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Abstract
Cholangiocarcinoma (CCA) is characterized by heterogeneous mutations and a refractory nature. Thus, the development
of a model for effective drug screening is urgently needed. As the established therapeutic testing models for CCA are
often ineffective, we fabricated an enabling three-dimensional (3D)-bioprinted CCA-on-a-chip model that to a good extent
resembled the multicellular microenvironment and the anatomical microstructure of the hepato-vascular–biliary system to
perform high-content antitumor drug screening. Specifically, cholangiocytes, hepatocytes, and vascular endotheliocytes were
employed for 3D bioprinting of the models, allowing for a high degree of spatial and tube-like microstructural control.
Interestingly, it was possible to observe CCA cells attached to the surfaces of the gelatin methacryloyl (GelMA) hydrogel-
embedded microchannels and overgrown in a thickening manner, generating bile duct stenosis, which was expected to be
analogous to the in vivo configuration. Over 4000 differentially expressed genes were detected in the CCA cells in our 3D
coculture model compared to the traditional two-dimensional (2D) monoculture. Further screening revealed that the CCA
cells grown in the 3D traditional model were more sensitive to the antitumoral prodrug than those in the 2D monoculture
due to drug biotransformation by the neighboring functional hepatocytes. This study provides proof-of-concept validation
of our bioprinted CCA-on-a-chip as a promising drug screening model for CCA treatment and paves the way for potential
personalized medicine strategies for CCA patients in the future.
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Introduction

Cholangiocarcinoma (CCA) is an aggressive type of can-
cer with a poor prognosis due to its high heterogeneity and
lack of effective therapeutic options. Traditionally, it is clas-
sified according to its anatomical locations as intrahepatic
(iCCA), perihilar (pCCA), or distal (dCCA) [1]. Regardless
of their location, sequencing analyses in CCA have revealed
that this is a heterogeneous conditionwith amyriad of genetic
mutations, some of which could be actionable, leading to
the development of targeted precision therapy [2]. However,
following this idea, only 0.4% of patients have been identi-
fied as potential candidates for United States Food and Drug
Administration (FDA)-approved drugs, suggesting that cur-
rent genetic methods are still insufficient to identify clinical
treatments for most CCAs [3]. Therefore, the need for a
higher-throughput and more efficient drug screening model
that can bring reliable precisionmedicine diagnostics toCCA
patients is urgent.

The tumor microenvironment (TME) plays a crucial role
in the progression and invasiveness of CCA [4]. Unfortu-
nately, partly due to the inability to recapitulate the in vivo
microenvironment of a tumor, traditional two-dimensional
(2D) monoculture approaches to cancer research have left
dramatic gaps in our understanding of the tumor and our abil-
ity to develop effective antitumoral treatments. These gaps
have caused the rising costs for anticancer drugs and the
failure in 95% of clinical trials due to toxicity and/or ineffi-
ciency [5]. As a consequence, mouse models have become
popular in reconstructing the TME and are an effective
method of diagnosis and drug discovery. On the other hand,

patient-derived xenograft (PDX) models are also commonly
used, as they eliminate species-incompatibility [6]. How-
ever, they hardly control the anatomical microstructures, a
problem that patient-derived orthotopic xenografts (PDOXs)
can overcome, to some degree, by engrafting tumor speci-
mens in the orthotopic sites of origin. Nevertheless, the high
cost of time and low success rate are significant obstacles
toward applying PDOXs for preclinical trials and personal-
ized medicine [6].

Rapid ex vivo reconstruction of the complex CCA
microenvironmentwould significantly advanceCCAbiology
and tumor therapy. Three-dimensional (3D) tumor-on-a-chip
platforms are promising candidates for replicating the TME,
including the CCAmicroenvironment, since they can rapidly
replicate both the structures and functions based on person-
alizable designs [7–10], unlike 2D and other conventional
models. It has already been established that these high-
content in vitro models can simulate complex mechanisms,
such as the transport of pharmaceutical compounds, and
therefore are thought to provide enhanced accuracy for anti-
cancer drug screening [7]. Of note, tumor-on-a-chip models
can incorporate a plethora of biological and chemical fac-
tors, including oxygen and pH levels and extracellular matrix
(ECM) properties [11, 12]. In addition, these models can fur-
ther formmultiorgan-on-a-chip systems,which play a crucial
role in mimicking in vivo tumor metastasis and systemic
development [13–15].

Tumor-on-a-chip platforms can be further combined with
bioprinting to harness both dynamic microenvironments
and volumetric architectures [16]. Gelatin methacryloyl

123



Bio-Design and Manufacturing (2023) 6:373–389 375

(GelMA) is a versatile natural polymer-derived biomate-
rial that is amenable to both bioprinting and creating 3D
TME-mimicry through on-chip configurations due to its ease
of rapid, precisely controllable photopolymerization [17].

In this study, we demonstrated the utilization of
3D bioprinting technology to fabricate and assemble a
microchannel-embedded CCA-on-a-chip model. This high-
content traditional model simulated the microenvironment
and microstructure of the orthotopic site more precisely than
previous cell culture models and represented a more accu-
rate depiction of the tissue-level effects of cyclophosphamide
than a 2D tumor cell monoculture system.

Materials andmethods

GelMA synthesis

GelMA was synthesized according to our previously pub-
lished procedures [17, 18]. Briefly, porcine or fish gelatin
type A (Sigma–Aldrich) was added to 100 mL of phosphate-
buffered saline (PBS, Thermo Fisher) at 10% (mass fraction)
and stirred at 50 °C until dissolved. For a methacryloyl-
modification degree of 55%–65% (medium-GelMA, M-
GelMA), 5 mL of methacrylic anhydride (MAA, Sigma–
Aldrich, USA) was added. For a methacryloyl-modification
degree of 90%–100%(high-GelMA,H-GelMA), this amount
was increased to 8 mL. This solution was stirred at 50 °C for
1.5 h, after which the solution was diluted 2×with preheated
PBS and left stirred for another 20 min. This solution was
then dialyzed using Spectra/Por membrane tubing (molecu-
lar weight cut off: 12,000–14,000 kDa, Fisher Scientific) in
deionizedwater at 40 °C for 7 days. The dialyzedGelMAwas
then filtered and lyophilized for 5 days. Freeze-dried GelMA
foam was covered with aluminum foil and left overnight at
−80 °C. It was then stored at 4 °C until used.

