancreatic tumour chip setup

The microfluidic device we produce to create a personalized
pancreatic ductal adenocarcinoma (PDAC) chip has a vertically stacked
design. It consists of eight pairs of channels separated by a 20 pm thick
porous PET membrane that would represent the proximity of PDAC to
the vasculature in tumour conditions (Fig. 1A). Inlets were used for cell
seeding and perfusion — the top channel was used for tumour cells and
the bottom channel for endothelial cells (Fig. 1A and B). For high con-
sistency and accuracy of the outflow reading, the fabrication protocol
has specifically been tailored for the fabrication of PDMS-free micro-
fluidic chips, thus ensuring that the lipophilic molecule absorption of
PDMS is avoided.

PDMS despite being a heavily used material in microfluidics research
has critical drawbacks from the small molecule absorption perspective
[51,52]. Furthermore, the lack of highly repeatable and mass
manufacturing-compatible device fabrication process, has resulted in
Organ on Chip standardization group [53] setting forward a goal to
move towards PDMS-free chip technology. Herein used OSTE and COC
combines easy to fabricate devices [54] with COC polymer that counters
the optical scattering observed in OSTE-only devices [55]. One of the
core tenets for the chip design was continuous perfusion of the media for
both epithelial and endothelial designs, which has been heavily used in
studying other cancer models [56]. Furthermore, the design allows for
independent media sampling as well as non-invasive barrier integrity
evaluation [44].

The microfluidic setup consisted of a syringe pump with a flow
controller located outside of the incubator (Fig. 1C and D). To avoid
shear stress fluctuations, typically seen in peristaltic systems, syringe
pumps were used throughout the study, which, however, required
frequent syringe exchanges due to linear velocity restrictions seen with
the use of 10 ml and 20 ml syringes, which typically have internal di-
ameters exceeding 15 mm.

2 Characterisation of primary tumour organoids to be used for the
PDAC chip

Next, using the organoid culture approach, we expanded and char-
acterized the primary tumour resection material to be used in the PDAC
chips. PDAC is a desmoplastic tumour that can have a relatively low
tumour cell concentration and a significant stromal component [8].
Recently, protocols have emerged for generating primary human
pancreatic organoids (hPOs), enabling the establishment of both normal
pancreatic duct organoids and tumour hPOs [18,19]. The culture of
digested primary PDAC tissue proved a good tool to enrich pure
neoplastic cell populations without stromal components [19].

We first generated hPOs from PDAC tumour tissue (Fig. 2A) and
characterized them using immunofluorescence and targeted DNA
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Fig. 2. Generation and characterisation of human pancreatic tumour organoids (hPOs). (A) Tumour hPOs were isolated from the donor material obtained
during a tumour resection procedure. (B) An allele fraction heat map showing pathogenic mutations identified by targeted DNA sequencing in the original donor
tissue and tumour hPOs expanded to passage five. (C) Microscopy images of the corresponding tumour hPOs. A bright-field image of a gel dome containing tumour
hPOs and immunofluorescent images of a whole-mount (CK19) and cryo section preparations showing the expression of epithelial (CDH1, CK19), pancreatic pro-
genitor (PDX1, SOX9) and tumour (MUC5AC, GATAG6) markers. Scale bars — 100 pm.

sequencing to prove their tumour identity, since there is no single reli-
able marker for all PDAC subtypes. We selected a tumour hPO line that
harboured several hallmark PDAC pathogenic mutations, notably in the
KRAS, CDKNA2 and SMAD4 genes (Fig. 2B). When compared to the
mutation profile of the original tissue, we found that the mutation in
BRAF was detected in the tissue sample but not in the cultured tumour
hPOs. This could be due to culture selection against certain clones,
which is in line with previous findings [19,20]. Of note, the allele
fraction of the identified pathogenic mutations increased with culture
further suggesting the enrichment of tumour cells with the set mutation
status (Fig. 2B). Other genes frequently affected in PDAC (e.g. TP53,
ARID1A, BRCA2, GNAS, MYC) were included in the sequencing, but
were found not to be aberrant in the assay we performed.

