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Abstract

Cholangiocarcinoma (CCA) shows marked interpatient heterogeneity in
chemotherapy response, highlighting the need for physiologically relevant,
standardized, and reproducible in vitro models for individualized drug screening.
However, Matrigel-based organoid models lack hepatobiliary extracellular matrix
cues, and many bioprinting strategies rely on dissociated or fragmented organoids,
disrupting native architecture and spatial organization. To address these limitations,
we developed a composite bioink for direct bioprinting of patient-derived CCA
organoid (CCAO) fragments that retained multicellular organization, enabling
standardized culture,imaging,anddrug-responseevaluation. Although decellularized
liver matrix (DLM) was used to reconstruct the tissue-specific microenvironment, its
weak gelation, poor mechanical properties, and limited printability restricted its
application. Tris(2,2"-bipyridyl)ruthenium(ll)/sodium persulfate (Ru/SPS) and gelatin
methacryloyl (GelMA) were introduced to improve photocrosslinking, mechanical
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support, and printability. DLM retained key components of the hepatic extracellular
matrix, including collagen, fibronectin, laminin, and glycosaminoglycans. With GelMA
and Ru/SPS, the bioink achieved rapid visible-light crosslinking (405 nm, 50 seconds),
tunable mechanical properties, and good extrusion-printing compatibility. Among
the tested formulations, the DLM-Ru/SPS:GelMA (4:1) group showed the best balance
of printability, transparency, and organoid-compatible microstructure. Using this
optimized bioink, organoid fragments were patterned and reassembled into viable
spheroids that retained key CCA features and maintained high viability (>80%). The
platform also enabled reproducible assessment of drug response, demonstrating dose-
dependent cisplatin sensitivity and enhanced cytotoxicity with cisplatin-gemcitabine
treatment. In summary, this study established a DLM-based direct bioprinting platform
for CCAOs and a standardized system for individualized therapeutic evaluation.

Keywords: Three-dimensional bioprinting; Bioink; Cholangiocarcinoma; Decellularized liver

matrix; Patient-derived organoids; Drug screening

1. Introduction

Cholangiocarcinoma (CCA) is a highly aggressive
malignancy arising from the biliary epithelium and is
characterized by marked molecular and histological
heterogeneity'?, leading to a poor prognosis and a five-year
survival rate of less than 20%*°. Because most patients are
diagnosed at an advanced stage and are no longer eligible
for curative resection, systemic therapy remains the main
treatment option for unresectable or metastatic disease.®”
However, the standard first-line regimen of gemcitabine
plus cisplatin offers only limited clinical benefit, and
therapeutic resistance frequently occurs.®** In addition,
patients without actionable molecular alterations or those
who fail targeted therapy are often treated empirically in
clinical practice, yet interpatient heterogeneity in genetic
background, tumor differentiation, and microenvironment
results in highly variable drug responses.”'®!! Consequently,
empirical treatment may expose patients to ineffective
regimens, unnecessary toxicity, and delayed access to more
effective therapies. Therefore, there is an urgent need for
patient-derived in vitro drug screening models that can
accurately predict individual therapeutic responses and
facilitate precision treatment decisions.

Current drug screening platforms mainly include two-
dimensional (2D) cell culture, animal models, and patient-
derived organoids. Although 2D culture systems are easy to
operate'?, cost-effective, and suitable for high-throughput
screening, they fail to recapitulate the three-dimensional
(3D) architecture of tumors'>, the extracellular matrix
(ECM) microenvironment, and complex cell-cell and
cell-matrix interactions."*’*> Animal models can partially
reflect in vivo drug responses, but their use is limited by

long establishment times, high costs, low throughput, and
interspecies differences.’®” In contrast, patient-derived
organoids better preserve the histological, genetic, and
functional characteristics of the original tumors and have
emerged as valuable tools for precision oncology and
individualized drug screening.’®?° Nevertheless, most
existing organoid bioprinting strategies rely on dissociated
single cells, cell aggregates, or fragmented organoids,
which require mechanical or enzymatic disruption before
printing and subsequent reassembly after printing. This
process compromises the original cellular composition
and spatial architecture of organoids, prolongs model
construction, and limits control over organoid formation,
distribution, and morphology.?'** As a result, conventional
organoid bioprinting approaches often suffer from poor
reproducibility and limited spatial precision. By contrast,
direct bioprinting of intact patient-derived organoids
may better preserve their multicellular architecture and
biological characteristics while enabling standardized
fabrication and spatial control. However, studies on the
direct bioprinting of intact patient-derived CCA organoids
(CCAOs) remain scarce, largely because of the lack of
suitable bioinks.

An ideal bioink for CCAO printing should
provide not only favorable printability, shape fidelity,
and mechanical stability, but also a tissue-specific
bioactive microenvironment that supports long-term
survival, phenotypic maintenance, and drug-response
assessment.”*** Conventional organoid culture typically
relies on Matrigel embedding”?; however, as a generic
matrix, Matrigel lacks the tissue-specific ECM cues required
to faithfully recapitulate the microenvironment associated
with tumor initiation, progression, invasion, metastasis,
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and drug response.””® In contrast, decellularized ECM
(dECM) retains tissue-specific structural and biochemical
features, making it a promising material for constructing
physiologically relevant organoid microenvironments.***
Because CCA originates from the hepatobiliary system,
a decellularized liver matrix (DLM) may better mimic
the native niche of CCA cells and thereby improve the
physiological relevance and predictive value of drug
screening.*** However, the poor gelation capacity and
weak mechanical properties of DLM remain major barriers
to its direct application in bioprinting.**?*

