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PDAC-on-chip for modeling in vitro the stromal and pancreatic
cancer cells crosstalk

b,c,

Viola Sgarminato®, Simone Marasso®<, Matteo Cocuzza®<?, Giorgio Scordo®*, Alberto Ballesio®,

Gianluca Ciardelli*®¢, Chiara Tonda-Turo®®"

Pancreatic ductal adenocarcinoma (PDAC) mainly develops in the head of the pancreas, within the acino-ductal unit
composed by acinar and ductal cells surrounded by pancreatic stellate cells (PSCs). PSCs strongly influence the tumor
microenvironment by triggering an intense stromal deposition which plays a key role in tumor progression and limits the
drugs perfusion. Here, we developed a microfluidic in vitro model recreating the in vivo tumor-stroma crosstalk to
replicate the steps of PDAC evolution towards the establishment of an efficient in vitro platform for innovative therapies
validation. The multilayer PDAC-on-chip was designed to culture the PDAC cells and the PSCs embedded in a type |
collagen gel in the top and bottom layers, respectively. The presence of a biomimetic nanofibrous membrane in the middle
of the chip permits to control the interactions between the two cell lines and to easily analyze the effect of the crosstalk
on cell behavior. First, the PDAC-stromal cells relationship was evaluated under co-culture conditions on 24-well inserts
including the PCL/Gel electrospun membrane. This simplified model shows that the human fibroblasts change their
morphology and secrete higher amount of IL-6 cytokines in presence of tumor cells confirming the activation of stromal
cells under co-culture. Then, the PDAC-on-chip system was validated by demostrating that human fibroblasts seeded in a
3D collagen matrix in the bottom microchannel also change to a myofibroblasts-like shape with increased expression of a-
SMA and secrete higher amount of IL-6 cytokines. Finally, this microfluidic system resulted suitable for the evaluation of

drugs efficacy and serves as a powerful tool to understand the early evolution steps of PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC), commonly known as
pancreatic cancer, is the most frequent type of exocrine
pancreas tumor and one of the leading cause of cancer-related
death worldwide with a five-year survival rate of below 9%12.

The main reason that leads to consider PDAC a notably
aggressive disease concerns the rapid cancer’s evolution
without clear symptoms in the early stages, resulting in a late
diagnosis and poor clinical prognosis. Indeed, only 10% of the
patients has resettable tumors since the majority of cases
present extended metastases and advanced lesions at
diagnosis3. In addition, the genetic complexity and the
heterogeneity of the pancreatic tumor microenvironment
weaken the effectiveness of the current treatments that,
despite the improvements in the discovery of new therapeutical
strategies, result insufficient in contrasting this pathology3->. In
particular, the PDAC microenvironment is mainly composed by
a desmoplastic stroma which strongly affects the tumor’s
evolution and represents a barrier against chemotherapy and
radiotherapy®>®. The stroma is mainly composed by collagens,
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with the type | and Il fibrillar collagens accounting for >90% of
all collagen mass®, and it is generated by the excessive
extracellular matrix (ECM) deposition principally from the
pancreatic stellate cells (PSCs) that trigger an intense
desmoplastic reaction within the tissue surrounding the cancer
cells®>11, More specifically, PSCs are normally located in the
periacinar space around the acinar and ductal cells constituting
the pancreatic adenomere, which represents the fundamental
unit of the exocrine pancreas and the region where the
pancreatic intraepithelial neoplasia (PanIN) occurs®12, During
the tumorigenesis, the PSCs that are in a quiescent state
become active and change their morphology in a spindle-
shaped, exhibiting a myofibroblasts-like phenotype. Their
primary activation is the result of an inflammatory stimulus
which causes the recruitment of the immune system cells into
the tumor site (monocytes, T cells, neutrophils, macrophage,
and mast cells). The inflammatory cells produce cytokines such
as the Interleukin 6 (IL-6), which causes the mutation of the
oncogene KRAS and the progression from PanIN to PDAC%13,
Although important risk factors can contribute to the evolution
of the pancreatic cancer (like smoking, obesity, type 2 diabetes,
chronic pancreatitis, and alcoholism?) and mechanisms of
maturation from the neoplasia are well documented!41>, the
alterations that give rise to the early lesions remain still
unclear?®, For these reasons, current research is focusing on the
development of PDAC in vitro models for a deeper
understanding of this pathology, the identification of new
biomarkers and the establishment of screening tests, in order
to enable an earlier detection of pancreatic cancer and to
improve the prognosis!’-22, However, one of the major
limitations of PDAC in vitro models is the lack in replicating the
tumor microenvironment surrounding the gland and the PDAC-
stroma crosstalk, which constitutes an important feature as it



significantly affects the tumor’s evolution and the drugs
resistance??-26. Among the existing in vitro models, organ-on-a-
chip microfluidic systems represent a powerful tool to
reproduce the cancer cells-stroma interactions in a controllable
environment and under real-time monitoring!®27-2°_ |n addition,
these devices make drug tests and cell analysis accessible and
immediate due to the presence of typical micrometer-sized
channels that allow a controlled patterning of stromal and
cancer cells30. Recent studies have demonstrated the possibility
to include the stromal component on microfluidic platforms to
better replicate the PDAC microenvironment by integrating
hallmarks of the pancreatic cancer desmoplastic tissue20:31-34,
However, the still far from the complete
understanding of this disease and of the mechanisms involved
in the PDAC-stroma relationship. Further improvements are
therefore needed in the design of microfluidic systems. In this
study, a novel biomimetic PDAC-on-chip was designed to model
the pancreatic cancer and its interaction with the surrounding
environment. In particular, PSCs were embedded in a type |
collagen gel and cultured in bottom microchambers of the
multilayered device, designed to both confine the gel (the
central microchannel) and to guarantee the nutrients transport
in automated and dynamic conditions (the two lateral
microchannels). The ductal cancer cells, on the other hand,
were seeded in the top layer of the platform and they were
allowed to grow on a nanofibrous polycaprolactone/gelatin
(PCL/Gel) membrane, which represents a biomimetic substrate
since the ECM-like architecture typical of the electrospun
matrices is able to support cell adhesion, spreading and
functions35-38, The blend of a synthetic thermoplastic polymer
(PCL) and a natural polymer (Gel) has been widely adopted in
the fabrication of nanofibrous scaffolds as it allows to achieve a
and physicochemical
properties with an improved biocompatibility3®-42. Moreover,
the presence of the electrospun membrane in the middle of the
chip permits to control the interactions between the two cell
lines and to easily analyze the effect of the crosstalk on cell
behavior. This aspect was also evaluated by implementing the
co-culture conditions on 24-well inserts before proceeding with
the experiments in the microfluidic system. In particular,
preliminary assays were performed on commercial inserts
modified by replacing the polyethylene terephthalate (PET)
membrane with the PCL/Gel nanofibrous mat and used to
investigate the activity of human fibroblasts and human ductal
cells (wild type or KRAS-mutated) seeded in mono- or co-
culture.
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Experimental Section