Cultivation of cells and construction
of the transgenic cells

RBE cholangiocarcinoma cells (Elabscience Biotechnology)
were cultured in Roswell Park Memorial Institute (RPMI)
1640medium (Invitrogen), human umbilical vein endothelial
cells (HUVECs,Angio-Proteomie)were cultured in endothe-
lial cell medium (Lonza), and HepG2 cells (ATCC) were
maintained in Dulbecco’s modified Eagle medium (DMEM,
Invitrogen). All cells were supplemented with 10% (vol-
ume fraction) fetal bovine serum (FBS, Invitrogen) and 1%
(volume fraction) penicillin and streptomycin (pen/strep,
Invitrogen) and cultured under standard conditions (37 °C in
a humidified atmosphere, 5% CO2). For the 3D chip model
and 2D control model, the coculture medium was formu-
lated at a 1:1:1 volume ratio of RBE/HUVEC/HepG2 culture

mediawith vascular endothelial growth factor (VEGF) added
at 10 ng/mL.

Tovisualize the living cells, pCMV-LifeAct-RFPorEGFP
(Ibidi) was used to obtain red or green fluorescent protein
(RFPorEGFP)-taggedLifeActwith a nontoxic actin-binding
amino acid. Then, the LifeAct-RFP/EGFP-overexpressing
lentivirus vector pH 5674-LifeAct-RFP/EGFP was con-
structed, as shown in Fig. S1a (Supplementary Informa-
tion). The transgenic cell lines HUVEC-LifeAct-RFP and
RBE-LifeAct-EGFP were finally obtained by lenti-LifeAct-
RFP/EGFP transduction of HUVECs for the visualization of
actin using a fluorescence microscope (Nikon) (Fig. S1b in
Supplementary Information).

Fabrication of sacrificial bioprinting-based
CCA-on-a-chip

For sacrificial bioprinting, agarose (Sigma–Aldrich) was
used as the fugitive template to fabricate the microchan-
nels in the GelMA constructs. Agarose microfibers were
produced according to our previously published procedures
[19]. Briefly, an agarose solution (10% (mass fraction) in
PBS) heated at 80 °C was loaded into a glass capillary
(0.3–1.6 mm in diameter) and then placed at room tempera-
ture to achieve gelation.GelMAsolution (0.05, 0.075, or 0.09
g/mL) M- or H-GelMA in PBS) with lithium phenyl(2,4,6-
trimethylbenzoyl)phosphinate (LAP, Allevi, 0.002 g/mL)
was left to dissolve at 37 °C and then filtered using 0.2-µm
syringe filters (Fisher Scientific). GelMA solution (mixed
with HepG2 cells or not) was then poured into a predefined
poly(methyl methacrylate) mold containing the bioprinted
agarose filaments and placed under ultraviolet (UV) light
(Excelitas) for 40 s to achieve photocrosslinking. The mold
was subsequently disassembled, and the agarose microfibers
weremanually removed to leave hollowduct-likemicrochan-
nels in the GelMA hydrogel.

To test the tri-culture system, GelMA solution mixed with
5×106 cells/mL of HepG2 cells was crosslinked and shaped
to form 10 mm×12 mm×5 mm (length×width×height)
structures containing alternant RBE- andHUVEC-populated
microchannels (D=0.5mm) generated by sacrificial bioprint-
ing as described above. The coculture was performed for up
to 9 days. To visualize the coculture, RBE-LifeAct-EGFP,
HUVEC-LifeAct-RFP, and HepG2-Blue (cell tracker) were
employed.

For drug screening and RNA sequencing, we wanted
the results to only come from the tumor cells, and there-
fore, a detachable CCA-on-a-chip was designed. Based on
sacrificial bioprinting, we first created a single 0.5-mm
microchannel in a cuboid GelMA construct with a size
of 2 mm×20 mm×2 mm. RBE or HUVEC suspension
(1×107 cells/mL) was then injected to create functional
microchannel components. The chips were cultured for

123



376 Bio-Design and Manufacturing (2023) 6:373–389

48 h, allowing the RBE cells and HUVECs to completely
populate their respective microchannel surfaces. A GelMA
solution was next mixed with 5×106/mL HepG2 cells,
crosslinked, and shaped to a liver mode (circular section
surface: D=3.5 cm). Finally, three RBE-functionalized com-
ponents, three HUVEC-functionalized components, and one
liver mode were assembled (totaling a size of 12 mm×
20 mm×2 mm). After coculturing for 2 or 7 days, RBE-
functionalized components were isolated and collected for
cytotoxicity tests or RNA isolation.

Assessment of mechanical properties of GelMA
constructs

To assess the compressive moduli of the GelMA models,
a universal testing system (Instron) was used. The samples
were left in their original rectangular size, being 10 mm×
8 mm in area and approximately 4.3 mm in thickness. All
measurements were performed at 0.4 mm/s. After loading
each sample, five cycles from 0 to 10% were performed
sequentially; after this test, the process was repeated to
ensure that the results were reproducible until 10% strain
was reached. Five more cycles were performed from 0 to
20% strain. Four final cycles were performedwith increasing
strain, starting at 0% strain and returning to 0% strain after
each strain threshold: 10%, 20%, 30%, and 40%. The results
from the final cycles (10% and 20%)were consistent with the
individual trials at these strains. The compressive modulus
was calculated as the slope of the stress–strain curve between
10% and 20% loading.