To overcome these limitations, we previously
conducted a series of studies to improve the printability of
dECM-based materials. In our DLM-gelatin methacryloyl
(GelMA) sandwich-structured tumor-chip platform, DLM
effectively preserved key ECM components, including
collagen, fibronectin, laminin, and glycosaminoglycans,
while GelMA crosslinking under 405 nmlightfor 25 seconds
yielded a hydrogel with a Young’s modulus of 5.69 kPa,
demonstrating that material hybridization and optimized
crosslinking can significantly improve the gelation and
mechanical properties of DLM.* In addition, our studies
on the decellularized kidney matrix-ruthenium/sodium
persulfate (Ru/SPS) system showed that Ru/SPS enabled
rapid gelation in approximately 40 seconds under 405 nm
light, with improved gelation efficiency and shape fidelity.”
Furthermore, in a stiffness-tunable hydrogel microfluidic
chip for CCAOs, the introduction of GelMA and
crosslinking with CaCl, enabled precise tuning of hydrogel
stiffness to 2.9-13.31 kPa, and this tunable mechanical
microenvironment was shown to regulate the hydrogel
microfluidic chip for CCAOs’ proliferation, differentiation,
and drug sensitivity.*® Collectively, these findings indicate
that GeI]MA and photocrosslinking systems can effectively
optimize hydrogel mechanics and modulate the tumor
microenvironment.**

Based on these preliminary studies, we hypothesized
that incorporating Ru/SPS and GelMA into the DLM
system to construct a DLM-Ru/SPS:GelMA composite
bioink would preserve tissue-specific bioactivity while
synergistically improving gelation capacity, mechanical
properties, and rheological behavior. In this study, we
aimed to establish a 3D bioprinted patient-derived CCAO
platform for in vitro drug-sensitivity screening using this
composite bioink. Unlike conventional approaches based
on Matrigel embedding or extensive organoid dissociation
and reassembly, our strategy employs brief digestion
to preserve relatively large patient-derived organoid
fragments as the starting material for direct bioprinting,
thereby reducing structural disruption and helping
maintain multicellular architecture and key phenotypic

features. By integrating tissue-specific DLM with
mechanically tunable GelMA and employing rapid visible-
light-induced crosslinking, this approach is expected to
improve printability, structural fidelity, consistency, and
reproducibility. Overall, this study aims to overcome a
key technical bottleneck in the direct bioprinting of intact
patient-derived CCAOs and provide a standardized,
reproducible, and biologically relevant platform for drug
screening and precision medicine.

2. Materials and methods
2.1. Materials

2.1.1. Human and porcine tissue samples

Cholangiocarcinoma tissues were obtained from patients
who underwent surgical resection. In total, three patient-
derived CCA organoid lines were established. CCAO-1
was used primarily for platform construction and drug
screening, while CCAO-2 and CCAO-3 were used only for
final drug testing. The clinicopathological characteristics
of the patient-derived CCA samples, including anatomical
subtype, tumor differentiation/grade, TNM stage, The
American Joint Committee on Cancer pathologic stage,
and available information regarding gemcitabine/cisplatin-
based treatment response, are summarized in Table S1.
The study protocol was approved by the Biomedical Ethics
Committee of West China Hospital, Sichuan University,
and was conducted in accordance with the Declaration of
Helsinki (2023-108).

Normal porcine liver tissues were obtained from a local
commercial market in Chengdu, China, as by-products
of the food industry and therefore did not require animal
ethics approval.

2.1.2 Reagents

Advanced Dulbeccos modified Eagle’s medium (DMEM)/
F12 (AD), DMEM, fetal bovine serum (FBS), and
penicillin-streptomycin (P/S) were purchased from Gibco
(United States). Collagenase I, collagenase IV, DNase I,
and phalloidin-fluorescein isothiocyanate reagent were
obtained from Yeasen Biotechnology Co., Ltd. (China).
Matrigel was purchased from Mogengel Bio (China). The
Calcein-AM/propidium iodide (PI) Live/Dead staining kit,
red blood cell lysis buffer, DAPI staining solution, acridine
orange (AO)/PI staining solution, and endotoxin detection
kit were purchased from Beyotime Biotechnology (China).
MasterAim® Hepatocarcinoma Organoid Complete
Medium was obtained from Aimingmed Technology
Co., Ltd. (China). The TIANAmp DNA Extraction Kit
was purchased from Tiangen Biotech Co., Ltd. (China).
The bicinchoninic acid protein assay kit was obtained
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from Solarbio Life Sciences (China). The Blyscan
Glycosaminoglycan (GAG) Assay Kit and collagen assay kit
were purchased from Biocolor Ltd. (United Kingdom). The
hematoxylin and eosin (H&E) staining kit and Masson’s
trichrome staining kit were purchased from Servicebio
(China). GeIMA (molecular weight: approximately 150
kDa; degree of substitution: 60%) was purchased from
Engineering For Life (China).