Cell culture

Human pancreatic ductal epithelial cells (HPDE) stably
expressing activated KRAS (HPDE-KRAS) and wild-type HPDE
(HPDE-wt) were kindly provided by Prof. F. Bussolino and
cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific,
Waltham, USA) supplemented with 1% Penicillin-Streptomycin
(Gibco), 1% L-glutamine (Gibco) and 10% fetal bovine serum
(FBS) (Gibco). Human foreskin fibroblasts (HFF1) cells were

obtained from ATCC® and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 1% Penicillin-
Streptomycin (Gibco), 2% L-glutamine (Gibco) and 15% FBS
(Gibco). PSCs were purchased from iXCells Biotechnologies (San
Diego, USA) and cultured in Stellate Cell Growth Medium kit
(iXCells Biotechnologies, San Diego, USA) composed by Stellate
Cell Basal Medium supplemented with 0.2% Stellate Cell
Growth Supplement, 1% Penicillin-Streptomycin-Amphotericin
B Solution 100x and 10% FBS. Cell lines were maintained in a
humidified CO; incubator at 37 °C and 5% CO..

Preparation of modified transwell inserts using the PCL/Gel
electrospun membrane

Electrospun membrane. The PCL/Gel membrane was produced via
solution electrospinning, in accordance with previously optimized
protocols3>. In brief, PCL/Gel solution at 15% w/v was prepared
mixing the PCL and Gel polymers (respectively in the ratio of 80:20
w/w) in a mixture of acetic acid and formic acid in the ratio of 1:1 v/v.
GPTMS (3-glycidoxypropyltrimethoxysilane) was added as
gelatin crosslinker to the final solution in a concentration of
3.68% v/v3%43, The electrospinning process was performed by
employing the NovaSpider instrument (CIC nanoGUNE, San
Sebastian, Spain) and the parameters were set, in accordance
with earlier tests, at 12 kV voltage, 0.5 ml/h flow rate and 12 cm
distance.

PCL/Gel nanofibers were integrated on the commercial 24-well
inserts. Specifically, each insert was modified by removing the
polyethylene terephthalate (PET) membrane and leaving only the
polystyrene support. The electrospun membranes were then cut in
small square pieces and applied on the plastic inserts by employing
poly-dimethylsiloxane (PDMS; Sylgard 184, Dow Chemical,
Midland, USA) to favor the adhesion. In order to avoid an excessive
impregnation of membranes with PDMS, a thin layer of PDMS was
brushed on the insert’s outer walls and a first pre-crosslinking was
performed by maintaining the supports at 90 °C for about 5 min.
After the positioning of the PCL/Gel fibers on the polystyrene
supports, an additional layer of PDMS was applied on the edges of
the membranes and they were then kept at 70 °C for about 2 min to
complete the curing of PDMS.

Cell seeding in transwell inserts
inserts modified with PCL/Gel
membranes were sterilized via UV light for 1h before cell

The transwell electrospun
seeding. Cells were cultured both on the PCL/Gel electrospun
membrane modified supports (TW_PCL/Gel) and on the
commercial 24-well PET inserts (TW_PET) with 8.0 um pore size,
0.1 x 108 per cm? pore density and 0.3 cm?2 growth area. HFF1,
HPDE-WT and HPDE-KRAS were seeded in mono- and co-
culture. The co-culture medium was prepared in accordance
with preliminary tests performed to individuate the appropriate
concentration of supplements (Fig. S1). In particular, they were
maintained in DMEM/F-12 supplemented with 15% FBS (Gibco),
1% Penicillin-Streptomycin (Gibco) and 2% L-glutamine (Gibco).
The 1:3 ratio of HPDE-WT and HPDE-KRAS to HFF1 cells was
adopted for the co-culture conditions. The human fibroblasts
and the ductal cells were seeded at densities of 3 x 104
cells/transwell and 1 x 10* cells/transwell, respectively. In



particular, 35 pL of medium containing HFF1 and 20 pL of
medium containing HPDE-KRAS or HPDE-wt were respectively
pipetted on the upper and lower side of the membrane. After
seeding the cells were allowed to adhere for approximately 1h
at 37 ° C and 5% CO; before adding the medium both in the
inner and the outer compartments of the modified inserts. The
medium was refreshed every 2 days during the culture.

Interleukin 6 (IL-6) cytokines release

Cytokines’ concentration was determined in cell supernatants
that were collected from the upper side of the TW_PET and
TW_PCL/Gel membranes after 24h, 48h, 72h and 7d of culture
using the IL-6 Human ELISA Kit (Thermo Fisher Scientific,
BMS213-2). The concentrations were calculated using the
standard curve generated by plotting the absorbance values of
each standard sample on the ordinate and the human IL-6
standard concentrations on the abscissa. This assay has allowed
to quantify the IL-6 cytokines released by cells seeded both on
TW_PET and TW_PCL/Gel in mono- and co-culture.