Observation of the diffusion of fluorescent peptides

To visualize whether the substances in the blood vessel could
diffuse into the liver parenchyma, we synthesized linear pep-
tides Arg-Gly-Asp-D-Tyr-Lys (RGDfK) that were bonded to
fluorescein isothiocyanate (FITC) (Fig. S2a in Supplemen-
tary Information). After injecting RGDFK-FITC (2mmol/L)
into the microchannel (500 µm in diameter), snapshots of
the diffusion of fluorescent peptides were automatically cap-
tured every 5 s with Zen software (Zeiss). Further diffusions
of fluorescent peptides were semiquantitatively analyzed by
fluorescent intensity mean values (IMVs) within and outside
the microchannel (Fig. S2b in Supplementary Information).

Immunostaining

To show a clear image of adhesion to the microchannel
walls and cellular crosstalk, dual-labeling immunostaining
assays were undertaken. For HUVECs, mouse anti-human
CD31 antibody (Abcam) and secondary antibody (goat anti-
mouse IgG, Thermo Fisher) were used to yield a green
colorimetric staining result. RBE channels were also stained

green with rabbit anti-human cytokeratin (CK)-17 antibody
(Thermo Fisher) and secondary antibody (goat anti-rabbit
IgG, Thermo Fisher). Finally, F-actin in both samples was
labeled in red using phalloidin (Thermo Fisher). To analyze
the expression of P450 in HepG2 cells within CCA-on-
a-chip, rabbit anti-human CYP3A4 (Thermo Fisher) and
secondary antibody (goat anti-rabbit IgG, Thermo Fisher)
were utilized. The stained samples were imaged using fluo-
rescence and confocal microscopy.

Cell viability assay

Live/dead assays (LIVE/DEAD™ Viability/Cytotoxicity
Kit, for mammalian cells, Thermo Fisher) were performed
on the chips with seeded cells to quantify the viability of
cultured cells in the selected GelMA hydrogels. Hydrogels
were stained following the protocols described in the kit. The
samples were taken to a fluorescencemicroscope. The assays
were performed on 1, 3, 5, 7, and 9 days after seeding the
cells.

On-chip antitumor drug screening

To test the performance of our model as a drug screening
platform, a cytotoxicity assay was performed on the chip.
For comparison, a 2D monoculture was also used. Both
modelswere supplementedwith increasing concentrations of
cyclophosphamide (0, 1, 10, 100, 1000, 10,000µg/mL). Via-
bility was assessed 24 h later through a Cell Counting Kit-8
(CCK-8) test. Absorbance results (450-nmwavelength) were
recorded at each concentration for each model. The viability
values of the cells were compared to find statistically signif-
icant differences. The cell viability is calculated as follows:

Cell viability � [
A(Drug+) − A(Black)

]/ [
A(Drug−) − A(Black)

] × 100%,

where A(Drug+) represents the optical density (OD) value of
sample with cells, CCK-8, and drug, A(Drug−) represents
the OD value of sample with cells, CCK-8, but without drug,
and A(Black) represents the OD value of the sample with
culture medium and CCK-8, but without cells.

RNA sequencing analyses

The chips were cultured for one week, allowing the cells to
completely populate the microchannels. Then, RBE compo-
nents were collected and soaked in TRIzol reagent for RNA
isolation. Using RNA-seq technology (BGI Company), the
expressedmRNA from each sample was converted to cDNA,
and the fragments were counted after subsequent amplifi-
cation. The magnified counts were used to compare gene
expression levels between RBEs in 2D or 3D environments.
The genes with significantly different mRNA levels between
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the two groups were then defined as differentially expressed
genes (DEGs), and their enriched gene ontologies (GO) and
related pathways were identified through the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway and GO
enrichment analyses.

Digital light processing-bioprinting
of CCA-on-a-chip

To further demonstrate the possibility of producing complex
CCA-on-a-chip structures, a digital light processing (DLP)
bioprinter customized in the laboratory was used. A 3D com-
puter model was sliced into 2D images using FormLab’s
open-source slicer (https://formlabs.com/blog/open-source-
dlp-slicer/) and fed to the bioprinter’s software to create
the desired layer patterns. The bioprinter integrated a 450-
nm-wavelength electronic laser, a digital micromirror device
(DMD, TI DLP® LightCrafter™ 6500 Evaluation Module),
a stepper motor (Nema 17, 1/8 microstepping configuration),
a 10-cm leadscrew with shaft coupler, three optical lenses to
focus the images into the vat, two aluminum front coatedmir-
rors, two limit switch sensors, and an Arduino Mega board
to control the system. A custom-made vat with an ultrathin
transparent bottom was designed to fit the bioprinter setup.
The building plate that lowered into the vat was built using
acrylic and metallic rods.

To fabricate the DLP-bioprinting-based CCA-on-a-chip,
a GelMA solution (40% (0.4 g/mL) Poly(ethylene glycol)
diacrylate (PEGDA) or 5% (0.05 g/mL) porcine-H-GelMA)
with 2-mmol/L tris-bipyridyl-ruthenium (II) hexahydrate
(Ru) and 20-mmol/L sodium persulfate (SPS) (Advanced
BioMatrix) was prepared as a bioink. Immediately before
bioprinting, 5-µL/mL photoabsorber (Ponceau 4R, Sigma–
Aldrich) was added. A total of 1×107/mL of cells were
incorporated into the prepared bioinks. Themodels were fab-
ricated according to a variety of predesigned patterns. Once
each construct was bioprinted, it was taken from the build
plate of the bioprinter and placed in PBS for 5 min to wash
out the remaining uncrosslinked bioink prior to subsequent
culture.

Image acquisition and processing

Immunofluorescence and brightfieldmicrographs of the cells
were acquired with a fluorescence microscope (Eclipse,
Nikon). Confocal images were acquired with a Zeiss confo-
cal microscope (LSM880with Airyscan, Carl Zeiss). ImageJ
(National Institutes ofHealth)wasused tomerge the channels
and render 3D reconstructions for confocal image stacks.

Statistical analyses

Statistical analyses were conducted by GraphPad Prism 8
(La Jolla, USA). Cell viability data are presented as the
means±standard deviations (SDs). Significance tests were
performed using Student’s t-test. The results were consid-
ered significant at p≤0.05 and p≤0.01. Three samples were
used for quantification in all groups, and at least five ran-
domly selected images were taken per sample for analyses.

