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Interactions between neoplastic epithelial cells and components of a reactive stroma in pancreatic ductal

adenocarcinoma (PDAC) are of key significance behind the disease’s dismal prognosis. Despite extensive

published research in the importance of stroma–cancer interactions in other cancers and experimental

evidence supporting the importance of the microenvironment in PDAC progression, a reproducible three-

dimensional (3D) in vitro model for exploring stroma–cancer interplay and evaluating therapeutics in a

physiologically relevant context has been lacking. We introduce a humanized microfluidic model of the

PDAC microenvironment incorporating multicellularity, extracellular matrix (ECM) components, and a

spatially defined 3D microarchitecture. Pancreatic stellate cells (PSCs) isolated from clinically-evaluated

human tissue specimens were co-cultured with pancreatic ductal adenocarcinoma cells as an accessible 3D

construct that maintained important tissue features and disease behavior. Multiphoton excitation (MPE)

and Second Harmonic Generation (SHG) imaging techniques were utilized to image the intrinsic signal of

stromal collagen in human pancreatic tissues and live cell–collagen interactions within the optically-

accessible microfluidic tissue model. We further evaluated the dose–response of the model with the

anticancer agent paclitaxel. This bioengineered model of the PDAC stroma–cancer microenvironment

provides a complementary platform to elucidate the complex stroma–cancer interrelationship and to

evaluate the efficacy of potential therapeutics in a humanized system that closely recapitulates key PDAC

microenvironment characteristics.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth most
common cause of cancer death in the United States. The
disease originates in the ductal epithelium and rapidly evolves
from precursor lesions to fully invasive cancer in a manner
difficult to detect. Once advanced, PDAC presents itself as one
of the most dismal human cancers. It is one of the few human
malignancies with nearly 100% mortality with a median
survival time of less than 6 months and a 5-year survival rate
of less than 4%.1 This is a result of the inherently aggressive
disease biology and a pronounced resistance to conventional

therapeutic regimens.2–4 Although a number of genetic and
environmental factors have been implicated in PDAC carcino-
genesis, exact causes and pathological mechanisms remain
incompletely understood.

The tumor microenvironment facilitates aggressive carci-
nogenesis in many soft tissue cancers and now with the
evidence of the interplay it has with cancer cells itself, is
beginning to be perceived as a heterogeneous organ-like
system.5 Recently, considerable attention has focused on
stromal components of PDAC tumors, which envelopes the
solid nest of cancer cells. The PDAC stroma is composed
mainly of deregulated extracellular matrix (ECM) proteins,
endothelial cells, inflammatory cells, fibroblasts, and pancrea-
tic stellate cells (PSCs).5 Among all cancer types, PDAC exhibits
the most dense desmoplastic stromal reaction and can
account for up to 90% of the total tumor volume.1 The
regulation of this key histological hallmark is largely attrib-
uted to the chronic and sustained activation of PSCs. PSCs
exist in the periacinar space of normal pancreas in a quiescent
state consisting of 4% of the total cell population and function
to store vitamin A; however, during PDAC they undergo
activation resulting in pathological consequences.6,7 They
exhibit a highly proliferative myofibroblast-like (aSMA expres-
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sing) phenotype in terms of excessive contraction and aberrant
deposition of ECM components such as collagen type I (ColI).
Collectively, interactions among PSCs, cancer cells, ECM
elements, and other microenvironment components have
been shown to influence tumorigenesis, angiogenesis, ther-
apeutic resistance, and metastasis in PDAC.8–17 Notably, there
is growing evidence that the stroma, and stromal ECM
reorganization in particular, plays an active role in cancer
progression and invasion.18–20 Additionally, it is believed the
fibrotic stroma induces high interstitial fluid pressures and
microvasculature collapse, which together create a physical
barrier against the systemic delivery of therapeutics.21,22 Due
to the demonstrated importance of the stroma in PDAC
progression, a new perspective coined the ‘‘stromal depletion
hypothesis’’ has emerged which involves targeting both
cellular and acellular stroma components to disrupt stroma–
cancer pro-survival interactions.22–30

Despite the important role of the stroma in carcinogenesis,
experimental models that accurately recreate the complex
heterogeneity of the human PDAC microenvironment are
lacking. As a result, opportunities to investigate and ther-
apeutically target the most clinically relevant pathological
mechanisms underlying the disease are missed. PDAC animal
models that seek to recreate stroma–cancer interactions do
exist.1,22,31 However, these animal models have significant
limitations including cost, long latency, unpredictable char-
acteristics, the inability to perform rapid experimental
manipulations, and difficulty in correlating observed results
with responses in human. Although no in vitro model is able to
reproduce all aspects of in vivo physiology, such models do
offer the potential for direct observation and systematic
testing of hypotheses before advancing to preclinical studies.
Traditionally, PDAC research has been performed in vitro
using two-dimensional (2D) human cell culture systems.32–35