Morphological analysis of HFF1 seeded on TW_PET inserts
Fluorescence imaging was carried out to analyze the changes in cell
morphology of human fibroblasts seeded in co-culture with HPDE-
KRAS on the commercial PET transwell inserts (TW_PET). The inserts
were washed once with 1x phosphate-buffered saline (PBS;
Gibco) and fixed with 4% paraformaldehyde (PFA) (Sigma Aldrich)
for 30 min at room temperature, after 24h, 48h and 72h of culture.
They were then washed twice with 1x PBS, permeabilized in 0.5%
Triton X-100 (Sigma Aldrich) in 1x PBS for 10 min and incubated with
1% bovine serum albumin (BSA; Thermo Fisher Scientific) for 30 min
to improve the staining. The cytoskeletons of HPDE-KRAS and HFF1
were stained with Alexa Fluor™ 488 Phalloidin (Thermo Fisher
Scientific, A12379) at 1:60 concentration in 1x PBS with 1% BSA
solution while nuclei were visualized with DAPI reagent (4',6-
Diamidino-2-Phenylindole,  Dihydrochloride;  Thermo  Fisher
Scientific, D1306) at 1:1000 concentration in 1x PBS solution. All
samples were then imaged by confocal microscopy (Eclipse Ti2,
Nikon). The aspect ratios of HFF1 cells both in mono- and co-culture
were also measured using Fiji (version 1.53c).

Embedding stromal cells into the collagen gel

Collagen gel solution (10 mg/ mL) was prepared by mixing
sterile collagen type | from bovine hides (FibriCol®, Advanced
Biomatrix, Carlsbad, USA) with 10x phosphate-buffered saline
(PBS; Gibco) and sterile distilled water. The pH was adjusted to
7.4 using 0.1 M NaOH. Cells were embedded into the collagen
gel at densities of 1 x 108 cells/ml (D1), 3 x 108 cells/ml (D2) and 5
x 10% cells/ml (D3). To compare the viability of human
fibroblasts seeded at D1, D2 and D3 inside the collagen gel, the
CellTiter-Glo® 3D Cell Viability Assay (Promega, Milano, Italy) was
performed according to the manufacturers’ protocols. In addition,
the LIVE/DEAD™ Assay (Thermo Fisher Scientific) was carried out on
the cells loaded within the collagen gel at the density which resulted
optimal, in order to further confirm the quantitative test (metabolic
activity assay) results. Images were acquired with a fluorescent cell
imager (ZOE™; Bio-Rad, Hercules, USA) and analyzed using Fiji
(version 1.53c). The HFF1 cells were harvested and embedded in
the type | collagen solution at a final density of 3 x 10 cells/ml.

The same procedure was adopted to embed the PSCs in the
collagen gel.

Design and fabrication on the multilayer microfluidic device

The microfluidic device, composed by a bottom layer and a top
layer connected by an electrospun membrane, was firstly
designed by Rhinoceros® (Robert McNeel & Associates) CAD
software and then fabricated by replica molding. Briefly, poly-
dimethylsiloxane (PDMS; Sylgard 184, Dow Chemical, Midland,
USA) base and crosslinking agent were mixed thoroughly at a
ratio of 10:1 w/w and poured onto the master mold and cured
for 3h at 60 °C. An additional layer was successively introduced
to allocate the medium reservoirs, whose mold was fabricated
through a laser cutter (Microla slider) on a
polymethylmethacrylate (PMMA) substrate.

Bottom Layer. The mold of the bottom layer was obtained by
SU-8 photolithography. Briefly, an SU-8 patterned master was
custom-made using photolithography and then conventional
soft lithography was applied to produce several PDMS replicas.
The bottom layer has three channels: a central compartment
(6.38 mm length, 1 mm width and 250 um height) delimited by
micropillars, with 100 um diameter and 250 um height and two
lateral channels (20.51 mm length, 500 um width and 250 um
height).

Top Layer. The top layer was obtained by laser machining in a
laser cutter (Microla slider) on a 3 mm thick PMMA substrate.

Electrospun membrane. The PCL/Gel membrane was produced via
solution electrospinning, as previously described.

The chip has been assembled through a plasma oxygen
treatment of the PDMS surfaces to decrease the hydrophobicity
and therefore facilitate the bond between the different layers.
The electrospun PCL/Gel membrane was inserted between the
top and bottom layers to create an ECM-like substrate for
epithelial cell growth.

Fluidic characterization of the bottom layer

Liquid insertion and diffusivity tests were performed to
evaluate the influence of the distance between the pillars on
the retention of the gel within the middle microchannel and the
diffusivity of the medium from the lateral to the central
channels, respectively. In particular, gaps of 50 um and 75 um
between the pillars were analyzed.

Insertion test. A solution of deionized water and blue food dye
was loaded into the inlet of the central channel in the bottom
layer through a manual micropipette and under an optical
microscope (Leica M205 A, Leica Microsystems, Wetzlar,
Germany) to monitor confinement of the liquid inside the
microchannel. This test was repeated by loading the colored
acellularized collagen gel within the middle channel.

Diffusivity test. The acellularized collagen gel was loaded into the
central channel while a fluorescent solution was prepared by
adding a blue emitting dye to deionized water. Successively, 10



uL of fluorescent solution was inserted in the lateral channels
and the chip was observed with an inverted confocal
microscope (Eclipse Ti2, Nikon, Amsterdam, Netherland).
Images were acquired every 30 seconds for 30 minutes and the
fluorescence intensities at different time points were calculated
as mean value of pixels measured in six regions of interest
(ROIs), that cover 60% of the effective area in the central

channel.

Cell seeding in the microfluidic device

The platform was treated with UV light for 1h as sterilization
process before cell culture.

Stromal cells. PSCs were loaded into the central channel of the
bottom layer by injecting 3 uL of cell-hydrogel mixture at a
density of 10 x 103 cells/channel. After polymerization at 37 °C
and 5% CO, for about 40 min, the lateral microchannels in the
bottom layer and the reservoirs were filled with culture medium
and returned to the incubator for culture. Sterile PBS was added
into the wells to avoid dehydration of the hydrogel. Medium
was changed every day.

Ductal cells. HPDE-KRAS cells were seeded in the top layer on
the PCL/Gel electrospun membrane at a density of 35 x 103
cells/channel by pipetting 5 puL of medium with cells inside the
chamber. The chips were then placed in incubator for about 30
min to enhance attachment of cells to the nanofibers.
Successively, the reservoirs were filled with culture medium and
returned to the incubator. Medium was changed every day
during the culture period.