Results

CCA-on-a-chipmodels for better mimicking the 3D
TME

CCA is the liver’s primary tumor, occurring predominantly
in the extrahepatic bile duct lumens; 60%–70% are in the
perihilar region, approximately 25% in the distal ducts and
the rest in the liver (Fig. 1a). Cholangiocytes, hepatic cells,
and blood vessels have a very close relationship in anatomy
and have commonly been identified to be involved in the
pathophysiology of cholangiopathies (Fig. 1b). Due to the
complexity of the disease and the need for better in vitro
models to shed light on CCA occurrence, progression, and
drug screening, our proposed model was improved from a
monolayer 2Dmonoculture to awell-designed, biofabricated
3D CCA-on-a-chip coculture model made from an ECM-
mimicking hydrogel microenvironment (Figs. 1c-i–iii).

While most CCA models are based on experiments using
2D cell cultures in vitro, they are limited by many fac-
tors, namely the lack of interactions between the cellular
and extracellular environments, as well as the lack of phys-
iologically relevant structures, dimensionality, and cell–cell
communications (Fig. 1c-i). These disadvantages give impe-
tus to the development of novel models that are able to
more closely mimic the in vivo conditions. One such method
is 3D culture. Using sacrificial bioprinting, we attempted
to fabricate a CCA-on-a-chip model in which CCA (RBE)
cells could ‘xenograft’ in an orthotopic manner and coexist
with hepatic cells and vascular endotheliocytes (Fig. 1c-ii).
Moreover, to achieve higher complexity and a more precise
imitation of the tissue, DLP-based bioprinting was used to
construct a well-designed biliary tree and vascular network
in an effort to preliminarily introduce additional complexity
into the CCA-on-a-chip platform (Fig. 1c-iii). These demon-
strations suggest a potentially new strategy for constructing
CCA models in vitro.

GelMA-based 3D functional microchannels to mimic
blood vessels and bile ducts

We first fabricated functional microchannels for a CCA-on-
a-chip model to mimic blood vessels and bile ducts using
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Fig. 1 Overview of the project. a Visual representation of cholangio-
carcinoma (CCA) and its classification depending on its position along
the biliary ducts. b Morphology of the liver, showcasing the structures
that have hitherto rarely been replicated. c Progression of CCA model
designs. (i) 2D presentation of the natural tissue. (ii) The 3D sacrifi-
cially bioprinted coculture mimics the multicellular system with higher

confidence. The channels resemble the bile ducts, and the veins were
present in the microenvironment. (iii) The 3D digital light process-
ing (DLP)-bioprinted structure imitates the microenvironments more
precisely. The sophistication of these structures favors cell growth, mor-
phology, and pathology

sacrificial bioprinting. We chose GelMA as the bioink for
3D bioprinting the constructs because of its matrix met-
alloproteinase responsiveness and the presence of intrinsic
cell-attaching peptide motifs [17, 18]. The models were fab-
ricated by crosslinking GelMA inside dismantlable molds
we designed, containing bioprinted agarose microfibers to
produce the microchannels. The agarose microfibers used
to create the microchannels had a diameter of 500 µm and
were removed after photocrosslinking of GelMA, as we pre-
viously reported [19, 20]. Then, the CCA (RBE) cells and the
endothelial cells (HUVECs) were seeded separately in those
microchannels both at a concentration of 1×107 cells/mL.
Once the cells were confluent within the microchannels,
the biologically relevant microchannels were constructed.
A schematic diagram of the preparation of the microchan-
nels is depicted in Fig. 2a. A collection of designs is shown
in Figs. 2b and 2c to illustrate the versatility in creating the
microchannelmolds. Acrylicmoldswere designed and laser-
cut for preparing one or more microchannel-based molds
depending on the requirements. By modifying the diame-
ter of the agarose microfibers, the size of the microchannels
could also be controlled in the range from approximately
300 µm to 1.6 mm but would not be limited in this range.

Another essential factor to consider when developing a
relevant tissue model is the stiffness of the material where
the cells will be cultured, as it plays a vital role in cellu-
lar behaviors and development. Thus, different sources and
concentrations of GelMA were screened to select the one
that best mimics the liver’s mechanical properties and that
best presents cellular compatibility. Figure S3a (Supplemen-
tary Information) shows that the cells were rounded and
poorly attached in themicrochannels made up of fish GelMA
with a medium degree of methacryloyl modification (fish-
medium-GelMA, or fish-M-GelMA) or a low concentration
of fish-high-GelMA (fish-H-GelMA). However, RBE cells
attached and spreadwith spindle or polygonal shapes in those
made by porcine-M-GelMA and a high concentration of fish-
H-GelMA 10% (0.1 g/mL). Further compressive modulus
analyses revealed that high values were achieved for porcine-
M-GelMA and high concentrations of fish-H-GelMA, which
suggested the association of better cell adhesion with the
higher stiffness of the underlying matrices (Figs. S3b and
S3c in Supplementary Information). In other words, RBE
cells would grow better on the surfaces of constructs with
relatively high compressive moduli. Given that the typical
value of liver stiffness is <6 kPa [21], the 5% (0.05 g/mL)
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Fig. 2 Sacrificing bioprinting-enabled tubular microstructures were
a viable culture environment for RBE cells and human umbilical
vein endothelial cells (HUVECs). a Workflow diagram depicting the
creation of gelatin methacryloyl (GelMA) microchannel constructs
based on sacrificial bioprinting. b Schematic showing the dimensions
of a four-channel chip mold. c Photograph showing the perfusion
of microchannels with different diameters in a GelMA-based six-

microchannel chip (D=0.3–1.6 mm). d Representative brightfield
micrographs showing cell adhesion and spreading on the interior walls
of the microchannels during the first 9 days of culture. e Confocal flu-
orescence micrographs of RBE cells and HUVECs growing along the
interior walls of the microchannels after 9 days of culture, stained for
F-actin and nuclei

porcine-M-GelMAwasfinally selected for subsequentmodel
fabrication.