Although these systems are well referenced and have estab-
lished protocols, there has been research based motivation to
develop three-dimensional (3D) in vitro models. A number of
studies have suggested that cells cultured on flat 2D substrates
differ significantly in terms of morphology, behavior, cell–cell,
and cell–matrix interactions compared to more realistic 3D
environments.36–42 Additionally, 3D models have been shown
to provide more in vivo-like responses to therapeutic agents
compared to 2D cultures.43–45 In order to capture the
advantages of three-dimensionality, intact PDAC tissue has
been cultured ex vivo.46–48 Although advantageous in that the
tissue retains its original 3D heterogeneous architecture, these
models can be limited by tissue sourcing, low viability, and
lack of experimental manipulation. An alternative model is the
multicellular tumor spheroid, which contains a 3D aggrega-
tion of cancer cells that resemble solid tumors in terms of
nutrient, oxygenation, and viability gradients.43,44,49,50

Spheroids typically though only consist of a homogenous cell
type population and lack a controlled microarchitecture and
significant ECM component. Another approach is to isolate
pathophysiologically-relevant cell types and implant them into
a reconstituted 3D gel of ECM-derived material (i.e. collagen,

Matrigel) to form an organotypic culture.51,52 These models are
advantageous in that the ECM composition and cell types can
be tailored to the disease under investigation; however, they
are traditionally limited in their ability to spatially pattern
tumor components as found in vivo and perform live, dynamic
imaging of the intact culture.

Microfluidic technology has enabled the development of
promising in vitro platforms that address the challenges of
reconstituting, integrating, and interrogating many variables
of the tumor microenvironment.53,54 In addition to retaining
the benefits of the aforementioned 3D models, microfluidic
technology holds a number of additional advantages that
makes it amendable to oncology research.55,56 For example,
microfluidic platforms inherently have dimensions compar-
able to cells that allow for defined 3D cell patterning and
construction of cell–cell interfaces by exploiting laminar flow.
Additionally, optically accessible microfluidic devices enable
in situ imaging of living cultures with high spatiotemporal
resolution. For example, powerful nonlinear optical imaging
techniques such as multiphoton excitation (MPE)57 and
Second Harmonic Generation (SHG) imaging58 can be effec-
tively employed. MPE can be used to excite cellular fluores-
cence and perform optical sectioning deep into culture and
tumor constructs. Multiphoton scanning is also uniquely
suited to image 3D collagen matrices since collagen fibers
readily generate intrinsic SHG signals that can be discrimi-
nated without the need for labeling. When used simulta-
neously, MPE and SHG imaging enables fluorescent live cells
to be imaged noninvasively in intact 3D environments to
provide valuable insight into cell–ECM interplay. Microfluidic
models have been developed to examine dynamic stroma–
cancer interactions in a variety of cancer types.59–64 However
despite similar evidence of the stromal role in PDAC, an
effective microfluidic model of PDAC has not been generated
to investigate the role of cell–ECM interactions during
pathogenesis and to test therapeutics in a biologically-relevant
setting.

Here we report on the new development of a microfluidic
model that incorporates the complexities of clinically-derived
multicellularity and a relevant 3D ECM in a spatially controlled
architecture to more closely recapitulate stroma–cancer inter-
actions in the human PDAC microenvironment. Seeking to
bridge the PDAC translational gap between traditional 2D in
vitro models and animal models, we support the models utility
by validating its components with clinically-diagnosed human
tissues, demonstrating the ability to observe live cell–ECM
interplay in real-time, and evaluating therapeutic response in a
microenvironment context.

Materials and methods

Microfluidic device fabrication

Microfluidic devices were fabricated using polydimethylsilox-
ane (PDMS) soft lithography. An in-house photomask was
designed using Adobe Illustrator (Adobe Systems
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Incorporated, San Jose, CA) and printed on a transparency
using a 6000 dpi high-resolution printer (Imagesetter
Incorporated, Madison, WI). SU8-100 photoresist
(Microchem, Newton, MA) was spun, exposed, and developed
to generate a negative master mold with 250 mm feature
heights on a 3-in silicon wafer. Topographically, the pattern
consists of three 750 mm wide inlet channels that converge to a
single 2.25 mm wide central channel. Base PDMS and
crosslinking agents (Sylgard 184 Silicon Elastomer Kit, Dow
Corning, Midland, MI) were thoroughly mixed at a weight ratio
of 10 : 1, degassed for 1 h under vacuum at room temperature,
poured onto the master mold, and cured for at least 2 h at 60
uC. Upon removal from the master mold, access ports were
formed using a 2 mm diameter circular biopsy punch. The
PDMS was then corona-treated for 20 s (BD-20, Electro-Technic
Products, Chicago, IL), irreversibly bonded to acid-washed
glass slides or #1.5 coverglass (for MPE and SHG imaging), and
autoclaved for 35 min.