Co-culture. Stromal cells (HFF1 and PSCs respectively) and
cancer ductal cells (HPDE-KRAS) were co-cultured in the
assembled multilayer chip. A 1:3 ratio of cancer cells to stromal
cells was used since it has been reported as a commonly
adopted value due to the relevancy that ratios of 1:1 to 1:3 have
in vivo 4446, Particularly, densities of 3.5 x 103 cells/channel and
10 x 103 cells/channel were used for cancer and stromal cells
respectively. Cells were co-cultured and maintained in
DMEM/F-12 supplemented with 15% FBS (Gibco), 1% Penicillin-
Streptomycin (Gibco) and 2% L-glutamine (Gibco) since previous
tests demonstrated the efficacy of this culture medium
composition in promoting the cell viability (Fig. S1). Stromal
cells were embedded in the type | collagen gel as previously
described and loaded in the central chamber of the bottom
layer by using the inlet on the top layer corresponding to the
central channel in the bottom layer. HPDE-KRAS cells were
seeded by injecting 5 pL of medium with cells inside the inlet
corresponding to the chamber in the top layer. Reservoirs were
filled with culture medium and medium was changed every day
during the culture period.

Viability of cells inside the platform was analyzed by LIVE/DEAD
assay at different time points. In particular, cells seeded within
the microfluidic platforms and on the common polystyrene
multiwell cell culture plate (controls) were incubated with
LIVE/DEAD™ reagents (Thermo Fisher Scientific) according to
the manufacturer’s protocol. The PSCs embedded in the type |

collagen gel and seeded in a plastic multiwell plate were also
stained and used as control. Subsequently, the cultures were
imaged by employing ZOE™ fluorescent cell
Fluorescence staining and imaging were also performed to
evaluate the morphology and the spatial distribution of HPDE-
KRAS and PSCs seeded in the microfluidic platforms, both in
mono- and co-culture, at different time steps. Each
compartment of the device was washed once with 1x PBS
(Gibco) and fixed with 4% PFA (Sigma Aldrich) for 30 min at
room temperature. After washing twice with 1x PBS, the
chambers were filled with 0.5% solution of Triton X-100 (Sigma
Aldrich) in 1x PBS and maintained for 10 min at room
temperature to allow cell membrane permeabilization. Then,
samples were incubated with 1% BSA (Thermo Fisher Scientific)
for 30 min to improve the staining. The cytoskeletons of cells in
monoculture were visualized using the green-fluorescent Alexa
FluorTM 488 Phalloidin (Thermo Fisher Scientific, A12379) while
the actin filaments of cells seeded in co-culture were stained
with Rhodamine Phalloidin (Thermo Fisher Scientific, R415) at
1:60 and 1:400 concentrations in solutions of 1x PBS with 1%
BSA, respectively. Nuclei were observed with DAPI reagent
(Thermo Fisher Scientific, D1306) as previously described.
Images were acquired by confocal microscopy (Eclipse Ti2,
Nikon) and analyzed using Fiji (version 1.53c).

imager.

Administration of tumor supernatant to human fibroblasts
seeded in the bottom layer

HFF1 embedded in type | collagen gel and seeded in the bottom
layer of the microfluidic device were treated with supernatant
collected from TW_PCL/Gel seeded with HPDE-KRAS in
monoculture after 72h. Indeed, the tumor supernatant was
administered to HFF1 after 48h of culture in the bottom layer.
The same procedure was applied to HFF1 embedded in the type
I collagen gel and seeded in a plastic multiwell plate, as control.
The expression of alpha smooth muscle actin (a-SMA) was
determined by immunofluorescence staining. Briefly, cultures
in microchannels and in the controls were fixed after 48h of
incubation with HPDE-KRAS supernatant using 4% PFA for 30
min and further treated with 0.5% Triton X-100 for 10 min. After
blocking non-specific binding with 1% BSA, the primary
antibody against a-SMA (1:100, Sigma Aldrich, A7607) was
applied for overnight incubation at 4 °C. After incubation with
Goat anti-Mouse IgG1l Secondary Antibody (1:1000, Thermo
Fisher Scientific, SA5-10264), Alexa FluorTM 488 Phalloidin
(Thermo Fisher Scientific, A12379) and DAPI (1:1000, Thermo
Fisher Scientific, D1306), samples were analyzed by confocal
microscopy (Eclipse Ti2, Nikon). The images were then analyzed
and the fluorescence intensity (mean gray values) distribution
was plotted using the Fiji software. In addition, the
concentration of IL-6 cytokines released by HFF1 seeded in the
bottom layer of the microfluidic chip was quantified using the
IL-6 Human ELISA Kit (Thermo Fisher Scientific, BMS213-2) after
48h of incubation with the HPDE-KRAS supernatant.

Testing the drug efficacy to induce HPDE-KRAS cell death using
PDAC-on-chip

HPDE-KRAS were cultured in the top layer as previously
described. To test the effect of anti-cancer agents on the cell



viability, 100 nM bortezomib (SelleckChem, Houston, USA) and
1 uM gemcitabine (SelleckChem, Houston, USA) in the HPDE
growth medium were injected in the inlet corresponding to the
microchamber of the top layer. HPDE-KRAS grown for 48h were
treated with drug for 24h and 96h and they were successively
stained using LIVE/DEAD™ reagents (Thermo Fisher Scientific)
in accordance with the manufacturer’s instructions.

Statistical Analysis

All bar graph data are presented as the mean t* standard
deviation (SD) for at least two independent experiments (n = 2)
with at least three replicates per time point. Significance was

measured as indicated for each experiment, with two-way or
one-way ANOVA followed by pairwise comparison with Tukey’s
multiple comparisons test using GraphPad Prism 9.3.1; *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results

Increased IL-6 cytokines release by human fibroblasts under co-
culture conditions

In order to evaluate the effect of the interaction between the
human fibroblasts and the ductal cells, the concentration of IL-
6 cytokines was measured through the ELISA test (Fig. 1) by
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Fig. 1 IL-6 cytokines concentration in supernatants collected from mono and co-culture in the transwell inserts. Bar plots of the data obtained from ELISA test

IL-6 analysis for each culture condition on TW_PET (a) and TW_PCL/Gel (b) grouped per time step (n=2). Tukey’s multiple comparisons test: *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2 Effect of tumor-stroma crosstalk on human fibroblasts morphology. Representative confocal images at different magnifications (20X, 60X and 100X) obtained upon
the HFF1 and HPDE-KRAS staining of nuclei (DAPI) and F-actin (Alexa Fluor™ 488 Phalloidin) in monocultures (HFF1) and co-cultures (HFF1+HPDE-KRAS) after 24h, 48h
and 72h from seeding. The white arrows in the images at 100X indicate the HPDE-KRAS cells in co-culture with the human fibroblasts. Scale bars 50 um.