2.2. Methods

2.2.1. Establishment and culture of patient-derived
cholangiocarcinoma organoids

Fresh clinical tissue samples were washed 2-3 times
with pre-chilled 1x phosphate-buffered saline (PBS)
containing P/S to remove blood, necrotic tissue, and
adipose tissue after collection. All initial sample processing
was performed under ice-bath conditions. The tissue was
minced into approximately 1 mm pieces using sterile
blades and digested in a solution containing collagenase
I (0.5 mg/mL), collagenase IV (0.5 mg/mL), and DNase
I (0.001 mg/mL) at 37 °C with shaking at 80 rpm for 30
min. The digestion was terminated by adding an equal
volume of serum-containing AD medium. The digested
material was filtered through a 100 um sterile cell strainer,
and the filtrate containing cell clusters was collected. The
suspension was centrifuged at 4 °C and 300xg for 5 min; the
supernatant was discarded, and the pellet was resuspended
in AD medium. If the pellet appeared red, red blood cell
lysis buffer was added, and the pellet was incubated on ice
for 5 min, then centrifuged again and resuspended. The
final suspension was mixed with AO/PI staining solution
and analyzed with an automated cell counter to assess cell
count and viability. Subsequent culture was performed
using MasterAim® Hepatocarcinoma Organoid Complete
Medium supplemented with 1% P/S. After viability
assessment, the cell clusters were resuspended in complete
medium and gently mixed with ice-cold Matrigel at a
volume ratio of 3:7. The mixture containing cell clusters
equivalent to 1 x 10° cells per well was seeded as 50 uL
domes into a pre-warmed 24-well plate using pre-chilled
pipette tips. After polymerization at 37 °C for 30 min,
each well was overlaid with 500 pL of complete medium.
All cultures were maintained at 37 °C in a humidified
atmosphere containing 5% carbon dioxide.

2.2.2. Culture of cell lines

1929 mouse fibroblast cells and HepG2 cells were
purchased from the American Type Culture Collection
(United States). The cells were cultured in DMEM
supplemented with 10% FBS and 1% P/S. Cells were
maintained at 37 °C in a humidified incubator containing

5% carbon dioxide, and the culture medium was replaced
every two days. When the cells reached approximately
80%-90% confluence, they were detached with 0.25%
trypsin-ethylenediaminetetraacetic acid and passaged at a
1:3 ratio. Cells in the logarithmic growth phase were used
for subsequent experiments.

2.2.3. Preparation of decellularized liver matrix-
ruthenium/sodium persulfate:gelatin methacryloyl
bioink

Porcine liver tissues were subjected to three freeze-thaw
cycles, returned to room temperature, and cut into pieces
of approximately 5 x 5 x 5 mm. The tissue pieces were
then rinsed three times with sterile water containing
1% P/S for 30 min each until no visible blood remained.
Decellularization was performed under magnetic stirring
at 200 rpm and 25 °C. Briefly, the tissue pieces were first
treated with 1% sodium dodecyl sulfate solution for
24 h, with the solution replaced every 12 h, and then
washed with sterile water for six h. The samples were then
incubated in 1% Triton X-100 solution for 48-72 h, with
solution replacement every 24 h, and subsequently washed
again with sterile water for 12 h. Thereafter, the tissues
were treated with 60 U/mL DNase I for two h, then washed
with sterile water containing P/S for six h to obtain DLM.
The obtained DLM was lyophilized for 72 h, ground into
powder with a particle size of <1 mm, and stored at —80
°C until use. To prepare the DLM pre-gel, 10 mg of DLM
powder was added to 1 mL of 0.1 M hydrochloric acid
containing 1 mg/mL pepsin and digested for 72 h at 25 °C
and 200 rpm. After digestion, the solution was neutralized
to pH 7.4 with 1 N sodium hydroxide and 10x PBS. To
prepare the Ru/SPS system, 1.9 mg Ru and 6 mg SPS were
dissolved in 10 mL of 1x PBS. The Ru/SPS solution was
then mixed with the neutralized DLM pre-gel and stirred
until completely homogeneous, yielding the DLM-Ru/
SPS bioink, which was stored at 4 °C in the dark. Finally,
DLM-Ru/SPS was mixed with GelMA at different ratios
to prepare a DLM-Ru/SPS:GelMA bioink, which gelated
upon exposure to 405 nm light for 50 seconds using an
EFL LS1601 light source operated at 6 V and 2 A. The
light source was powered by an SG-060200012A adapter
with an output of 6.0 V, 2.0 A, and 12.0 W, where 12.0 W
is the device’s rated electrical power. The decellularization
and enzymatic digestion procedures were adapted from
previously reported liver dECM hydrogel protocols.**

2.2.4. Three-dimensional bioprinting of
cholangiocarcinoma organoids

Underice-bath conditions, DLM and DLM-Ru/SPS:GelMA
bioinks were prepared to obtain homogeneous bioink
precursors. CCAOs were incorporated into the bioinks
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at a density of 2 x 10* organoids/mL and transferred into
syringes fitted with 20-gauge nozzles. After equilibration at
4 °C for one h, the bioinks were printed using a BP6602P
Bio 3D printer according to the parameters listed in Table
1. The constructs were printed directly into 6-well plates,
photocrosslinking under 405nm light for 50 seconds
and then cultured in complete medium at 37 °C with 5%
carbon dioxide.

Table 1. Three-dimensional bioprinting parameters for
decellularized liver matrix-ruthenium/sodium persulfate
bioink

Bioink group/ratio (decellularized Extrusion Printing
liver matrix-ruthenium/sodium pressure speed
persulfate:gelatin methacryloyl) (kPa) (mm/min)
Decellularized liver matrix 11 150
1:0 11 150
4:1 11 150
2:1 32 200
3:2 52 200
1:1 76 150
2:3 72 150
1:2 72 150
1:4 83 150

Note. Unless otherwise specified, all groups were printed using bioink
maintained at 4 °C in the syringe, a 20 G nozzle, pneumatic extrusion,
photocrosslinking at 405 nm for 50 seconds. The bioink ratio indicates
the volume ratio of DLM-Ru/SPS to GelMA. DLM represents the
DLM-only group without Ru/SPS or GeMA, whereas 1:0 represents the
DLM-Ru/SPS group without GelMA.