Immunofluorescent analysis of the selected tumour hPO line
(Fig. 3C) revealed widespread expression of the epithelial marker E-
cadherin (CDH1), the ductal marker Cytokeratin 19 (CK19), as well as
pancreatic progenitor markers PDX1 and SOX9. Apart from the
pancreatic ductal phenotype markers, the cells were positive for
pancreatic tumour markers MUC5AC and GATAS®, suggesting the Clas-
sical PDAC subtype. Additionally, purity analysis of the hPO line to
exclude fibroblast contamination was performed (Fig. S1). Taken
together, these data suggest the PDAC nature of the hPO line selected for
further experiments and outlines a general workflow for the character-
isation of the material for the personalized chip, that should include
phenotypic analysis and a sequencing approach.

3 Functionality of the PDAC chip with an endothelial cell barrier

To create a PDAC chip with an endothelial cell barrier, we first
populated the device with human umbilical vein endothelial cells
(HUVECs). Normally, by day four on the chip, HUVECs reached full
confluence and dissociated tumour hPOs were subsequently seeded in
the upper channel of the device. The culturing of both channels was
continued, before collecting the cells for immunolabelling, as shown in
the experimental timeline (Fig. 3A). A PDAC chip with outflows running

separately could be maintained in culture for more than 50 days. We
chose to dissociate the tumour hPOs to recapitulate the nature of the
pancreatic duct lumen, which is also best compatible with the chip
design we use and would allow channel-specific outflow collection.
Previously, Haque and colleagues have described a microfluidic chip
that sustained the survival of primary pancreatic organoids in the gel
compartment for more than 26 days. The chip consisted of an organoid
compartment and a channel providing a culture medium with constant
flow. Interestingly, within a week, organoids seeded on the chip in
Matrigel nevertheless lost their spherical structure and grew as adherent
cell layers [36].

To confirm that dissociated organoids maintain a PDAC identity, we
characterised them on the chip. The cells grew adherently, forming
monolayer first, with a morphology resembling that of adherent cultures
in the tissue culture dishes (Fig. 3B). When cultured for a longer period,
the tumour cell layer became denser and displayed some vertical
growth, as apparent from the brightfield images (Fig. 3C). Dissociated
organoids on the chip retained the expression of the pancreatic ductal
(CK19, CDH1), progenitor (PDX1, SOX9) observed in the tumour hPO
cultures and expressed tumour markers (GATA6), as assessed by
immunofluorescence (Fig. 3D). The cells on the chip remained CK19-
positive beyond day 50 (Fig. 3E.). Moreover, we observed detachment
of overgrowing cells that could be detected in the outflow (Fig. 3F).

Other studies employed primary tumour hPOs to successfully study
PDAC interaction with the tumour microenvironment in two- [34] and
three-channel [35] multi-chip plates. In those studies, the tumour
organoids grew in a gel compartment and the flow was ensured by
placing the plate on the rocker and driven by plate inclination. The use
of basement-membrane matrices such as Matrigel is common since it
provides mechanical cues and rich conditions for organoid cultures.
Nevertheless, it is associated with potential limitations due to variations
in gel content and properties that can have effects on organoid pheno-
type and cell sensitivity to chemical compounds [57,58]. An earlier
report studied the hypovascularity of pancreatic ductal adenocarcinoma
(PDAC) using a biomimetic chip to demonstrate how tumour cells ablate
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Fig. 3. Functional characterisation of the PDAC chip. (A) A diagram depicting cell seeding and cultivation timeline for the PDAC chip. (B) Bright-field images of
the dissociated hPOs seeded in the tissue culture plate well and on the chip membrane. (C) A series of bright-field images of the hPOs on the PDAC chip taken from
the same channel at different time points. (D) Immunofluorescent phenotyping of the dissociated tumour hPOs on the chip membrane fixed at D18. (E) Tumour hPO
cells on the chip after more than 50 days of culture labelled with anti-CK19 antibody. (F) EpCAM-positive cells detected in the tumour channel outflow of the PDAC
chip. (G) HUVEC cell morphology and immunophenotyping on the plate and in the chip. (H) Apparent permeability (P,p,) values for the endothelial/epithelial
barrier of the PDAC chip under various flow rate conditions obtained using cascade blue (n = 3 channels). A fluorescent image of the cascade blue visible in the
bottom channel of a PDAC chip under 4 pl/min flow rate. Scale bars: (B) — 400 pm; (D,E) — 100 pm; (G) — 400 pm for bright-field images, 100 pm for fluorescent; (H) —