To validate the functional microchannels, we first evalu-
ated cell growth in these GelMA-based microchannels. As
observed in Fig. 2d, both RBE cells and HUVECs were
rounded and clustered on the surfaces of the microchannels
on the 1st day but could spread and proliferate in the follow-
ing days, covering the entire surfaces of the microchannels

by day 9. The 3D structurally intact cylindrical CCA and
vascular microchannels were explicitly identified by F-actin
and nuclear staining (Fig. 2e), which confirmed the optimal
cytocompatibility of GelMA-based 3D microchannels to the
cell types tested.
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Fig. 3 Design, fabrication, and assessments of the cholangiocarcinoma
(CCA)-on-a-chip tri-culture system.aDiagramshowing the biomimetic
capability of the chip model. The model recreates the interplay of
bile ducts, blood vessels, and hepatic cells. b Top: photograph of the
six-channelmold for creating the tri-culturing systemproducedby sacri-
ficing bioprinting. Bottom: photograph showing the crosslinked gelatin
methacryloyl (GelMA)-based CCA-on-a-chip model, in which HepG2
cells were directly encapsulated, and three RBE and human umbil-
ical vein endothelial cell (HUVEC) microchannels were alternately
embedded. c Cell viabilities during 9 days of culture as determined by

a live/dead assay. d HUVEC-LifeAct-RFP (red), RBE-LifeAct-EGFP
(green), and HepG2 marked by cell tracker (blue) were visible in alter-
nating microchannels or within the GelMA construct by fluorescence
microscopy imaging. e Confocal micrographs showing the specific
markers of RBE cells and HUVECs. RBEs (CK17: green; F-actin:
red); HUVECs (CD31: green; F-actin: red). f Micrographs showing
the microchannel stricture in the CCA-on-a-chip model induced by
cholangiocarcinoma-like hyperproliferation formed along the walls.
Data are shown as the means±standard deviations (SDs)
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Multicellular CCA-on-a-chip developed CCA
hyperproliferation-induced stenosis of the bile duct

Based on the functional microchannels, we further designed
and constructed a multicellular 3D CCA-on-a-chip model
that allowed the coculture of RBE cells, hepatocyte-like
cells (HepG2), and vascular endotheliocytes (HUVECs).
As shown in Fig. 3a, within the liver, the biliary tree runs
along the portal vein branches of the hepatic artery, giving
rise to a close anatomic association classically represented
in the liver microarchitecture. To maximally replicate the
local microenvironment and model the cellular interactions
of CCA, we fabricated a six-microchannel CCA-on-a-chip
tri-culture system (Fig. 3b). In these chips, HepG2 cells
were embedded in a GelMA-based matrix to mimic the
liver parenchyma. To simulate the bile duct and vascular-
ization, three RBE-functionalized microchannels and three
HUVEC-functionalizedmicrochannelswere embedded in an
alternating fashion in each chip, allowing for possible cellu-
lar crosstalk.

Considering that different cell typeswere present in the tri-
culture, the nutritional medium had to be adjusted to ensure
efficient growth. First, when RBE/HUVEC/HepG2 culture
media were used at a 1:1:1 volume ratio, HUVECs were
dying after 72 h. To support the growth of HUVECs, VEGF
was additionally included in the coculture system at a con-
centration of 10 ng/mL. As shown in Fig. 3c, the viability
assay indicated that with the addition of VEGF, more than
90% of HUVECs remained viable and could attach to the
microchannels. Moreover, over 90% of the RBE cells and
HepG2 cells survived and proliferated in the GelMA matrix
throughout the entire tri-culture period of up to 9 days. Thus,
VEGF-supplemented tri-culture medium was used for sub-
sequent experiments.

To easily distinguish and visualize the cells in the model,
we performed lentivirus transfections of fluorescent proteins.
HUVECs were transfected with LifeAct-RFP (HUVEC-
LifeAct-RFP) andRBEswith LifeAct-EGFP (RBE-LifeAct-
EGFP) (Figs. S2a and S2b, respectively, in Supplementary
Information). To monitor HepG2 cell distribution, they
were marked with CellTracker™Blue (HepG2-Blue) imme-
diately before model fabrication. As shown in Fig. S2c
(Supplementary Information), HepG2-Blue cells grew and
spread after 48 h of model construction. After 4 days of
coculture (Fig. 3d), the HUVECs-LifeAct-RFP and RBE-
LifeAct-EGFP cells grew well in separated and alternating
microchannels, and the HepG2-Blue cells were rounded,
scattered, and distributed in the surrounding GelMA matrix.
Further dual-labeling immunofluorescence imaging for F-
actin andCK17 (Fig. 3e) suggested that the specificmarker of
epithelial cells, CK17 (green), was highly expressed in RBE
cells (non-EGFP), and F-actin staining (red) revealed tight
cell–cell connections between the RBEs. In addition, CD31

(green), as an endothelial cell marker, was highly expressed
in HUVECs, indicating the favorable functions of these cells.
In conclusion, this six-microchannel-based CCA-on-a-chip
model allowed for cellular communications for each of the
three cell lines and reconstructed the particular microstruc-
ture that characterized local CCA to a good extent.

More interestingly, hyperproliferation of RBE cells in
the CCA-on-a-chip model was observed when cultured for
9 days (Fig. 3f), which implied that the microstructure and
microenvironment of these models were beneficial for CCA
cell growth and tumor hyperplasia. This evidence suggested
that the microchannel structure accurately represented the
biliary stricture, particularly in CCA cases, which cannot be
recapitulated with conventional 2D cultures.

Sensitization of CCA cells to cyclophosphamide
(CPA) induced by 3D CCA-on-a-chip tri-culture
and 2Dmonoculture models

CPA, a widely used oxazaphosphorine anticancer prodrug,
is easily absorbed but is inactive until it is metabolized
by mixed-function oxidase enzymes (cytochrome P450 sys-
tem) in the liver, which yields phosphoramide mustard
and acrolein that alkylate DNAs and proteins, respectively
(Fig. 4a) [22].