2.2.5. Scanning electron microscopy

The microstructures of native liver, DLM hydrogel, and
DLM-Ru/SPS:GelMA  hydrogel were characterized
by scanning electron microscopy (SEM; SU5000,
Hitachi, Japan). Native liver samples were fixed in 2.5%
glutaraldehyde at 4 °C overnight, rinsed three times with
PBS, post-fixed with 2% osmium tetroxide for 1-2 h,
dehydrated through a graded ethanol series, and dried.
DLM and DLM-Ru/SPS:GelMA hydrogel samples were
fully immersed in PBS for four h and then lyophilized
without chemical fixation, post-fixation, or graded
dehydration. All samples were mounted on SEM stubs,
sputter-coated with gold, and observed and photographed
by SEM to evaluate their microstructural morphology.

2.2.6. Hematoxylin and eosin and Masson’s trichrome
staining

Paraffin-embedded tissue sections were prepared from
porcine liver, porcine DLM, primary human CCA tissues,
and patient-derived CCAOs. H&E staining was performed
using a commercial H&E staining kit according to the
manufacturer’s instructions. Briefly, paraffin sections were
deparaffinized, rehydrated through a graded ethanol series,
stained with hematoxylin and eosin, dehydrated, cleared,
and mounted for histological observation.

For Masson’s trichrome staining, paraffin sections
of porcine liver and porcine DLM were stained using a
commercial Masson’s trichrome staining kit according to
the manufacturer’s protocol. After staining, sections were
dehydrated, cleared, mounted, and observed under a light
microscope.

2.2.7. Immunofluorescence staining

Native liver tissues and decellularized liver tissues were
fixed in 4% paraformaldehyde at room temperature (RT)
for at least 12 h, embedded in optimal cutting temperature
compound, and sectioned into 4-pum-thick cryosections.
For organoid samples, organoids embedded in DLM-Ru/
SPS:GelMA (4:1) hydrogel were collected together with
the surrounding matrix and fixed in 4% paraformaldehyde
at RT for 30 min. All samples were then subjected to the
same immunofluorescence staining protocol. Except for
antibody incubation steps, all procedures were performed
at RT. Between each step, samples were gently agitated on
a shaker at 60 rpm and washed with PBS three times for 10
min each. Samples were permeabilized with 0.5% Triton
X-100 for 30 min, washed again with PBS as described
above, and blocked with 5% bovine serum albumin for two
h. After blocking, samples were incubated with primary
antibodies against Ki67, cytokeratin 7 (CK7), cytokeratin
19 (CK19), zonula occludens-1 (ZO-1), laminin, and
fibronectin at a dilution of 1:100 for 24 h at 4 °C. All primary
antibodies were rabbit polyclonal antibodies purchased
from Proteintech (China). After washing with PBS,
samples were incubated with Alexa Fluor 594-conjugated
goat anti-rabbit secondary antibodies from Thermo Fisher
Scientific (United States), at a dilution of 1:500 for 12 h at
4 °C. Subsequently, F-actin was stained with phalloidin-
fluorescein isothiocyanate at a working concentration of
200 nM for one h in the dark at RT, followed by nuclear
counterstaining with DAPI at a dilution of 1:100 for 30
min. After staining, tissue sections were mounted with
antifade mounting medium, whereas organoid samples
were transferred to confocal dishes. Images were acquired
using a confocal laser scanning microscope (Ti2, Nikon,
Japan). For organoid samples, z-stack imaging was
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performed with a step size of 10 um and a total scan depth
of 300 pm.

2.2.8. Photocrosslinking and mechanical properties
of decellularized liver matrix-ruthenium/sodium
persulfate:gelatin methacryloyl hydrogels

To systematically evaluate the appearance, gelation
behavior, photocrosslinking performance, and mechanical
properties of DLM-Ru/SPS:GelMA hydrogels with
different compositions, composite hydrogel precursor
solutions were prepared at DLM-Ru/SPS-to-GelMA
volume ratios of 4:1, 2:1, 3:2, 1:1, 2:3, 1:2, and 1:4. The
precursor solutions were thoroughly mixed and aliquoted
for subsequent characterization. First, to investigate the
macroscopic appearance and color variation of hydrogels
with different compositions, the precursor solutions
were transferred into molds of identical dimensions and
photocrosslinked under 405 nm light. After complete
gelation, the hydrogels were photographed under identical
background and illumination conditions to record
their macroscopic morphology, transparency, and color
changes. The yellowness index (YI) was calculated from
the RGB values of the acquired images using Image]
software according to the corresponding formula and
was used to quantitatively assess the effect of the DLM-
Ru/SPS-to-GeIMA ratio on the color characteristics of
the composite hydrogels. Second, to assess the gelation
capability and photocrosslinking performance of the
DLM-Ru/SPS:GelMA systems, the precursor solutions
were loaded into centrifuge tubes for gelation testing. The
samples were subjected to two different curing conditions:
one group was incubated at 37 °C under ambient light for
30 min, whereas the other group was exposed to 405 nm
light at room temperature for 50 seconds. After curing,
the tubes were inverted to determine whether the samples
remained flowable, thereby evaluating the gel formation
ability and structural stability of hydrogels with different
compositions. Representative images were recorded to
compare the gelation behavior under different curing
conditions. Finally, to further characterize the mechanical
properties of the DLM-Ru/SPS:GelMA hydrogels, the
Young’s modulus was used as an indicator of material
stiffness. The precursor solutions were cast into cylindrical
molds with a height of 3 mm and a diameter of 7 mm,
then photocrosslinked under 405 nm light. After complete
gelation, uniaxial compression tests were performed using
a mechanical tester (EFL-MT5600, China) at RT. The
samples were compressed at a speed of 1 mm/min until
the maximum load reached 1 N. Young’s modulus was
determined from the slope of the initial linear region of
the stress—strain curve.