Human cell culture

Human primary PSCs were isolated from clinically diagnosed
pancreatic specimens after obtaining informed consent from
patients with PDAC undergoing primary surgical resection at
the University of Wisconsin Carbone Cancer Center (UWCCC).
Tissue was obtained under a University of Wisconsin IRB
human subjects exemption status (#2011-0587) for de-identi-
fied residual tissue not required for patient diagnosis by
pathology. PSCs were isolated using an established outgrowth
method from fresh tissue deemed fibrotic by gross examina-
tion at the time of surgery.65 All fresh tissue specimens used
for PSC isolations were further confirmed by histological
analysis. Following each isolation, PSC phenotype and purity
was determined via morphological visualization and immu-
nohistochemistry for vimentin (anti-vimentin, clone V9,
DAKO) and alpha smooth muscle actin (aSMA) (anti-human
aSMA, clone 1A4, DAKO). For immunostaining, PSCs were
pelleted, supported in 2% agarose (UltraPure Agarose 1000,
Invitrogen, Carlsbad, CA), fixed with 10% neutral buffered
formalin, paraffin-embedded, and sectioned at 5 mm. In total,
PSCs were isolated from four patients clinically diagnosed with
resectable PDAC tumors (Table S1, ESI3). PSCs were main-
tained in complete media of DMEM/Ham’s F-12 (1 : 1) (ATCC,
Manassas, VA) supplemented with 10% fetal bovine serum
(FBS, Hyclone) and antibiotic-antimycotic solution (100 IU
penicillin, 100 mg mL21 streptomycin, 25 ng mL21 amphoter-
icin B) (Cellgro). Only PSC populations between passage 2 and
6 were used for subsequent experiments to minimize
uncertain variables. Commercially-available neonatal human
dermal fibroblasts (NHDF, Lonza, Basel, Switzerland) and
PANC-1 pancreatic ductal adenocarcinoma cells (ATCC) were
routinely maintained in complete media and used for a
maximum of 15 passages. All cells were cultured 37 uC in an
incubator containing 5% CO2 and either passaged or used
once 80% confluency was met in a 75 cm2 culture flask.

Sample preparation for microfluidic culture

Acid-solubilized ColI (rat tail, high concentration, BD
Biosciences) was neutralized with an equal amount of 100
mM HEPES buffer in 26 PBS and complete media. Sodium

hyaluronate (HA, 150 kDa, Lifecore Biomedical, Chaska, MN)
powder was dissolved in serum-free DMEM:F12 media. Six
ECM mimics were formulated by maintaining a constant HA
concentration of 2 mg mL21, varying the ColI concentration
(2–4 mg mL21), and either including or omitting a pre-
incubation step for 1 h at 4 uC before microfluidic loading
(Table S2, ESI3). For cell-based studies, cells were detached
from culture flasks by incubating with 0.05% trypsin–EDTA
(16) (Gibco). Cells were then diluted in complete culture
media, counted, centrifuged at 1000 rpm for 5 min, and
resuspended at a concentration of 5 6 106 cells mL21. Cells
and culture media were added to achieve final ColI and HA
concentrations. The final concentration of PANC-1 cells was
fixed at 1 6 106 cells mL21. PSCs and NHDFs were used at
either 1.25 6 105 or 2.5 6 105 cell/mL. In experiments where
cell types needed to be fluorescently distinguished, cells were
labeled with 5 mM CellTracker Green CMFDA (Invitrogen,
Carlsbad, CA) according to manufacturer instructions before
trypsinizing for resuspension in ColI/HA precursor solution.

Microfluidic device operation

Three microfluidic devices were loaded without cells for each
of the six ECM conditions. A 15 mL ECM solution droplet was
placed on each inlet. Due to PDMS hydrophobicity, the
droplets remained positioned on the inlets without sponta-
neous flow into the microfluidic channel. Suction was applied
by removing 18 mL of air from the outlet port using a manual
pipette, which drew the three ECM solution droplets into the
microfluidic channel simultaneously. Devices were then
transferred to a 37 uC incubator for 15 min to induce ECM
polymerization. Media was introduced via capillary forces by
first adding a 30 mL droplet to the outlet. 10-mL media droplets
were then added simultaneously to the flanking inlets using a
multichannel pipette. The cultures were allowed to equilibrate
for 24 h at 37 uC in humidified bioassay dishes (to circumvent
detrimental effects of evaporation) before MPE and SHG
imaging. For trilayer co-culture establishment, cell–ECM
solutions were gently mixed via manual pipetting to obtain a
uniform cell density. A 15 mL droplet of PANC-1-ECM solution
was always placed on the middle inlet port. A 15 mL droplet of
either NHDF-ECM or PSC-ECM solution was placed on the
flanking inlet ports. Loading and ECM polymerization was
accomplished in the same manner as the cell-free situations.
After 24 h of culture, media was changed every day by
removing existing droplets and simultaneously adding 10 mL
droplets to the flanking inlet ports using a multichannel
pipette.

Imaging the PDAC microenvironment

Trilayer patterning was visualized immediately after loading by
imaging CellTracker Green CMFDA-labeled PSCs and unla-
beled PANC-1 cells on an inverted epifluorescent microscope
(Nikon Eclipse TE300) using a SPOT imaging system
(Diagnostic Instruments, Inc., Sterling Heights, MI). To
quantify culture contraction, a 46 brightfield image of the
central culture channel was acquired at 24, 48, and 72 h after
loading. The percent area of the channel occupied by cells-
ECM was measured at each timepoint using the polygon
manual drawing tool in ImageJ. The ability to introduce
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solution through the void space via capillary forces was also
visualized. 24 h after culture establishment a 30 mL media
droplet was added to the outlet and two 10 mL droplets of
media containing 500 kDa FITC-conjugated dextran were
simultaneously added to the flanking inlet ports. A series of
fluorescent images was acquired at the central culture channel
for 30 min to track the fluid flow. Using ImageJ, the average
fluorescent intensity of each pixel column was determined and
plotted as a function of channel width.