To compare the 2D and 3D screening models and demon-
strate the superiority of the CCA-on-a-chip model in drug
screening, CPA concentrations ranging from 1 µg/mL to
10mg/mLwere employed for a drug toxicity test. To facilitate
drug screening, a slightly modified CCA-on-a-chip config-
uration was employed. As shown in Fig. 4b, RBE- and
HUVEC-functionalized microchannels and the liver model
with a cuboid depression in the middle were assembled to
form a complete model. Further analyses of the diffusion of
fluorescent peptides showed that substances in the vascular
microchannels were able to diffuse into the liver parenchyma
over time (Fig. S2 in Supplementary Information).

Cytotoxicity tests were conducted in a 6-well plate
for 24 h, followed by a PrestoBlue test on the RBE-
functionalized microchannels. As expected, the toxicity of
CPA to 2D-cultured RBEs was relatively low, even at a
concentration of 1 mg/mL. However, in the CCA-on-a-chip
model, cytotoxicity was shown to be dependent on the con-
centration; with increasing drug concentration, increasing
cell death was observed (Fig. 4c). Notably, after CPA treat-
ment for 24 h, CYP3A4 expression inHepG2 cells was found
to be dramatically higher than that in untreated HepG2 cells
(Fig. S4 in Supplementary Information). This phenomenon
infers that the neighboring HepG2 cells in the coculture
system probably converted CPA to the active form aldophos-
phamide by P450 (CYP3A4) [23], which traditionally could
only be verified by in vivo models and was hard to assay
in 2D monocultures, although not entirely impossible. Thus,
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Fig. 4 Application of antitumor drug screening based on the 2D mono-
culture and the 3D cholangiocarcinoma (CCA)-on-a-chip models.
a Schematic diagram showing the advantage of the 3D CCA-on-a-
chip model. As a low-toxicity prodrug, cyclophosphamide (CPA) can
be converted to highly toxic aldophosphamide, which is dependent on
cytochrome P450 metabolism in cocultured liver cells in the 3D CCA-
on-a-chip model. However, it does not occur in the 2D monoculture.
b Schematic diagram showing the modified 3D tri-culture CCA-on-a-
chip model for antitumor drug screening. (i) Three RBE or three human

umbilical vein endothelial cell (HUVEC)-functionalized microchan-
nels were independently assembled within a larger HepG2-embedded
liver construct for assembling the CCA-on-a-chip. (ii) Tri-culture of the
assembled 3D CCA-on-a-chip model for cytotoxic screening. c Cyto-
toxicity analyses of CPA in 2D monoculture and 3D CCA-on-a-chip
models by CCK-8 assay. Data are shown as the means±standard devia-
tions (SDs). *p<0.05 and **p<0.01 versus the corresponding 0 µg/mL
groups

this study potentially brings us a promotion model to search
for new antitumor medicines and new treatment strategies.

Differential gene expression induced
by CCA-on-a-chip and 2Dmodels

In addition to the applications for drug screening, the 3D
CCA-on-a-chip model may further help improve the under-
standing of cancer biology bymore accurately replicating the
genetic profiles of cancer cells/tissues [24]. Herein, we per-
formed RNA-seq on the RBEs for 2D monoculture as well
as in tri-culture in the detachable CCA-on-a-chip model to
evaluate the differences in gene expression and identify the
major signaling pathways that were differentially regulated.
The results showed a certain degree of differences between

the two conditions, with a Spearman rank correlation coeffi-
cient of 0.77 (Fig. 5a). The volcano plot indicated that 4193
DEGs (|log2(fold change)|=0.58,Q value<0.05)were labeled
on the map (Fig. 5b).

We further performed KEGG pathway/GO enrichment
analyses and found that the DEGs were enriched in 20 major
signaling pathways. We identified 166 DEGs that corre-
sponded to cancer pathways (Fig. 6a). We analyzed the p53
pathway, a well-known tumorigenesis-related pathway [25],
to further understand the importance of our CCA-on-a-chip
model. As expected, 31 DEGswere enriched in this pathway,
and 28 genes were downregulated compared to the tradi-
tional 2D monoculture, which was strong evidence that the
p53 signaling pathway was universally downregulated in the
3D CCA-on-a-chip model. Inactivation of p53 and repres-
sion of phosphatase and tensin homolog (PTEN) have been
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Fig. 5 Analysis of global gene expression of the RBE by RNA-Seq.
aGlobal gene expression correlation study of the RBEs in 2Dmonocul-
ture and 3D cholangiocarcinoma (CCA)-on-a-chip coculture models.

b Volcano plot of statistically significant differentially expressed genes
at Q<0.05 identified from the RNA-Seq libraries of the RBEs in 2D
monoculture and 3D CCA-on-a-chip coculture models

proved to play crucial roles in tumorigenesis of CCA and
malignant phenotypes of iCCA cells [25–28]. Therefore, it
is of great significance to downregulate p53 and PTEN in
our 3D CCA-on-a-chip tri-culture system. Although there
was no clear evidence of a link to tumorigenesis of CCA,
the only other 3 genes that were upregulated were highly
relevant, including cell cycle inhibitors (growth arrest and
DNA damage-inducible protein: GADD45, growth arrest
and DNA damage-inducible protein: P21) [29] and IGF-1
pathway inhibitors (insulin-like growth factor-binding pro-
tein 3: IGF-BP3) [30] (Fig. 6b). The significant differences
in tumor-associated pathways suggested that the failure of
2D monoculture drug screening models could partly be
attributed to differential gene expression induced by insuffi-
cient recapitulation of the TME.

More sophisticated CCA-on-a-chipmodels fabricated
by DLP bioprinting

DLP-based 3D bioprinting, which often uses a DMD to
produce dynamic photomasks, enables rapid and selective
solidification of the bioink to form well-defined, crosslinked
3D constructs containingmore complex structures than those
that can be attained with sacrificial bioprinting (Fig. S5
in Supplementary Information) [31–37]. We attempted two
proof-of-concept demonstrations in generating CCA-on-a-
chip models that better mimicked the native architecture
using DLP bioprinting despite less biology demonstrated in
this work.