The rheological properties of the bioinks were measured

using a modular compact rheometer MCR302 (Anton
Paar, Austria) equipped with a 25-mm parallel-plate
geometry. Bioink samples were carefully loaded onto the
lower plate, and the measuring gap was adjusted to ensure
complete contact between the sample and the upper plate.
Excess material was gently removed from the edge of the
plate before testing. Dynamic oscillatory frequency-sweep
tests were performed to evaluate the viscoelastic properties
of various bioink formulations. The strain amplitude was
set at 1%, which was within the linear viscoelastic region.
The frequency was swept from 0.01 to 1 Hz, and the
storage modulus (G'), loss modulus (G"), and complex
viscosity (n*) were recorded as functions of frequency.
The frequency-dependent changes in G', G”, and n* were
used to compare the viscoelastic behavior and printability-
related rheological properties of different DLM-Ru/
SPS:GelMA formulations. All rheological measurements
were performed in triplicate.

2.2.9. Cell viability and morphology assessment in
three-dimensional constructs

1929 cells and CCAOs encapsulated in 3D gel droplets
or 3D-printed constructs were subjected to Live/Dead
staining to evaluate cell viability. Bright-field imaging using
an inverted optical microscope was performed to monitor
organoid morphology and changes in organoid number.
For 3D gel droplet culture, 1929 cells or CCAOs were
gently mixed with ice-cold DLM-Ru/SPS bioink. The final
concentration of L929 cells in the bioink was 200,000 cells/
mL, while CCAOs were suspended at 20,000 organoids/mL.
Subsequently, 30 UL of the cell- or organoid-laden bioink
was deposited into each well of a 48-well plate to form 3D
gel droplets. After gelation, 250 pL of the corresponding
culture medium was added to each well, and the samples
were maintained in a humidified incubator at 37 °C with 5%
carbon dioxide. The 3D-printed constructs were prepared
as described above, transferred to culture plates, supplied
with the corresponding culture medium, and maintained
under standard culture conditions.

Bright-field images were acquired at the indicated
time points using an inverted optical microscope (Zeiss,
Germany) to observe organoid morphology and quantify
changes in organoid number under different culture
conditions. Meanwhile, cell viability was assessed using
a calcein-AM/PI Live/Dead staining assay. Briefly, the
working staining solution was prepared by adding 3 pL
calcein-AM and 2 pL propidium iodide to 1 mL PBS.
After removal of the culture medium, each sample was
incubated with 500 pL of staining solution for 30 min at
37 °C in the dark. After staining, the samples were gently
washed with PBS and subjected to fluorescence imaging.
1929 cells and CCAOs were imaged using both a BioTek
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Cytation C10 confocal imaging reader (BioTek, United
States) and a confocal laser scanning microscope (Ti2,
Nikon, Japan). For organoid samples, Z-stack imaging was
performed with a step size of 10 um and a total scan depth
of 300 um. Live cells were stained green, whereas dead cells
were stained red.

2.2.10. Drug screening

After three days of culture, the medium in the 3D
constructs was replaced with fresh medium containing
different drug concentrations to evaluate cytotoxic effects
on CCAOs. The experimental groups included cisplatin
monotherapy and cisplatin plus gemcitabine. For the
combination treatment group, cisplatin and gemcitabine
were simultaneously added to the culture medium, with
each drug used at final concentrations of 1, 10, and 100
uM. For the combination treatment group, cisplatin and
gemcitabine were simultaneously added to the culture
medium at final concentrations of 1, 10, and 100 pM,
respectively. After 72 h of drug treatment, Live/Dead
staining was performed, and cell viability as well as drug-
induced morphological changes were observed.

2.2.11. Statistical analysis

All data are presented as the mean + standard deviation.
Unless otherwise stated, n represents the number of
independent biological replicates. Statistical analysis was
performed using GraphPad Prism 10.4.3 (United States).
Unpaired comparisons were conducted using the t-test,
and multiple-group comparisons were performed using
one-way analysis of variance followed by Tukey’s post-hoc
test. Statistical significance was defined as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussion

3.1. Characterization of decellularized liver matrix

Cholangiocarcinoma is characterized by high invasiveness,
pronounced interpatient heterogeneity, and poor clinical
prognosis, resulting in substantial variability in therapeutic
responses. Therefore, there is an urgent need for in vitro
drug-screening platforms that more faithfully recapitulate
patient-specific tumor features. Notably, the initiation,
progression, and therapeutic responsiveness of CCA are
strongly regulated by the tumor microenvironment rather
than by tumor cells alone. Accordingly, the development
of a more predictive patient-derived organoid bioprinting
platform requires faithful reconstruction of the native
microenvironment associated with CCA, particularly
tissue-specific ECM cues. Based on this rationale, we first
prepared DLM from native liver tissue (Figure 1) and
systematically characterized its decellularization efficiency,

ECM retention, and structural stability to determine
whether it could serve as the core biological component of

the subsequent printable composite bioink.