analyzing the supernatants of HFF1, HPDE-KRAS and HPDE-wt
seeded in mono and co-culture on TW_PCL/Gel and TW_PET
inserts. The highest amount of IL-6 released by cells under
monoculture (Fig. 1a) have been quantified at 24h after seeding
on the TW_PET membranes by HFF1 cells. After 24h, 48h and
72h from seeding, the IL-6 concentration analyzed in the
monoculture HFF1 medium on the TW_PCL/Gel membranes
resulted significantly lower compared to the TW_PET. This
behavior could be ascribed to the more biomimetic architecture
(Fig. S2) and composition of electrospun nanofibers compared
to PET, which reduces the fibroblast activation after cell
culturing. The amount of IL-6 determined in the media of HPDE-
KRAS and HPDE-wt in monoculture resulted minimal (Fig. 1a) for
all the tested conditions. In general, the most consistent release
of cytokines has been quantified in the supernatant of HFF1 in
co-culture with the HPDE-KRAS cells (Fig. 1b). The same trend
has been observed on the TW_PCL/Gel membranes, although
the concentrations are lower than those measured on the
TW_PET membranes.

Morphological changes of human fibroblasts co-cultured with
HPDE cells on the transwell inserts

Confocal imaging at different magnifications was performed to
analyze the effect of tumor-stroma crosstalk on fibroblasts
morphology (Fig. 2). As expected, HFF1 seeded on the TW_PET
inserts have showed changes in cytoskeletal organization when
cultured with the HPDE-KRAS cells. Indeed, the human
fibroblasts assumed a more spindle-shaped conformation from

24h to 72h after seeding and in comparison with the
monocultures, as confirmed by the aspect ratio measurements
(Fig. S3).

Viability of stromal cells embedded in type | collagen gel

CellTiterGlo 3D Assay and LIVE/DEAD Assay were performed to
evaluate the viability of fibroblasts loaded within the type |
collagen gel and cultured for one week (Fig. 3). Fig. 3a shows
that cells seeded at a density of 3 x 10° cells/ml (D2) resulted
more viable and active compared to those seeded at a lower
density of 1 x 106 cells /ml (D1). In addition, the D2 density
resulted better than a higher density D3 (5 x 106 cells/ml) as the
cell viability increased with time resulting in optimal fibroblasts
survival and proliferation within the gel. LIVE/DEAD images
were acquired at 3 x 10° cells/ml (Fig. 3b-d) showing an
increment in cell number during the culture period, confirming
the optimal proliferative capability of fibroblasts embedded in
the collagen gel at a density of 3 x 106 cells/ml (Fig. 3b-d). In
particular, accordingly with the viability assay (Fig. 3a), cells
were able to grow throughout the culture period, creating
fibrillar and compact structures within the tridimensional (3D)
framework (Fig. 3d).

Development of a functional multilayer device

The fabrication of the PDMS microfluidic system was carried out
as previously illustrated. The platform consists of a top and a
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Fig. 3 Human fibroblasts viability in type | collagen gel. (a) Comparison between the viability of HFF1 seeded at D1 (1 x 106 cells/ml), D2 (3 x 106 cells/ml) and D3 (5 x 106
cells/ml) densities (n=3). Tukey’s multiple comparisons test: ***p < 0.001, ****p < 0.0001. (b-d) LIVE/DEAD images of HFF1 (3 x 10° cells/ml) embedded in the gel at 24h
(b), 72h (c) and 7d (d) after seeding. Cells were stained using calcein-AM for live cells and ethidium homodimer-1 for dead cells. Images are representative of at least six

individual regions of the gels (n=3). Scale bars 100 um.

bottom layer divided by an electrospun PCL/Gel membrane (Fig.
4).

Top Layer. The final dimensions of the microchannel resulted 12
mm length, 400 um width and 500 um height. Inlets and outlet
allocated at this level have 2.2 mm diameters (Fig. 4).

Bottom Layer. The bottom layer has three channels: a central
compartment (6.38 mm length, 1 mm width and 250 um height)
delimited by micropillars, with 100 um diameter and 250 um
height, that aim to confine a collagen gel loaded with the PSCs
and two lateral channels (20.51 mm length, 500 um width and
250 um height) to control the nutrients passage (Fig. 4b). The
Field Emission Scanning Electron Microscopy (FESEM) images
(Fig. 4b, i-iii) allowed to evaluate the repeatability of the SUS8-
photolithograhy process which has permitted to achieve high
resolutions in terms of micropillars dimensions and geometrical
accuracy. In addition, digital microscopy confirmed the support
given by the two rows of pillars in maintaining the PCL/Gel
membrane flatin the assembled chip configuration (Fig. 4c). The
bottom layer was also characterized to determine the influence
of the distance between the pillars on the retention of the gel
within the middle microchannel and the diffusivity of the
medium from the lateral to the central channels. As reported in
Fig. 5, both water-based liquids and collagen hydrogel resulted
confined into the central microchamber, for the two pillars gaps
tested (50 um and 75 um). On the other hand, the diffusivity
test allowed to establish the optimal distance between the
micropillars, by analyzing the diffusion of a fluorescent solution
from the lateral channels to the middle chamber containing the
type | collagen gel (Fig. 5b-f). Fig. 5b-c show the measurements
of the fluorescence intensity at different time intervals for the
two layouts (50 um and 75 um pillars gaps). The average
fluorescence intensity of the analyzed ROIs was indicated as 10
at time t0= O0s, while for t > Os it was generically indicated as I.
The first peaks of intensity are due to the initial addition of the
fluorescent dye. The trend is linear for both layouts, indicating
a uniform diffusion within the collagen gel for both 75 um and

50 um inter-micropillars distances. In addition, the angular
coefficient of the interpolation line describing the diffusivity
coefficient in the collagen gel is the same for both layouts.
However, the model with a gap of 75 um between pillars (Fig.
5b) has proved to be the most promising model as the diffusion
is faster and the central channel is completely fluorescent in less
than 30 minutes, thus suggesting a good compromise for the
nutrients transport to the cells embedded in the gel.