In the first example, we encapsulated fluorescently labeled
HepG2 cells (red), HUVECs (blue), and RBE cells (green)
in complementary patterns that resembled the hepatic lobule
structure by photopolymerizing the hydrogel matrices in a

planar manner. Three complementary patterns as binary dig-
ital masks were designed to resemble the anatomical features
of the tissue (Fig. 7a). To spatially pattern multiple types
of cells, the masks were applied in a three-step sequential
manner to create a first layer of hepatic cells, followed by a
second and third complementary layer of vascular and bile
ducts [37]. The procedure successfully patterned the three
types of cells into a liver lobule-like structure (Fig. 7b).

Although this three-layer design demonstrated the feasi-
bility of potential interactions among the three cell types,
we sought to further introduce additional structural features
and microchannels into a bioinspired, truly 3D model of
CCA. For this purpose, we embedded structurally and func-
tionally separated microchannels in the model. As shown in
Fig. 7c, the microchannels of the vessels mimicked the spa-
tial anatomical structure of the dual blood supply in the liver.
In addition, the design of the double-layer branching duct
tree was inspired by the native structure of the biliary tree.
Separately, the intertwined vascular and bile ducts were also
designed and printed, as shown in Figs. 7d and 7e. The mod-
els measured 6 mm×6 mm, with a thickness of 5 mm. The
diameters of themicrochannelswere as small as 200–500µm
(Fig. 7f). Subsequent perfusion further confirmed the inter-
connection of these microchannels (Fig. 7g). These models
suggested improved structural resemblance to the complex
structure of the native CCA,where afferent blood vessels and
bile ducts traverse the liver, and would be an appropriate tool
for CCA research and screening of therapies in the future
with further optimization.
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Fig. 6 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses between 2Dmonoculture and 3D cholangiocarcinoma (CCA)-
on-a-chip tri-culture models based on RNA-seq. a The main KEGG
pathways where over 500 changed genes resided. b Differential gene

expression in the p53 signaling pathway. Red frames: upregulation in
the 3D CCA-on-a-chip tri-culture model compared to the 2D monocul-
ture; green frames: downregulation in the 3DCCA-on-a-chip tri-culture
model compared to the 2D monoculture
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Fig. 7 Proof-of-concept digital light processing (DLP) (bio)printing-
based cholangiocarcinoma (CCA)-on-a-chip models. a Schematic dia-
gram of a three-step approach in which HepG2 cells were patterned
by the first digital mask followed by the patterning of human umbili-
cal vein endothelial cells (HUVECs) and RBE cells using the second
and third digital masks, respectively. Three different bioinks with flu-
orescently labeled cells facilitated the observation of the bioprinted
CCA-on-a-chip construct. b Fluorescence micrographs showing pat-
terns of fluorescently labeled HepG2 cells (red), RBEs (green) and

HUVECs (blue) in 5% (0.05 g/mL) gelatin methacryloyl (GelMA),
on day 0. c Computer model of the hierarchic lumen structure: both
blood vessels (top) and bile ducts (bottom) were separately layered in
this model. d Computer model of the entwined lumen structure: bile
ducts (Y shape) and blood vessels (L shape) were intertwined in this
model. e Size of the bioprinted 3D CCA model compared with a US
quarter. f Top view of the printed structure. g Photograph of the con-
struct with open microchannels, which were perfused with a green food
dye to demonstrate microchannel connectivity
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Discussion

CCA-on-a-chip reproduced themicroenvironment
andmicrostructure of CCA to a decent extent

The CCA microenvironment is a complex, multicellu-
lar functional compartment that may profoundly affect
mechanosensing as well as other responses and consequently
the proliferative and invasive abilities of residing cancer cells
[38]. Therefore, tumormodels that canmimic the realistic sit-
uation in vivo outside the body are of great significance for
studies of tumor biology and drug discovery.

The dialogue between CCA cells and the ECM is of
remarkable importance in the native pathophysiological con-
ditions that affect cancer progression and ECM remodeling
[39]. In particular, matrix viscoelasticity plays a crucial role
in these dynamic communications; it is not only required for
the tumor to be able to displace the host tissue and grow in
size but also contributes to cell-ECM interactions and can
promote cancer cell invasion to surrounding tissues [40].
Furthermore, matrix properties have been reported to be cou-
pled with the intracellular glutamine content, thus affecting
cancer cell proliferation [41]. In addition, ECM stiffness is
linked to the induction of epithelial-to-mesenchymal tran-
sition (EMT) and promotes angiogenesis, altering normal
vasculature integrity to mimic cancer-associated vascula-
ture [42, 43]. Herein, for the CCA model, different origins
and concentrations of GelMA were evaluated in terms of
their cytocompatibility and compressive moduli. As shown
in Fig. S3 (Supplementary Information), the 5% crosslinked
porcine-M-GelMA, applied in the CCA-on-a-chip model,
demonstrated a stiffness similar to that of the native liver,
which possibly contributed to the biomimetic cellular gene
expression and drug responses associated with the ECM
microenvironment.

In addition to stiffness, GelMA hydrogels closely resem-
ble the essential 3D properties of the native ECM due to
their intrinsic cell-instructive properties and the presence
of matrix metalloproteinase-responsive motifs [44]. Thus,
encapsulated hepatocyte-like cells as well as CCA cells
and endotheliocytes attached onto the inner surfaces of the
microchannels, achieving favorable cell viability (Fig. 2d).

The multicellular microenvironment and luminal
microstructures are also vital anatomical and pathophysio-
logical features of CCA. Unlike other 3D models [45, 46], in
this study, our CCA-on-a-chip model featuring an embedded
lumen-like microstructure, which resembled interlacing
vessels and bile ducts, was designed and bioprinted to mimic
the in vivo CCA to a good extent. The model combined
photocurable GelMA with CCA cells, vascular endothe-
liocytes, and hepatocyte-like cells. Through the simulation
of the microenvironment and the microstructures, it was
possible to observe the RBE cells attaching to the surfaces

of the GelMA-embedded microchannels (Fig. 2e) overgrow-
ing in a thickening manner, generating bile duct stenosis
(Fig. 3f), which was expected to be analogous to the in vivo
configuration [27].