As shown in Figure 2A, the prepared DLM exhibited
a homogeneous, translucent, gel-like appearance.
Quantification of DNA and protein contents showed a
significant reduction in DLM compared with native liver
tissue (Figure 2B). H&E staining revealed clearly visible
nuclei in native liver tissue, whereas nuclear signals were
markedly diminished in DLM (Figure 2C), confirming
successful decellularization. SEM revealed an open
porous network within the DLM (Figure 2C), indicating
a structural architecture favorable for cell loading and
mass transfer. Importantly, Masson’s trichrome staining
still revealed the presence of collagen fibers in the DLM
(Figure 2D). Further immunofluorescence analysis
demonstrated the retention of major ECM components,
including fibronectin and laminin (Figure 2D), suggesting
that the DLM preserved key features of the liver-derived
matrix. In addition, quantitative analysis showed that total
protein, collagen, and GAG were retained to a considerable
extent in the DLM (Figures 2B and 2E). As an essential
functional component of the ECM, GAG remained at a
biologically meaningful level, indicating that the DLM
preserved not only structural support elements but also
bioactive cues relevant to cell adhesion, migration, and
microenvironmental regulation.

Given that this material would subsequently be used
for composite bioink fabrication and organoid bioprinting,
we further evaluated its biosafety, batch consistency, and
structural stability. The residual endotoxin levels in DLM
were low (0.5 EU/mL) and showed no significant batch-to-
batch differences (Figure 2F). Although the porcine livers
used in this study were obtained from a local commercial
food market, which may introduce uncontrolled biological
variables such as animal age, strain, and warm post-
mortem ischemia time, batch-to-batch reproducibility
of the DLM-based bioink was managed through
standardized processing and quality-control assessment.
Specifically, all liver tissues were processed using the
same decellularization, washing, lyophilization, milling,
digestion, and neutralization procedures. For each DLM
batch, key quality-control parameters, including gross
appearance after decellularization, residual DNA content,
ECM component retention, gelation behavior, rheological
properties, and endotoxin levels, were evaluated before
experimental use. Only batches that met these quality-
control criteria were used for subsequent organoid culture
and bioprinting experiments. These procedures helped
minimize batch-dependent variability and ensured the
reproducibility of the DLM bioink for downstream
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Figure 1. Schematic illustration of the preparation of DLM-Ru/SPS:GelMA bioink and its application in 3D bioprinting-based drug screening. Porcine
liver tissue was decellularized to obtain DLM, which was subsequently combined with Ru/SPS and GelMA to formulate a photocrosslinkable DLM-Ru/
SPS:GelMA bioink. Patient-derived CCA tissues were enzymatically digested, isolated, and cultured to obtain patient-derived CCAOs, which were then
incorporated into the bioink. The CCAO-laden bioink was deposited into 6-well plates using a 3D bioprinter and photocrosslinked under 405 nm light to
generate bioprinted CCAO constructs. The resulting organoid constructs were further applied for in vitro drug screening.

Abbreviations: 3D: Three-dimensional; CCA: Cholangiocarcinoma; CCAO: Cholangiocarcinoma organoid; DLM: Decellularized liver matrix; GelMA:

Gelatin methacryloyl; Ru: Ruthenium; SPS: Sodium persulfate.

applications.

To further evaluate the biocompatibility of DLM,
HepG2 cells were cultured in DLM hydrogels and cell
viability was assessed on days 1, 3, and 7 (Figure S1).
The results showed that HepG2 cells maintained high
viability (>90%) throughout the culture period, with no
significant differences among time points, indicating the
favorable biocompatibility of DLM. In addition to HepG2
cells, normal mouse liver organoids were cultured in DLM
hydrogels to further assess the ability of DLM to support

3D organoid growth. Matrigel, a widely used ECM for
organoid culture, served as a control. As shown in Figure
S2, mouse liver organoids embedded in DLM exhibited
robust growth and progressive expansion over the culture
period, with a morphology comparable to that of organoids
cultured in Matrigel. Quantitative analysis showed that
DLM supported organoid formation and growth, although
early organoid numbers were lower than those in the
Matrigel group at some time points, indicating an initial
delay in organoid expansion within the DLM hydrogel.
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Figure 2. Structural and compositional characterization of liver-derived scaffolds before and after decellularization. (A) Schematic illustration of the
DLM preparation process (i-ix), including (i) liver, (ii) liver tissue fragmentation, (iii) PBS perfusion, (iv) SDS treatment, (v) Triton X-100 perfusion, (vi)
DNase treatment, (vii) lyophilization, and (viii-ix) gelation. Step (viii) indicates enzymatic digestion, and black arrows in step (ix) indicate the transition of
DLM into a gel. (B) Quantitative analysis of (i) DNA and (ii) protein contents before and after decellularization. (C, D) Representative SEM images, H&E
staining, Masson’s trichrome staining, and immunofluorescence staining of fibronectin (red) and laminin (red) before and after decellularization. Nuclei
were counterstained with DAPI (blue). Scale bar: 200 um; magnification: 4x. (E) Quantitative analysis of (i) collagen and (ii) sGAG contents before and
after decellularization. (F) Endotoxin levels (i) and SDS residue (ii) in three lots of DLM. Quantitative data are presented as mean + standard deviation
from n = 3 independent biological replicates unless otherwise indicated. Statistical significance is indicated as follows: ns, not significant; ***p < 0.001,
e p < 0.0001.