1000 pm. *P < 0.05, ***p < 0.001 (n = 3-6).

blood vessel cells [38]. The PDMS-based chip contained a collagen-filled
chamber with two hollow channels, which were populated with murine
pancreatic cancer cells (PD7591) and HUVECs. Here as well, the endo-
thelial perfusion was achieved via gravity-driven media flow. Unlike in
the mentioned studies, we used a PDMS-free chip coupled with a syringe
pump to the advantage of having controlled constant flow to mimic
blood vessel and ductal perfusion.

HUVECs on the chip and in the culture dish exhibited similar
morphology and expressed characteristic markers, such as VE-cadherin
(Fig. 3G). An essential feature of microfluidic devices with an endo-
thelial barrier is the possibility to assess the permeability of this barrier,
which allows to evaluate its capacity to mimic in vivo conditions [59].
To determine the permeability of the endothelial layer, we applied

cascade blue (CB) in the bottom channel at various flow rates and
attempted to detect the fluorescent compound in the outflow of the
upper PDAC channel. We detected a marked increase in the concentra-
tion of CB in the epithelial channel at lower flow rates. The apparent
permeability (Papp) under a 1 pl/min flow rate increased more than
two-fold compared to the 2 and 4 pl/min flow conditions (Fig. 3H).
The permeability of the endothelial barrier depends on several bio-
logical and physical parameters, including the composition of the
intercellular junctions and the shear stress experienced by the cells [60,
61]. Shear stress can affect blood vessel development, maturation and
permeability. These effects, however, are context-dependent and can be
influenced by many factors, including the extracellular matrix compo-
sition as well as the nature (stable vs. oscillating) and duration of shear
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stress [61-63]. In vivo, higher levels of stable shear stress correlate with
decreased blood vessel permeability [61]. Our observations in the chip
are in line with this narrative and suggest reduced permeability in
higher flow rate settings, which are characterised by increased shear
stress [64,65].

Taken together, we demonstrate that primary PDAC tissue initially
expanded as tumour hPOs, can be subsequently cultured for a prolonged
period as adherent cells in the OOC device in close contact with endo-
thelial cells. Continuous monitoring of cell morphology and collection of
separate outflows from tumour and endothelial channels are possible in
these settings. Additionally, the system provides the opportunity to
modulate the flow and permeability parameters of the endothelial bar-
rier. The chip could be further developed by incorporating additional
stromal components, such as fibroblasts and glial cells, to better mimic
the PDAC microenvironment or to model processes like metastasis for-
mation and perineural infiltration.

4 Viability of the HUVEC and PDAC cells on the chip

To further characterise the cells on the chip, we analysed tumour
hPO and HUVEC cell viability using several approaches. The advantage
of the chip design we employ is the ample amount of the outflow me-
dium readily available for analysis. We used lactate dehydrogenase
(LDH) as a readout for the well-being of the cells on the PDAC chip and
compared it to standard adherent cell culture conditions. In both settings
for confluent cell layers, we noted higher levels of LDH in tumour hPO