Cell culture in the microfluidic device

The response of PSCs and HPDE-KRAS cells, seeded in the
bottom and in the top layers respectively, was evaluated in
terms of cell viability, proliferative capability and cell
morphology. Precisely, the PSCs embedded in the type |
collagen gel and seeded in the central microchannel of the
bottom layer (Fig. 6a) were able to colonize the chamber by
modelling the hydrogel and forming a dense tissue throughout
the duration of the experiment. The LIVE/DEAD images (Fig. 6b)
reveal that the stromal cells remained viable and active despite
a few dead cells in the initial phase of seeding. This is probably
related to the embedding procedure which could be aggressive
to the cells, causing a high number of dead cells which is
remarkable from 24h to 48h and greatly decrease from 48h to
72h, after seeding. The morphological analyses have
demonstrated a uniform spatial distribution of PSCs that exhibit
a high degree of cell spreading, developing interconnected
multicellular networks (Fig. 6¢c). Furthermore, the fluorescence
images show the migratory ability of stromal cells which cross
over the central channel after 4 days from seeding. The ductal



cells stably expressing activated KRAS (HPDE-KRAS) were
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Fig. 4 PDAC-on-chip: multilayer microfluidic device. (a) Top layer with the inlets, the outlet and the microchannel. (b) Bottom layer with the central microchannel delimited
by two rows of micropillars (i,ii,iii) and two lateral microchannels. (c) Assembled chip configuration showing the electrospun PCL/Gel membrane inside the device. In the
cross view the nanofibrous matrix can be observed between the top layer (green) and the bottom layer (yellow).
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Fig. 5 Fluidic characterization of the bottom layer. (a) Insertion test. Monitoring of the blue colored solution confinement inside the central microchannel. Scale bar 2 mm.
(b-f) Diffusivity test. The fluorescence intensity of a stained solution was measured at different time intervals, for two pillars gaps, 75 um (b) and 50 um (c). The central
chamber was filled with type | collagen gel (d) and the fluorescent solution was injected in the lateral microchannels (E) at t0 = 0 s. The average intensity was calculated
considering the values registered in different ROIs (f). Scale bars 200 pm.
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Fig. 6 Seeding of human pancreatic stellate cells (PSCs) within the type | collagen gel in the bottom layer. (a) Schematic illustration of the bottom layer with the central
microchannel containing the PSCs embedded in the collagen gel. (b) LIVE/DEAD images showing the viability of stromal cells at 24h, 48h and 72h after seeding (n=3). (c)
Representative confocal images of PSCs in brightfield and upon staining with DAPI (nuclei) and Alexa Fluor™ 488 Phalloidin (cytoskeletons) at 72h and 96h after seeding.

Scale bars 100 pm.

seeded in the top layer of the microfluidic device (Fig. 7a) to
firstly evaluate their biological response
conditions. In particular, the PCL/Gel electrospun membrane

in  monoculture

and the overhead PDMS layer were bonded to a glass coverslip
in order to better monitor the cell behavior. The LIVE/DEAD
assay revealed a good cell viability on PCL/gelatin nanofibers
thus confirming the cytocompatibility of membrane which
represents an optimal culture substrate for

cell adhesion and proliferation (Fig. 7b). In addition, the
cytoskeletal organization of the ductal cells was evaluated by
fluorescence microscopy which allowed to observe the
formation of the characteristic cobblestone morphology
proving that cells were functionally active*’4¢ (Fig. 7c). The co-
culture condition was implemented in the assembled chip,
where the different layers were joined together through a
plasma oxygen treatment of the PDMS surfaces (Fig. 8a). Fig.8b
shows fluorescence images at higher magnifications where
HPDE-KRAS and stellate cells can be observed. In particular, the
HPDE-KRAS cells, with their typical cuboidal shape, are well
distinguishable as the focal plane observed is the one where
they were seeded on the top of the PCL/Gel membrane, while
the PSCs (white arrows) result migrated and, in contact with the
tumoral cells, display an elongated spindle shape suggesting
their possible activation. However, the PSCs are hardly visible
and the quality of images reported in Fig. 8b is considerably
inferior to those of monocultures. Indeed, the hydrogel tend to
impregnate the causing

nanofibrous membrane

autofluorescence and noising effects in confocal images limiting
the detection of cell distribution.

Activation of human fibroblasts cultured with HPDE-KRAS
supernatant

The capability of exploiting the chip setup to monitor
morphological changes of cells seeded in the bottom layer was
demonstrated. HFF1 cells embedded into the collagen gel were
biochemically stimulated using supernatant collected from
TW_PCL/Gel seeded with HPDE-KRAS in monoculture (Fig. 9). Cell
morphology was evaluated and compared with data collected
from the TW configurations previously analyzed. As shown in
Fig. 9 and Fig. S3, HFF1 assumed an elongated spindle shape
indicating their activation when cultured with the HPDE-KRAS
supernatant for 48h and upon staining of F-actin. The change in
cell morphology can be observed in Fig. 9a and Fig. 9b reporting
the cytoskeletons of HFF1 in the microchamber of the bottom
layers, cultured with (Fig. 9a) and without (Fig. 9b) the HPDE-
KRAS supernatant. This evidence was further confirmed by the
increment in a-SMA expression in fibroblasts embedded within
the collagen gel and seeded both in the bottom layer and in the
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Fig. 7 Seeding of PDAC cells in the top layer. (a) Schematicillustration of the top layer with the HPDE-KRAS cells seeded in the microchannel on the electrospun membrane.
(b) LIVE/DEAD images showing the viability of HPDE-KRAS on the nanofibrous matrix in the chip at 24h, 48h and 72h after seeding (n=3). (c) Representative confocal
images of HPDE-KRAS grown on the electrospun membrane inside the device upon staining with DAPI (nuclei) and Alexa Fluor™ 488 Phalloidin (cytoskeletons) at 24h
and 72h after seeding. Scale bars 100 um.
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Fig. 8 Seeding of PSCs and HPDE-KRAS in the assembled chip under co-culture conditions. (a) Schematic illustration of the assembled chip with the HPDE-KRAS cells
seeded in the top and the PSCs in the bottom layers, respectively. (b) Representative confocal images at high magnifications showing the HPDE-KRAS cells together with
the PSCs with elongated spindle shapes, indicated by the white arrows. Scale bars 20 pm.
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24-wells used as controls (Fig. 9d, f). Indeed, the a -SMA amount
is considerably higher in samples incubated with the tumor-
derived supernatant (Fig. 9e-f), compared to the “untreated”
samples (Fig. 9c-d) confirming the activation of fibroblasts
towards a myofibroblast phenotype. In addition, the graphs
plotting the grey value measured on fluorescence images show
a more homogeneous distribution of the intensity values for the
untreated conditions (Fig. S5aiii, biii) in comparison to the
distributions of the treated samples (Fig. S5aiy-vi, bi-vi). The
peaks visible in Fig. S5a,; and Fig. S5by; correlate with an evident
difference in the fluorescence intensity emitted by cells and
background respectively, indicating a higher expression of a-
SMA. Moreover, a higher level of IL-6 cytokines was measured
in the medium of HFF1 seeded in PDAC-on-chip after the
incubation with the pancreatic cancer cells supernatant.
Indeed, a25% increment in IL-6 cytokines amount was detected
through ELISA kit when HFF1 were treated with HPDE-KRAS
supernatants compared to HPDE ones (Fig. S5c).