MPE and SHG imaging was performed using a custom built
multiphoton optical workstation assembled around a Nikon
Eclipse TE300 (Nikon, Melville, NY) at the LOCI (Laboratory for
Optical and Computational Instrumentation, University of
Wisconsin) imaging research facility. A Ti:sapphire laser (890
nm; Spectra-Physics-Millennium/Tsunami) was focused onto
samples using either a Nikon S Fluor 206 air-immersion lens
(NA = 0.75) or Nikon CFI Apo Lambda S LWD 406 water-
immersion lens (NA = 1.15). A 445–20 nm narrow-band pass
filter (Thin Field Imaging Technologies, Greenfield MA) was
used to isolate the backscattered SHG signal. All MPE and
SHG data was captured using WiscScan (http://loci.wisc.edu/
software/wiscscan), a laser scanning software package devel-
oped at LOCI.

To image collagen in human pancreatic tissue, three normal
and three PDAC H&E slides (5 mm cryosections) were made
from tissue of consented patients (Table S3, ESI3). For each
slide, intact ducts were kindly identified and marked by Dr
Agnes Loeffler (Department of Pathology and Laboratory
Medicine, University of Wisconsin). Three images were
acquired for each duct: a brightfield image (by attaching a
Canon Vixia HF S20 digital camera to the microscope
eyepiece), an unfiltered MPE image, and a filtered SHG image.
Brightfield images were used to verify that the data was
captured in a region containing either normal or PDAC ducts.
The unfiltered MPE images were used to identify the epithelial
cells forming the ducts. The stroma–epithelial boundaries
were manually drawn and then applied to the corresponding
SHG images for subsequent signal analysis using ctFIRE
version 1.1 and CurveAlign version 2.2, which are both
programs developed by LOCI (http://loci.wisc.edu/software/
ct-fire, http://loci.wisc.edu/software/curvelet-based-alignment-
analysis). ctFIRE was used to extract individual collagen fibers
from the SHG data after thresholding signal background.
CurveAlign was then used to angle orientations relative to the
duct boundaries.

For each ECM condition loaded into the microfluidic
devices, three SHG z-stacks (50 mm step size) were acquired
along the length of the central culture channel at 2, 4, and 6
mm from the point where the inlet channels converge. The
SHG stacks were then z-projected using a maximum intensity
approach. When microfluidic cultures were imaged to char-
acterize live cell–collagen interactions, the excitation source
remained tuned to 890 nm and a 520–35 nm filter was used to
discriminate MPE from SHG.

Paclitaxel dose–response assays

The efficacy of the common cancer therapeutic paclitaxel (LC
Laboratories, Woburn, MA) was determined in a conventional
2D microplate set-up. PSCs (2000 cells per well) and PANC-1

cells (4000 cells per well) were plated in 96-well plates and
allowed to adhere for 24 h. Paclitaxel was dissolved in DMSO,
added to fresh media, and administered to the wells at 0.1, 1,
10, 100, and 1000 nM. The final concentration of DMSO was
0.1% v/v. After 48 h of incubation, metabolic activity was
measured using a CellTiter-Blue assay (Promega, Madison, WI)
with a FLUOstar Omega plate reader (BMG Labtech,
Offenburg, Germany). The half maximal inhibitory drug
concentration (IC50) was determined using a 3-parameter fit
(GraphPad Prism, Graphpad Software, La Jolla, CA).

Paclitaxel response assays were also performed with the
microfluidic model. Trilayer cultures with an ECM composi-
tion of 2 mg mL21 ColI and 2 mg mL21 HA, a PSC density of
2.5 6 105 cells mL21, and a PANC-1 density of 1 6 106 cells
mL21 were allowed to contract for 24 h after loading. Existing
media droplets were removed and replaced with 1, 10, and 100
nM paclitaxel. A 0.1% DMSO vehicle control was also included.
All treatment groups were done in triplicate. After 48 h of
incubation, cell viability was determined by washing the
cultures once with 16 PBS and incubating with LIVE/DEAD1

reagent (2 mM calcein-AM and 4 mM ethidium homodimer-1)
(Invitrogen, Carlsbad, CA) for 30 min. Cultures were then
washed again with 16 PBS. A ‘‘live’’ and corresponding
‘‘dead’’ fluorescent image was acquired at two regions in the
central channel with a FITC-Texas Red multiband filter block
(Nikon). All image acquisition settings were kept constant.
Images were then imported into ImageJ, thresholded to omit
background signal, and processed for total integrated intensity
(brightness). The cell-ECM area after paclitaxel treatment was
measured as previously described.

Statistical analysis

For microfluidic experiments, data is presented as the mean ¡

standard deviation for three independent devices for each
condition. Differences between groups were evaluated using
an unpaired Student’s t-test where a value of p , 0.05 was
considered to be statistically significant.