3D bioprinting techniques facilitated the fabrication
of CCA-on-a-chipmodels

Recapitulating human CCA in a physiologically relevant 3D
multicellular environment is the ultimate goal of in vitro
CCA modeling. For this reason, efforts have been exerted
to achieve in vivo mimicry through various biofabrication
technologies, which would allow more accurate studies of
tumorigenesis than conventional 2D cultures and the estab-
lishment of personalized therapy in the future. For instance,
intrahepaticCCAcells isolated frompatientswere bioprinted
using a hydrogel composed of gelatin-alginate-Matrigel
into predesigned grid architectures, which put forwards an
appealing method for personalizable therapy [47]. Further-
more, bioprinting has a unique advantage in integrating the
microchannel structure with tumor models. Our previous
work confirmed that blood or lymphatic vascular struc-
tures could be achieved via sacrificial bioprinting, where
microchannels could first be formed within the hydrogel
matrix through selective removal of the bioprinted fugi-
tive bioinks and then seeded with vascular or lymphatic
endothelial cells onto the interior surfaces [19]. Addition-
ally, bioprinting could enable the fabrication of single- or
multi-layeredhollow tubular structures in a single step,which
would be an enabling model of standalone vessels when cel-
lularized [7, 48]. Finally, high-resolution patterns could also
be formed to model the dendritic vascularization of organs
[17].

One of the main difficulties in currently reported 3D CCA
models, however, is the general lack of vascular networks
and bile ducts, which play crucial roles in CCA progres-
sion. We designed and developed a CCA-on-a-chip model
for gene expression and drug screening analyses through a
combination of sacrificial bioprinting and microfluidic chip
devices (Fig. 3) [16]. Endothelial cells and CCA cells were
seeded to form tubular microvessels and bile ducts embed-
ded in a surroundingmatrix of hepatocyte-like cells, which is
a unique configuration not reported before. With a medium
optimized for tri-culture, the CCA cells were observed to
display hyperproliferation in a 3D thickeningmanner, expec-
tantly analogous to the in vivomalignant biliary stenosis [27],
which demonstrated a close representation of the realistic
anatomical condition of CCA, allowing for a complex inter-
play of structural and biological elements that impact cellular
responses.

Moreover, as tentatively explored in the work, DLP-based
3Dbioprintingwas used to buildmore sophisticated architec-
tures than sacrificial bioprinting. As shown in Figs. 7a and
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7b, DMD-based DLP 3D bioprinting granted flexibility in
fabrication and thus facilitated the process of liver lobule pat-
tern design [23, 33, 34]. The three complementary hexagonal
and dotted patterns resembled the native microarchitecture,
enabling intimate contact at the pattern interfaces and poten-
tially permitting local paracrine interactions between CCA
cells and neighboring cells. Carefully adjusting the bioprint-
ing parameters further allowedus to achieve the fabrication of
volumetric constructs with complex embedded microstruc-
tures of tubular vessels and the biliary tree (Figs. 7c–7g). Of
note, while it is rational to postulate that the DLP-bioprinted
CCA-on-a-chip model would also show superior cellular
behaviors and drug responses than 2D cultures similar to the
case of the model produced by sacrificial bioprinting, this
hypothesis still requires validation in the future with addi-
tional studies on this specific model.

Application of the CCA-on-a-chipmodel in drug
screening

Onemajor objective in tumor-mimicking models is to under-
stand tumor biology related to metastasis mechanisms and
the tumor microenvironment, which could support the devel-
opment of new anticancer drugs and treatment options
[49]. However, previously established drug screening mod-
els, namely monoculture models and PDX/PDOX mouse
models, have various deficiencies in their utilities. On the
one hand, a 2D monolayer monoculture lacks the neces-
sary architecture and microenvironment to simulate cell
responses correctly; they have limitations in cell interactions,
requiremorphology improvements to represent an actual dis-
ease, and have oversimplified architecture, which negatively
impacts cell growth, gene expression, and drug responses
[24, 50]. On the other hand, PDXmodels, while more physi-
ologically accurate, are complex in handling, expensive, and
time-consuming,which in turnmakes themoftentimes incon-
venient for functional studies [51].

Biofabricated 3D CCA models, with their capacity to
simulate cell responses while remaining relatively easy to
produce, represent a class of promising in vitro platforms for
antitumor drug screening [49]. With the proper mechanical
and biochemical cues in place, our bioprinted, chip-based
model proved to be a decent recreation of the native CCA.
As shown in Figs. 5 and 6, significant differences in the
gene expression of RBE cells were exhibited between the
2D monoculture and our 3D CCA-on-a-chip coculture con-
figuration, especially in the p53 signaling pathway. p53 is
the most commonly mutated tumor suppressor gene and has
been implicated in CCA development [27]. The inhibition of
the p53 signaling pathway in our 3D CCA-on-a-chip model
indicated that this high-content model would probably be
a potential tool to uncover the underlying tumorigenesis as
well.

More promisingly, the CCA-on-a-chip model displayed
an in vivo-like response to chemotherapeutic agents (Fig. 4).
Our results confirmed that RBE cells grown in the chips
along with other auxiliary cell types showed more sensi-
tivity to the antitumor prodrug CPA than those grown in a
2D monoculture. This phenomenon was due to drug bio-
transformation by neighboring functional hepatic-like cells
in our 3D tri-culture configuration. In the future, combina-
tion with patient-derived tumor cells will likely endow the
CCA-on-a-chip model with enhanced potential in personal-
ized medicine.

Conclusions

In conclusion, a series of 3DCCA-on-a-chip tri-culturemod-
els were created via sacrificial or DLP-based (bio)printing,
which were demonstrated to mimic the native CCA condi-
tions to a good extent as a result of their complex interplay of
structural and biological elements that impact cellular behav-
iors and responses to antitumor compounds. This model
represents a potential personalized screening method that
does not compromise accuracy, cost, or ease of use when
further optimized.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-022-00229-9.
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