Abbreviations: DLM: Decellularized liver matrix; H&E: Hematoxylin and eosin; PBS: Phosphate-buffered saline; SDS: Sodium dodecyl sulfate; SEM:
Scanning electron microscopy; sGAG: Sulfated glycosaminoglycan.
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Nevertheless, organoid diameter increased over time in the
DLM group, supporting its ability to maintain organoid
growth after the initial adaptation phase. These results
suggest that DLM provides a suitable microenvironment
for maintaining the viability and growth of normal
mouse liver organoids, further confirming its good
biocompatibility and potential as an alternative matrix for
liver organoid culture. Collectively, these results indicate
that DLM effectively removes cellular components while
preserving key liver ECM constituents, including GAG,
and exhibits favorable biosafety, thereby providing a robust
foundation for the construction of a tissue-specific 3D
bioprinting platform.

3.2. Characterization of the decellularized liver
matrix-ruthenium/sodium persulfate:gelatin
methacryloyl composite bioink

After confirming that DLM preserves liver-specific ECM
components and exhibits favorable bioactive properties, we
next focused on a critical limitation of its use as a bioink:
insufficient mechanical support and rapid shape fixation,
which still fall short of the requirements for extrusion-
based bioprinting in terms of printability and structural
stability. This issue is particularly pronounced for the direct
bioprinting of patient-derived CCAOs, as the material must
not only retain biological cues but also maintain a stable
3D architecture after deposition. To address this challenge,
we incorporated a Ru/SPS visible-light crosslinking system
into the DLM-based formulation. In our previous work,
we demonstrated that the introduction of Ru/SPS enabled
rapid gelation of decellularized kidney matrix within
40 seconds under 405 nm illumination, together with
favorable biocompatibility. Based on this validated system,
we hypothesized that the same strategy could be applied to
DLM to improve its gelation kinetics and printability while
preserving its tissue-specific biological advantages.

First, we evaluated the temporal stability of DLM-
Ru/SPS in solution. The results showed that the system
maintained a similar appearance on day 1, day 3, day 5,
and day 20, with no significant differences in diameter
or area among the different time points (Figure S3),
indicating good solution stability and providing an
operational window for subsequent loading of CCAOs
and 3D printing. In addition, GeIMA was introduced as
an additional network-forming component to enhance
the tunability and printability of the composite system. To
identify the optimal bioink formulation for 3D printing
and growth of CCAOs, we systematically characterized the
properties of bioinks with different component ratios.

First, we examined the appearance of the composite
bioinks at different ratios. The results showed that, as

the GelMA content increased, the appearance of the
composite bioink changed progressively, reflecting a
clear composition-dependent behavior in the DLM-
Ru/SPS:GelMA system. Quantitative analysis of the YI
further confirmed significant optical differences among
the formulations (Figure 3A), indicating that stable and
reproducible bioinks could be obtained by adjusting the
DLM-to-GelMA ratio. Although this optical variation
itself is not a direct functional endpoint, it suggests that
the hydrogel network can be reliably modulated, which is
beneficial for establishing a standardized printing platform.

Meanwhile, unmodified DLM, DLM-Ru/SPS, and
DLM-Ru/SPS:GelMA samples with different ratios all
exhibited typical nonlinear stress—strain behavior in
tensile testing, but their load-bearing capacity and pre-
fracture mechanical responses differed substantially
(Figure S4). The Youngs modulus results showed that
the stress-response capacity of the composite hydrogels
increased significantly with changes in GelMA content
(Figure 3B), indicating that the incorporation of GelMA
effectively modulates network density and overall
mechanical performance. In particular, at higher GelMA
ratios, the system exhibited stronger load-bearing capacity
and a more pronounced network reinforcement effect,
suggesting that the mechanical window of this composite
bioink can be tuned from softer to stiffer states through
formulation optimization. This tunable mechanical
behavior is especially important for 3D tumor organoid
platforms: appropriate stiffness helps maintain printed
structures and prevents collapse during culture, whereas
excessive stiffness may restrict organoid expansion or alter
tumor cell behavior. Therefore, the mechanical tunability
of the DLM-Ru/SPS:GelMA system provides a basis for
constructing an organoid bioprinting platform with both
structural stability and biocompatibility.

To further clarify the viscoelastic behavior and the
printability mechanism of the composite bioink, frequency-
sweep rheological measurements were performed on
DLM-Ru/SPS:GelMA formulations at different volumetric
ratios. As shown in Figure S5, the storage modulus G,
loss modulus G”, and complex viscosity n* exhibited
clear frequency-dependent and composition-dependent
variations, indicating that the rheological properties of
the bioink could be effectively regulated by adjusting the
formulation. Among these groups, the 4:1 formulation
maintained a favorable balance between elasticity and
flowability, which is particularly important for extrusion-
based bioprinting because it supports smooth extrusion
while preserving filament fidelity after deposition. These
rheological results further support the printability of the
composite bioink and are consistent with the subsequent
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Figure 3. Characterization of DLM-Ru/SPS:GelMA composite bioinks. (A) Representative photographs of DLM and DLM-Ru/SPS:GelMA bioinks with
different mixing ratios. (i) Macroscopic appearance of the bioinks. (ii) Quantitative analysis of the yellowness index. Scale bars: 2.5 mm. (B) Young’s
modulus of DLM and DLM-Ru/SPS:GelMA bioinks with different ratios. (C) Representative images showing the gelation behavior of DLM and DLM-Ru/
SPS:GelMA formulations under ambient light at 37 °C for 30 min and under 405 nm light irradiation for 50 seconds. Scale bars: 5 mm. (D) Printability
assessment of the composite bioinks. (i) Representative extrusion behavior and printed grid structures of DLM and DLM-Ru/SPS:GelMA bioinks. (i)
showing the extrusion conditions as a function of pressure and nozzle diameter, with purple and green indicating under-extrusion and no extrusion,
respectively. Quantitative data are presented as mean + standard deviation from n = 3 independent biological replicates unless otherwise indicated.
Statistical significance is indicated as follows: ns, not significant; ***p < 0.001, ****p < 0.0001.