Results and discussion

Design and loading of the 3D microfluidic trilayer device

In contrast to traditional oncology research platforms that
tend to focus solely on the genetic and biological character-
istics of the cancer cells, this work sought to develop and
characterize a microfluidic in vitro model of PDAC that
consists of stromal elements and cancer cells in a spatially-
defined 3D configuration representative of the in vivo
microenvironment. To achieve this, our system employs an
efficient PDMS microfluidic device consisting of three inlet
channels that converge to form a single central culture
channel (Fig. 1A). The device is intended to accept three
cell–ECM solution droplets at the inlet ports, and the flanking
inlet ports are spaced to be compatible with a multichannel
pipette. The ability of the user to interface with the device via
simple pipetting is advantageous in that it eliminates the
cumbersome need for tubing or specialized instruments that
may make many microfluidic systems unattractive. Also, it
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opens the possibility for implementing liquid handling
technology, which could increase throughput and paralleliza-
tion of culture loading and analysis. As air is drawn from the
outlet port, the cell–ECM solution droplets flow into the device
and pattern as a continuous trilayer over the length of the
central culture channel due to laminar flow (Fig. 1B).
Exploiting this phenomenon during the loading process allows
for the initial compartmentalization of different cell types. By
using a reconstituted ECM solution as a viscous cell carrier,
the rate of cell settling due to gravity is reduced. Therefore, in
situ polymerization of the ECM results in the establishment of
a reproducible 3D trilayer co-culture.

Sourcing of disease-relevant human cells and tissues

To accurately recapitulate the multicellular feature of the
PDAC microenvironment, using pathophysiologically-relevant
cell types within the microfluidic device is a must (Fig. 2). We
selected the adherent PANC-1 human pancreatic ductal
adenocarcinoma cell line that is derived from a poorly
differentiated primary PDAC tumor and possesses an activat-
ing KRAS mutation and loss of tumor suppressors CDKN2A/
p16 and TP53.66 As a representative stromal cell type, primary
human PSCs were used based on their central role in

sustaining the PDAC microenvironment.7 Early PSC research
has been restricted to rat PSCs; however, the dynamic
molecular regulation of stroma–cancer interactions is likely
to be different between humans and other animal models.11,67

To date, we have isolated and preserved primary cancer-
associated PSCs from four different patients clinically diag-
nosed with PDAC. For each isolation, PSC phenotype was
confirmed via light microscopy (loss of retinoid droplets and
increase in myofibroblast morphology, Fig. 2A and B) and
immunostaining of characteristic vimentin (y100%) and
smooth muscle actin (80–90%) cytoskeletal markers (Fig. S1,
ESI3). Since all patients provided informed consent, complete
pathology reports make it possible to relate PSC behavior
within our model to a clinically-validated, detailed disease
state from which the cells were sourced (Table S1, ESI3).

Disease-relevant ECM composition within the PDAC model

Using a 3D ECM as a part of an in vitro model has been shown
to elicit cell behaviors more representative of that observed in
vivo. Additionally, the molecular composition, mechanical
properties, and structural organization of the ECM surround-
ing cells have major effects on cell behavior.19 Since each
tissue has a characteristic ECM, a focus of our model
development was to appropriately select an ECM mimic that
best recapitulates that found in human PDAC. In terms of the
ECM molecular composition, a hybrid of ColI and HA was
chosen to represent the abnormal ECM of the PDAC
microenvironment found in vivo. ColI is the most abundant
ECM polymer found in vivo and has been widely used for cell
culture. In regards to the PDAC microenvironment, extra-
cellular ColI is over-secreted by activated PSCs and a
predominant component of the desmoplastic stroma involved
in cell proliferation, invasion and metastasis, impeding
systemic delivery of therapeutics to tumors, and promoting
resistance to gemcitabine treatment.27,45,68–72 Also, collagen
organization is significantly altered in tumor tissue relative to
normal tissue and has been implicated as a clinical biomarker

Fig. 1 Design and operation of the microfluidic device. Depicted is the entire topography of an empty device (A), a device after trilayer patterning (B), and a
contracted trilayer culture with media (pink) added (C). Three cell-ECM droplets are placed on the inlet ports and simultaneously drawn into the central culture
channel from the outlet. Three distinct layers are patterned on the basis of laminar flow and polymerized in situ. Following ECM contraction, space devoid of cells-ECM
is created on each side of the trilayer and becomes filled with media to maintain, manipulate, and analyze the culture. This process of culture establishment is also
depicted in cross-section (D–F).