Nuclei / F-actin /

Fig. 9 Activation of human fibroblasts upon culture with HPDE-KRAS supernatant. (a-b) Fluorescent images of HFF1 seeded in the bottom layer of PDAC-on-chip and
stained with Alexa Fluor™ 488 Phalloidin (F-actin) and DAPI (nuclei) to highlight the differences between the fibroblasts before (a) and after (b) the incubation with
tumor supernatant. Cells were grown for 48h before the staining. Images are representative of at least three individual regions of the same chip. Scale bars 100 um. (c-
f) Representative confocal images showing the changes in morphology and a-SMA expression of HFF1 before (c-d) and after (e-f) the treatment with HPDE-KRAS
supernatant. (c,e) HFF1 embedded in collagen hydrogel and seeded in the bottom layer of the microfluidic device. Scale bars 50 um. (d,f) HFF1 grown within the type |
collagen gel in the 24-wells and used as controls. Scale bars 100 um.

Drug sensitivity of HPDE-KRAS cultured in the microfluidic device

The HPDE-KRAS response to anti-cancer chemotherapeutic
agents was analyzed and the validity of the PDAC-on-chip device
in evaluating the drugs efficacy was demonstrated. Indeed, the
LIVE/DEAD images (Fig. 10) showed significant changes in
viability of cells exposed to bortezomib (Fig. 10a) and
gemcitabine (Fig. 10b) after a treatment period of 24h and 96h.
The evident decrease in cell number after the drugs treatment
was due to cell detachment following the cell apoptosis of
pancreatic cancer cells induced by the chemotherapeutic
treatment.
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Fig. 10 Sensitivity of HPDE-KRAS cells to anti-cancer drugs. (a-b) Cell viability analyses of HPDE-KRAS grown for 48h and stained with calcein-AM (live cells) and ethidium
homodimer-1 (dead cells) after 24h and 96h exposure to gemcitabine (a) and bortezonib (b). Images are representative of at least three individual regions of the same

chip. Scale bars 100 pm.

Discussion

The interaction between the pancreatic cancer and the
surrounding microenvironment represents a key aspect which
has to be investigated to enhance the knowledge of this
malignant pathology and improve the efficacy of drug
screening®®. Indeed, as several evidences have demonstrated>-
55, the stroma represents a histopathological hallmark of
pancreatic ductal adenocarcinoma and plays a fundamental
role in tumor progression>%>7, Although recent studies have
shown the possibility of modeling the PDAC microenvironment
in vitrol7.20,28,33,34,58-61 = the tumor-stroma crosstalk remains
extremely challenging to be reproduced and monitored in
functionally effective models®2-64,

We report here the design, development and characterization
of a multilayer PDAC-on-chip device to mimic the tumor-stroma
relationship through the culture of human pancreatic ductal
epithelial cells expressing the activated KRAS and human
pancreatic stellate cells, on the same miniaturized platform. In

particular, the HPDE-KRAS cells and the PSCs were respectively
seeded in the top and in the bottom layers, separated by an
electrospun PCL/Gel membrane. The effects of the PDAC-
stroma crosstalk on cellular behavior were firstly analyzed in
terms of fibroblasts activation, that typically occurs during the
infllammatory response characterizing the tumor
development®%8, HFF1 cell line was used to perform these
preliminary tests since the differences with the PSCs are
minimal®?, with the advantage of major resistance and stability
of functions over extended in vitro passages. Indeed, despite
the genetic differences between the pancreatic stellate cells
and the skin fibroblasts’?, the use of fibroblasts from non-
pancreatic origins has been helpful for understanding the
crosstalk between stromal and cancer cells, as many studies
have demonstrated3471-74, The results proved the influence of
the fibroblasts  behavior,
corresponding to an increment of IL-6 cytokines release (Fig. 1)
and a change in cytoskeletal morphology (Fig. 2). In particular,
we quantified a higher IL-6 concentration in the supernatant of
HFF1 in co-culture with the HPDE-KRAS cells compared to the

co-culture conditions on



co-culture with healthy ductal cells (HPDE-wt). These outcomes
are in line with the data reported by other studies in literature
showing that the expression of the oncogenic KRAS correlates
with the signaling pathways involved in the inflammatory
cascade and in the activation of stromal cells in pancreatic
cancer®7>-77, Moreover, the IL-6 cytokines play an important
role in pancreatic tumor progression and are produced in
abundance by components of stroma including PSCs and
fibroblasts®11.78, As shown in Fig. 1, an increment of IL-6
produced by HFF1 in co-culture with HPDE-KRAS is noticed,
with a significant increase at 48h. These data were also
confirmed by the morphological analyses performed on the
HFF1 seeded in mono- and co-culture with the HPDE-KRAS on
the TW_PET inserts and stained after 24h, 48h and 72h (Fig. 2).
Indeed, the human fibroblasts exhibit a more spindle-shaped
conformation at 72h in co-culture.