Materials Today Bio 29 (2024) 101262

cells compared to HUVEC cells with greater LDH level fluctuation in the
case of tumour samples (Fig. 4A and B). Of note, we also detected
fluctuations in the density of the hPO cells on the chip over the same
period (Fig. S2). Additionally, to explore the option of using secreted
apoptotic signal detection in OOC outflows, we selected CX3CL1 (frac-
talkine), an early apoptosis chemokine that has been reported to act as a
“find-me” signal [45]. In line with the LDH data, fractalkine could be
detected at higher concentrations in tumour cell conditioned medium
and channel outflows than in HUVEC samples (Fig. 4C and D). More-
over, like for LDH, the levels of fractalkine combined from tumour and
endothelial channels, increased with cultivation time on the chip
(Fig. 4E). These observations were further supported by immunofluo-
rescent detection of Caspase3 in tumour and HUVEC cells, where
noticeable levels of the apoptosis marker were found in PDAC samples
(Fig. 4F and G). A simple outflow-based readout would be more
convenient if continuous viability monitoring in the chip is desired. LDH
can be used to measure cell viability but is a sign of necrosis. Here, in
addition to cell death detection, we propose to monitor the secretion of
“find-me” or “eat-me” signals as early signs of apoptosis, which, to our
knowledge, has not been adopted for chip applications.

An important limitation of the presented data, and a broader chal-
lenge in the field, is the difficulty of normalising the detected analytes in
a running chip, especially in dense cultures with 3D structures. Ideally,
this would require a soluble molecule secreted by tumour or other
specific cell type (e.g. in case of co-culture with stromal cells), which
would correlate with cell density and could be reliably detected in the
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Fig. 4. Cell viability on the PDAC chip. LDH signal detected in the chip outflows (A) and conditioned media from the tissue culture wells (B) in tumour hPO (red
line) and HUVEC (blue line) samples, displayed as optical density (OD) values (the dotted line represents LDH signal derived from the respective fresh media).
Fractalkine concentration values detected in the PDAC chip outflows (C) and conditioned media from the tissue culture wells (D). (E) Combined values of the
fractalkine concentration levels detected in both pancreatic tumour and HUVEC channel outflows of the PDAC chip, measured at different time points one week
apart. (F) Representative immunofluorescence images of Caspase 3 staining performed on pancreatic tumour and HUVEC cells on the chip and in the tissue culture
wells. (G) Quantification of the Caspase 3 staining in dissociated tumour hPOs and HUVEC in the well and on the chip. Number of replicates (n): (A) n = 4 replicates
from two individual channels for each condition. (B) n = 2 wells for each condition; (C) n = 9 measurements at different time points from a total of 5 channels across
2 chips for each condition; (E) n = 4 channels from 2 chips; (G, left panel) high magnification images from 3 individual PDAC and HUVEC channels. (G, right panel) n
= 3 high magnification images from 3 different PDAC/HUVEC wells; Scale bars — 100 pm. *P < 0.05, **P < 0.01, ***p < 0.001.
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outflow. Additionally, a standard curve to correlate cell numbers would
need to be established for each cell type. Alternatively, a non-invasive
method, such as transepithelial electrical resistance (TEER) measure-

ments, could be integrated into the system to quantify cell density.

5 Comparison of the secretory pancreatic cancer biomarkers in the

PDAC chip and conventional 2D cell culture

A common justification for the benefit of microfluidic chips is their
enhanced ability to recapitulate the organ microenvironment and
overall in vivo conditions. Given the successful detection of the
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apoptotic biomarker fractalkine, we further focused on the outflow
analysis to detect other potentially relevant PDAC biomarkers.

We designed a panel that includes these markers and performed a
multianalyte detection assay on the PDAC chip outflows of both endo-
thelial and tumour hPO channels at different time points (Fig. 5A and B).
Conditioned medium from tissue culture dishes was used as a reference
(Fig. 5C). Our analysis demonstrated that all the tested biomarkers could
be detected in the chip outflows (Fig. 5A and B; Supplementary Table 1).
As expected, we observed significantly higher levels of ICAM-1 and
Osteopontin in both PDAC-conditioned media and chip outflows
compared to endothelial samples. Likewise, in the microfluidic settings,
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the majority of TIMP-1 could specifically be detected in tumour channel
outflows. Strikingly, however, virtually no TIMP-1 was detected in the
culture medium collected from tumour hPO cells on the dish, whereas
conventionally cultured HUVECs displayed high secretion, with up to
300 ng/ml detected in the medium. A similar reverse pattern was
observed for MIC-1 and soluble AXL (sAXL). These proteins were
abundant in HUVEC-conditioned medium, while in microfluidic set-
tings, they were predominantly detected in the PDAC channel outflows.