Fig. 2 Morphological characterization of human PSCs and PANC-1 cells.
Quiescent PSCs show retinoid droplets (A) that diminish as activated PSCs
display a myofibroblast morphology (B). PANC-1 cells display a cobblestone
morphology with extensive cell–cell contacts (C). All cells are shown on 2D tissue
culture plastic before microfluidic culture. Scale bars represent 100 mm.
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for diagnosis and staging, underscoring its importance to the
tumor microenvironment.73–75 Likewise, the other component
of our ECM mimic, HA, is a large glycosaminoglycan known to
be up-regulated in the extracellular space of PDAC and thought
to impede drug delivery by functioning as an immobile, gel-
like phase due to negative charge repulsion and water
sequestration.22,76,77 HA can also biochemically interact with
CD44-positive cells of the PDAC microenvironment to promote
therapeutic resistance.78,79

In addition to molecular composition, the ability to
modulate ECM organization within the model is important
to investigate the role of ECM within the PDAC microenviron-
ment. In regards to the cancer microenvironment, increasing
evidence supports that collagen fibers are highly aligned
around tumors and may be implicated in cancer cell
migration.20,73,75 By imaging clinically-evaluated human pan-
creatic tissue sections, our SHG data suggests that distinct
differences in collagen organization exist around normal and
PDAC ducts. Specifically, collagen fibers appear to uniquely
organize into aligned, elongated, linear patterns around PDAC
ducts whereas collagen fibers are arranged in a loose,
concentric pattern around normal ducts (Fig. 3, Fig. S2 and
S3, Movies S1 and S2, ESI3). Although additional characteriza-
tion is needed to support the existence of tumor-associated
collagen signatures in human PDAC, the ability to change
ECM characteristics within a cell-based model is absolutely
necessary to study the unclear physiological role of collagen
organization in PDAC. Using SHG as a means to characterize
the 3D ColI component in cell-free ColI/HA ECMs, we show
that in vitro polymerization parameters can be modulated to
generate ECM mimics of different collagen architectural
patterns within our microfluidic model (Fig. 4). Holding HA
concentration (2 mg mL21) constant and maintaining a

physiological pH (7.0) of the pre-polymerized ECM formula-
tions, we show that collagen architecture can be influenced by
collagen concentration and pre-incubation of the solutions at
4 uC before loading. At a collagen concentration of 2 mg mL21

with no incubation, we observed linearized collagen fibers
distributed throughout the central culture channel (Fig. 4A).
When an incubation period is applied, the fibers appear to
maintain a linear morphology and increase in length (Fig. 4B).
This observation is likely due to a longer nucleation phase
promoting molecular assembly and is consistent with previous
reports in microsystems.80 Increasing collagen content to 3 mg
mL21 and applying no incubation results in a denser network
of linear fibers (Fig. 4C); however, incubation attenuates the
ability of linear fibers to form under the same composition
(Fig. 4D). A similar inability for linear fibers to form is also
observed at a higher collagen concentration of 4 mg mL21

(Fig. 4E and F). The ability to modulate collagen architecture
within the model, demonstrated here, will be necessary to
study cellular behaviors in response to specific ECM land-
scapes. As additional knowledge is gained about collagen
organization in human tissue, different model ECMs could be
rationally formulated by further altering polymerization
parameters (i.e. pH, temperature, salt concentration, flow
rate)81 to investigate stroma–cancer microenvironment inter-
actions and cell migration under conditions that better
emulate PDAC ECM architecture.

Establishment and live cell imaging of the PDAC
microenvironment model

The use of microfluidic technology enables PDAC-relevant cell
types, embedded in a ColI/HA ECM mimic, to be cultured in a
specific 3D architecture for precise and dynamic imaging of
microenvironment entities. Due to the simultaneous flow of

Fig. 3 MPE and SHG imaging of human pancreatic tissues. Three normal ducts (A–C) and three PDAC ducts (D–F) from different individuals were identified. Shown is
the H&E image of each duct. Each duct was imaged for eosin fluorescence (green) and SHG signal (orange), which were then merged to depict collagen fibers in
relation to epithelial cells comprising the duct. Collagen appears organized in a loose, concentric pattern around normal ducts but becomes linearized and aligned
around PDAC ducts. Scale bars represent 100 mm.
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three solution droplets into the device, compartmentalization
of three parallel cell-ECM layers (a central PANC-1 layer, two
flanking PSC layers) is achieved solely by laminar flow and
without the need for artificial physical barriers to confine the
cell-laden ECM layers (Fig. 1, Fig. 5A and B). After patterning
and ECM polymerization, activated PSCs form cellular projec-
tions, interact with the collagen network, and contract the
ECM away from the PDMS sidewalls towards the central PANC-
1 layer to create a compressed trilayer culture (Fig. 1, Fig. 5C
and D). This approach is uniquely critical in that culture