To replicate the composition of the adenocarcinoma
microenvironment, the stromal cells were embedded in a type
I collagen gel which represents the main constituent of the
PDAC stroma’. We tested the viability of HFF1 loaded within
the gel and we demonstrated that the type | collagen hydrogel
exhibits good biological properties in terms of cells viability and
growth (Fig. 3), supporting other studies showing enhanced
adhesion and proliferation of human fibroblasts embedded
within the 3D collagen gels8%81. We also observed the capability
of stromal cells in remodeling the gel resulting in the formation
of tridimensional and compact cellularized hydrogel structures
(Fig. 3d).

The collagen gel was then used to incorporate the PSCs
seeded within the here designed multilayer microfluidic device
(Fig. 4). In particular, the bottom layer was fabricated to insert
the hydrogel within the central microchamber, which is
delimited by two rows of micropillars (100 um diameter and 250
um height) aiming at both gel confinement and nutrients
passage (Fig. 4b). The use of a collagen matrix to encapsulate
the PSCs seeded in dedicated microchannels was also illustrated
in the experimental work of Lee and collaborators33. However,
in our pancreatic cancer chip model we employed, for the first
time, a biomimetic nanofibrous membrane to control the HPDE-
KRAS cells interaction with PSCs (Fig. 4c).

In addition, we investigated the fluidic properties of the
bottom layer and found 75 um as the optimal distance between
the micropillars, although larger gaps are used in literature 2044,
Indeed, we have shown that a liquid medium is able to
completely diffuse from the lateral microchannel into the
central chamber in 30 minutes, thus ensuring the transport of
nutrients to the cells in a short time (Fig. 5).

The microfluidic device designed in this work guarantees a
good cell survival and it allows to easily monitored the cell
response within the chip, key features for a clinically-relevant
experimental in vitro model of healthy and pathological tissues.
Indeed, the response of PSCs and HPDE-KRAS cells seeded
inside the chip was analysed in terms of cell viability,
proliferative capability and cell morphology. In particular, the
PSCs resulted able to colonize the chamber by growing
throughout the duration of the experiment (Fig. 6). However,
the tests revealed few dead cells in the initial phase of seeding
which could be associated with the embedding procedure in the

gel. Thus, the thermal shock given by the temperature of the
collagen solution (4 °C) could be the cause of the cell apoptosis
occurring during the first hours after seeding®2. Nonetheless,
the stellate cells seem to recover from the stress and continue
to proliferate, showing a high degree of cell spreading inside the
collagen network (Fig. 6b-c). The confocal microscopy analysis
allowed to observe the PSCs flat morphology indicating their
viability83 and the typical stellate shape suggesting their
quiescent state in monoculture®8. Focusing on the cell
behavior of HPDE-KRAS seeded in the top layer (Fig. 7), we
assessed that the PDAC cells remain viable and active as
confirmed by the confocal images showing the typical acinar
organization of the ductal cells in vivo85 (Fig. 7c). These results
underline the importance of a biomimetic substrate like the
electrospun PCL/Gel nanofibrous matrix in promoting the
epithelial cell viability and functionality, as widely discussed in
literature86-20, The co-culture conditions implemented in our
model have allowed to preliminary evaluate the reciprocal
influence that the HPDE-KRAS cells and the PSCs have on each
other. Specifically, we observed from the confocal images an
increment in PDAC cells migration and the morphological
change of stellate cells that appear in a spindle shape indicating
their activation, as highlighted in the study of Lee and
coworkers33.

This aspect has been further analyzed by culturing the HFF1
embedded in the type | collagen gel with the HPDE-KRAS
supernatant, to correlate the fibroblasts behavior in the PDAC-
on-chip device with the one observed on transwell inserts. We
found that HFF1 in a 3D collagen matrix change from a relatively
short and flat shape to a myofibroblasts-like shape with stress
fiber formation and increased expression of a-SMA (Fig. 9). In
addition, a higher level of IL-6 cytokines released by HFF1
seeded in PDAC-on-chip was measured. This result contributes
to validate the microfluidic system since the fibroblasts cultured
inside the bottom layer experience the same stimuli as
compared to the HFF1 seeded on TW inserts.

The drug sensitivity of HPDE-KRAS cells cultured in the
microfluidic platform was characterized through the exposure
to different chemotherapeutic agents. Precisely, we used
bortezomib and gemcitabine that are proteosome and DNA
synthesis inhibitors respectively®'. We preliminary assessed the
validity of the PDAC-on-chip system which can be used to test
the efficacy of drugs on pancreatic cancer cells. Our chip allows
the administration of single or multiple drugs both in contact to
epithelial, as well as stellate cells, and a continuous monitoring
of the effect of the therapeutic treatment on both cell
populations can be easily performed thanks to the presence of
the electrospun membrane which confined cells in a specific
chip compartment.

Finally, in the current tumor-stroma interplay on-a-chip
scenario’4, the device developed in this work accurately
recapitulates the key aspects of the relationship between the
tumor and its microenvironment through a scalable and high-
throughput approach. Moreover, the use of a nanofibrous and
biomimetic membrane to compartmentalize the microfluidic
device and thus separate the cancer component from the
stromal tissue allow to study the effect of the inflammation
stimuli on the stromal cells in a controlled and specific way.



Conclusions

A multilayer PDAC-on-chip was here designed and developed to
model in vitro the tumor-stroma crosstalk. Pancreatic stellate
cells (PSCs) embedded in a 3D type | collagen matrix and ductal
cells expressing the oncogene KRAS (HPDE-KRAS) seeded on a
biomimetic nanofibrous membrane, were co-cultured inside
the microchannels of the device. The relationship between
stromal and ductal cells was evaluated both in the nanofibrous
membrane alone and in the chip. Increased level of cytokines,
changes in morphology and higher expression of a-SMA were
observed when human fibroblasts were cultured with HPDE-
KRAS cells or HPDE-KRAS supernatant. Our work thus underlines
the biological relevancy that the PDAC-stroma interactions have
in determining the tumor microenvironment remodeling during
the pancreatic cancer insurgence.

In conclusion, this study provides an in vitro model which
allows to better study the tumor-stroma reciprocal influence
and to perform drug screening towards the identification of
effective personalized and high-throughput therapeutical
strategies for individual patients. Furthermore, the developed
device will allow to carry out additional studies to evaluate the
influence of stromal cells seeded in the microfluidic device on
drug diffusion.
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