CA-19.9 was detected almost exclusively in the PDAC-conditioned
medium. On the chip, however, the majority of this glycoprotein was
detected in the endothelial channel outflows. This could represent an
intrinsic change in HUVECs that are challenged by different culture
conditions. Alternatively, some of the secreted products from PDAC cells
could cross the endothelial barrier, representing the endothelial
channel-directed secretion of the analyte.

To corroborate the finding, we repeated the biomarker detection in a
separate chip with different flow rates and observed robust similar
secretion patterns within a comparable range (Fig. 5B). The time points
used for the outflow collection on both chips are depicted in the diagram
in Fig. 5D. Additionally, we assessed the changes in biomarker secretion
over one week of culture on the chip and found that, collectively, the
secretion of the tested biomarkers tends to increase over time. For some
analytes, like sAXL and ICAM-1, there was a significant increase in
secretion (Fig. 5E).

Previously, the detection of various biomarkers has been demon-
strated in microfluidic OOC outflows using conventional detection
methods and integrated technologies or sensors [66,67]. A common
problem for the detection of biomarkers on the chip is their low abun-
dance often below the detection threshold [67]. Our observations vali-
date that chip outflows can be successfully used for the detection of
PDAC biomarkers. Moreover, we identified significant discrepancies
between the conventional adherent culture conditioned media and chip
outflows — four out of six analytes displayed reverse secretion patterns in
the tested conditions, which supports our hypothesis that the PDAC chip
represents the physiological conditions of the tumour microenvironment
more closely.

Overall, the search for novel biomarkers holds promise for the early
PDAC detection and conception of population screening programs [7].
However, biomarkers could also help guide therapy decisions and their
detection in microfluidic tumour models could be an asset for person-
alized medicine approaches [68]. Intriguingly, in a recent prospective
study, involving experimental validation in cell lines and primary
organoids, NDUFB8 and CEMIP2 were found to be predictive of an
adjuvant therapy response in PDAC patients [69].

4. Conclusions

Here we describe a workflow for establishing a personalized PDAC
chip using tumour hPOs and HUVECs as endothelial counterpart, that
recapitulates the physiological vascular barrier and tumour interaction
in a OOC system. The novelty of our platform is the use of a PDMS-free
chip coupled with a syringe pump that offers the advantage of controlled
constant flow to mimic blood vessel perfusion. Moreover, we also pro-
vided the flow in the pancreatic channel. In our setup, the PDAC tissue
expanded as hPOs can be further cultured as adherent cells on the chip
for more than 50 days with continuous monitoring of cell viability using
tumour and endothelial channel outflows. The data suggest a gradual
increase in cell density and turnover of cells in the tumour channel. We
demonstrate that several tumour-specific biomarkers such as CA-19.9,
TIMP-1, Osteopontin, MIC-1, ICAM-1 and sAXL could be reliably
detected in the collected chip outflows. Additionally, we compare
biomarker secretion patterns in tissue culture plates and microfluidic
conditions and detect major discrepancies suggesting the benefit of the
chip approach.

The described personalized PDAC chip could be used for improved
drug sensitivity assays and serve as a platform for studying biomarker
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secretion for precision medicine applications. We envision that the
PDAC chip could be further developed by adding tumour microenvi-
ronment counterparts to subsequently study various aspects of tumour
biology. It would be suitable for studies on metastasis initiation, drug-
induced vascular damage, as well as the impact of vasculature depri-
vation and hypoxia on drug delivery.

Furthermore, the two compartment chip design could be used to
study other biologically relevant barrier functionality in OOC models of
blood-brain barrier, placenta, lung, gut, kidney, skin and oral mucosa.
Up to 8 vertically stacked models could be placed on the chip and
interconnected through small tubing and standardized mini-luer con-
nectors serving as a platform for multi-organ chip models.
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