establishment is governed by the intrinsic contractile behavior
of activated PSCs (aSMA-positive) and requires minimal
exogenous intervention during the process.82,83 This con-
tracted trilayer co-culture mimics the spatial relationship
between PDAC tumor cell types in vivo where dense stromal
components encompass disseminating cancer cells (Fig. S4,
ESI3). Importantly, the juxtaposed trilayer microarchitecture of
the culture remains intact after ECM contraction and enables
intimate paracrine and juxtacrine signaling mechanisms
between PSCs and cancer cells, which are important in
maintaining the malignant phenotype.33,34,84 From an analy-
tical perspective, preserved compartmentalization allows for
imaging of distinct microregions of the reconstructed micro-
environment in a precise and quantitative manner. For
example, the ability for PSCs or cancer cells to remodel or
migrate though the 3D ECM under different culture conditions
could be independently monitored. Even though the initial
culture establishment is simple, PSC-mediated contraction
and displacement of the ECM away from the PDMS sidewalls
creates space devoid of ECM and suspended PSCs on each side
of the trilayer culture. This results in a more complex system
in which the void space becomes continuously filled with
media and can be used to rapidly exchange fluid via capillary
forces for in situ media changes or administration of
therapeutic agents (Fig. 1, Fig. S5, ESI3). Additionally, any
agents added to the culture must first traverse the stromal cell
layers before reaching the central cancer cell layer. As observed
in vivo, this both spatially models the pathway of interstitial
transit following vascular delivery and creates a situation
where agents may bind or sequester to stromal components
before encountering cancer cells.

We have routinely shown that PSCs contract the ECM
rapidly within the first 24 h following culture loading before
reaching a state of tensional homeostasis when using culture
parameters of 2 mg mL21 ColI, 2 mg mL21 HA, 1 h incubation
at 4 uC, 1 6 106 PANC-1 cells mL21, and 2.5 6 105 PSCs/mL. A
concentration of 2 mg mL21 of ColI was chosen based on
previously-used experimental applications and our observa-
tions that linear fibers are formed under these conditions
comparable to fiber morphology seen in human PDAC
tissue.22,80 A HA concentration of 2 mg mL21 was chosen
based on previous observations that its presence can elevate
interstitial fluid pressures in a subcutaneous PDAC mouse
model.22 We have shown that the rate of ECM contraction is

Fig. 5 Establishment of the PDAC microenvironment culture. (A) Trilayer patterning of PSCs and PANC-1 cells suspended in an ECM composed of 2 mg mL21 ColI + 2
mg mL21 HA immediately after loading and polymerization within the device. All cells display a rounded morphology. (B) PSCs were dyed with CellTracker Green to
demonstrate the ability to spatially pattern separate layers of PSCs and PANC-1 cells without the need for artificial barriers. (C) Contracted trilayer culture 24 h after
loading. (D) Two dense PSC layers flank a central PANC-1 layer. Scale bars represent 100 mm.

Fig. 4 Collagen architecture modulated by polymerization conditions. Six ECM
formulations were loaded into microfluidic channels as follows: (A) 2 mg mL21

ColI + 2 mg mL21 HA, no incubation, (B) 2 mg mL21 ColI + 2 mg mL21 HA, 1 h
incubation at 4 uC before loading, (C) 3 mg mL21 ColI + 2 mg mL21 HA, no
incubation, (D) 3 mg mL21 ColI + 2 mg mL21 HA, 1 h incubation at 4 uC before
loading, (E) 4 mg mL21 ColI + 2 mg mL21 HA, no incubation, (F) 4 mg mL21 ColI
+ 2 mg mL21 HA, 1 h incubation at 4 uC before loading. Shown are
representative z-stack projections of the SHG data obtained within the central
culture channel. Scale bars represent 25 mm.
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dependent on mesenchymal cell type and loading density (Fig.
S6 and S7, ESI3). Also ECM contraction is known to depend on
ECM composition and polymerization parameters (data not
shown).80,85,86 By using the void space created by ECM
displacement for media changes, we have maintained high
culture viability beyond 7 days as also observed in other
microsystems.64

It has been shown that active ECM synthesis, deposition,
and remodeling by cells accompany cancer progression.19,71,87

Traditionally, cell–ECM interplay has been studied at static
timepoints by performing standard 2D histopathological
imaging techniques on intact tissue and in vitro tissue
constructs. Recently, multiphoton microscopy has enabled
unprecedented insight into the dynamic cellular processes
that occur within the tumor microenvironment.88 MPLSM can
be used to simultaneously generate MPE of fluorescent probes
and SHG signals from fibrillar collagen deep within intact
tissues and constructs. Since MPE and SHG emission signals
can be spectrally separated using standard filters, nonlinear
imaging can provide noninvasive information regarding the
structural reorganization of 3D collagen networks by living
cells (Fig. 6). Taking advantage of our optically-accessible
model, we have shown that SHG signal increases at the
periphery of PSC cytoplasmic protrusions compared to around
PANC-1 cells after 24 h (Fig. 6B and 6C). At this timepoint, it is
likely that the increase in SHG signal is a result of increased
local ColI density following PSC contraction of the ECM
network. With extended culture time, we would also expect
additional fibrillar collagen deposition and rearrangement to
contribute to the SHG signal. Additionally, we observed that
cell-mediated collagen remodeling around PSCs is more
evident compared to around NHDFs after 24 h (Fig. 6A), which
underscores the importance of employing disease-relevant
stromal cell types to best recapitulate the pathological
behavior of the PDAC microenvironment.

Dose–response of the PDAC microenvironment model to
paclitaxel

A major motivation to develop in vitro pathophysiologically-
relevant human disease models is to provide alternative
platforms to evaluate the preclinical efficacy of therapeutic
candidates. Traditionally, the experimental continuum con-
sists of lead discovery, cell-based assays, animal assays, and

finally human trials. Unfortunately, many cancer therapeutics
fail to translate in clinical trials due to lack of efficacy. This
gap between preclinical promise and clinical reality arises in
part from the inability of traditional preclinical models to
realistically represent the heterogeneity of the human tumor
microenvironment. Notably, the majority of existing in vitro
platforms investigate cellular responses while mainly con-
sidering factors intrinsic to the cancer cells (i.e. genetics and
epigenetics) and neglecting the influence of extrinsic factors in
the microenvironmental niche.89

To demonstrate our models adaptability to testing ther-
apeutics in a microenvironment context, paclitaxel was chosen
as a prototypical anticancer agent. Paclitaxel induces cell cycle
arrest and apoptosis by stabilizing microtubules. Recently,
nab-paclitaxel, an albumin-bound formulation of paclitaxel,
has been shown to selectively target and deplete PDAC stroma
desmoplasia in preclinical trials.90 For comparison, we
performed paclitaxel cytotoxicity assays on PANC-1 cells and
PSCs using a conventional 2D microplate set-up. Results
showed that paclitaxel effectively inhibited the cell survival
and proliferation of both PSCs (IC50 = 0.197 nM) and PANC-1
cells (IC50 = 0.050 nM) and (Tables S4 and S5, ESI3). Based on
these results, microfluidic cultures were allowed to contract
for 24 h, treated with paclitaxel concentrations between 0 and
100 nM, and incubated for the same amount of time (48 h).
Using simultaneous LIVE/DEAD1 staining of viable and non-
viable cells, decreasing viability was observed with increasing
paclitaxel concentrations (Fig. 7A–C). Interestingly, trilayer
compactness appeared to be disrupted by paclitaxel treatment
as well. In particular, a greater percent area of cells-ECM was
observed after paclitaxel treatment indicating expansion of the
initially contracted cultures (Fig. 7D–F). Taken together, this
data suggests that in addition to cytotoxicity, the model may
be used to determine the biophysical effect (i.e. ECM
compactness, collagen reorganization) of therapeutics on the
PDAC microenvironment. Therapeutic targeting of the tumor
stroma in addition to neoplastic cells is an innovative
approach that has shown recent promise in the management
of PDAC. The ability to perturb and characterize the ECM, as
demonstrated possible in our model, may provide innovative
means of elucidating the mechanisms behind cell–ECM
interplay and developing novel therapeutic regimens designed

Fig. 6 Representative live cell–collagen interactions within the microfluidic device. All cells were labeled with CellTracker Green and cultured for 24 h in 2 mg mL21

ColI + 2 mg mL21 HA. MPE was used to generate cell-labeled fluorescence (green) while SHG imaging was used to generate the intrinsic signal of collagen (orange).
Higher SHG signal intensity is observed around PSC cell boundaries compared to around NHDFs likely due to the activated, contractive behavior of the PSCs.
Compared to around PSCs, PANC-1 cells form 3D nests with minimal collagen remodeling after 24 h. Scale bars represent 100 mm.
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to target both cells and ECM elements of the PDAC
microenvironment.

Conclusion

Although accumulating evidence underscores the importance
stroma–cancer interactions in PDAC, a robust in vitro model
that represents the heterogeneity of the permissive tumor
microenvironment is currently lacking. In order to translate
findings from basic cellular research into clinical applications,
human cell-based models need to recapitulate the inherent
complexity of the PDAC microenvironment and at the same
time accommodate real-time experimental intervention and
observation. We developed and characterized an in vitro
microfluidic model of the PDAC stroma–cancer microenviron-
ment that incorporates the in vivo complexities of multi-
cellularity, ECM components, and a rationally-defined 3D
microarchitecture. The humanized PDAC model is expected to
provide an enhanced ‘‘in vivo-like’’ surrogate to monitor and
help accelerate understanding of dynamic pathological inter-
actions between PSCs, cancer cells, and ECM components
within the PDAC microenvironment. Validation against
clinically-evaluated human tissues, characterization of cell–
ECM interactions, and proof-of-concept assays for therapeutic
efficacy support the model’s potential applicability to basic
PDAC research and therapeutic development.

Abbreviations

aSMA alpha smooth muscle actin
ColI collagen type I
ECM extracellular matrix
HA hyaluronan
MPE multiphoton excitation
NA numerical aperture
PDAC pancreatic ductal adenocarcinoma
PSC pancreatic stellate cell
SHG second harmonic generation
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Fig. 7 Response of the PDAC microenvironment model to paclitaxel treatment. Representative LIVE/DEAD1 images of trilayer culture region after 48 h treatment
with (A) 0.1% DMSO vehicle control and (B) 100 nM paclitaxel. (C) Brightness analysis of LIVE/DEAD1 signal after increasing concentrations of paclitaxel treatment.
Representative images showing structural integrity of the trilayer culture region after 48 h treatment with (D) 0.1% DMSO vehicle control and (E) 100 nM paclitaxel.
(F) Quantified cell/ECM area as an indication of trilayer compactness. Each data point represents the mean ¡ standard deviation for three independently treated
cultures, * p , 0.05 vs. control. Scale bars represent 100 mm.
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