Abbreviations: DLM: Decellularized liver matrix; GeIlMA: Gelatin methacryloyl; Ru: Ruthenium; SPS: Sodium persulfate.
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printing performance.

Next, we assessed the gelation capability of the
composite bioinks with different compositions. The
results showed that DLM alone and DLM-Ru/SPS, when
used independently, exhibited only limited gelation even
after incubation at 37 °C for 30 min. The addition of
GelMA did not further enhance this thermally induced
gelation behavior. In contrast, upon introduction of
the Ru/SPS photoinitiation system, both DLM-Ru/
SPS and the DLM-Ru/SPS:GelMA mixtures underwent
rapid gelation within 50 seconds under 405 nm light
irradiation. These findings demonstrate that the Ru/SPS
visible-light crosslinking system is essential for achieving
rapid and controllable solidification (Figure 3C). Further
temperature-responsiveness testing showed that, at 37 °C,
DLM-Ru/SPS:GelMA formulations with different ratios
exhibited distinct degrees of state transition over 0, 10,
20, and 30 min (Figure S6), suggesting that the fluidity
and preliminary solidification behavior of this bioink
are jointly regulated by temperature and component
ratio, thereby maintaining appropriate flowability prior
to printing. Notably, thermoresponsive behavior alone is
insufficient to ensure final structural fixation. Overall, the
DLM-Ru/SPS:GelMA system combines solution stability,
thermoresponsiveness, and rapid light-triggered gelation,
thereby providing a foundation for developing a printable
and standardized organoid biomanufacturing platform.

To further verify the behavior of this system under
practical printing conditions, we next evaluated its
extrusion-based printability using a 3D printer. The results
showed that neither DLM nor DLM-Ru/SPS was printable.
After introducing GelMA, all DLM-Ru/SPS:GelMA
formulations became printable to varying degrees;
however, as the GelMA ratio increased, filament continuity
decreased, and the printed structures became less well-
defined. This behavior may be related to the specific
low-temperature extrusion conditions used here, under
which increased GeIMA content could alter local gelation
behavior, optical transparency, and filament continuity.
The printability map corresponding to pressure and nozzle
parameters further indicated that the printable region was
significantly influenced by the bioink composition (Figure
3D). These results suggest that stable organoid bioprinting
requires not only optimization of the material formulation
but also coordination with printing parameters, which is
critical for translational applications.

The primary application of this study is 3D bioprinting
of CCA. In summary, the DLM-Ru/SPS:GelMA
bioink achieves a balance among solution stability,
thermoresponsiveness, gelation kinetics, mechanical
tunability, and print fidelity through rational optimization,

supporting its feasibility as a bioprinting material. More
importantly, this optimization strategy overcomes the
intrinsic limitation of insufficient gelation in DLM,
enabling its application in engineered biomanufacturing.

3.3. Optimization of decellularized liver matrix-
ruthenium/sodium persulfate:gelatin methacryloyl
bioink for cholangiocarcinoma organoid culture

In our previous work, we successfully developed a
DLM-Ru/SPS:GelMA composite bioink with favorable
performance and demonstrated that tuning the DLM-Ru/
SPS-to-GelMA ratio effectively modulated its mechanical
properties and printability. Building on this foundation,
the present study further evaluated the biological
applicability of the bioink, namely whether it could
provide a suitable three-dimensional microenvironment
for CCAOs while maintaining organoid viability and
facilitating subsequent observation and analysis. Given
that the organoids, the selection of the material should
not rely solely on print fidelity or mechanical strength,
but rather require a comprehensive evaluation of printing
stability, biocompatibility, organoid growth behavior, and
microscopic imaging readability.

First, L1929 cells were used for preliminary
biocompatibility ~screening of DLM-Ru/SPS:GelMA
hydrogels with different formulations. The results showed
that 1929 cells maintained high viability in all hydrogel
groups, with no obvious cell death observed, indicating
that this composite system exhibits good baseline
biocompatibility and may serve as a safe material platform
for subsequent organoid culture (Figure 4A).

Next, hydrogels with different formulations were
further applied to CCAO culture to assess their practical
suitability in the target model. The results showed that all
hydrogel groups supported the formation and maintenance
of CCAOs, demonstrating the basic feasibility of the
DLM-Ru/SPS:GelMA composite system as a 3D matrix for
organoid culture. To further benchmark its performance
against a conventional matrix, Matrigel-cultured CCAOs
were included as a control. Comparative analysis revealed
that the DLM-Ru/SPS:GelMA 4:1 group exhibited larger
organoid diameters and a higher number of organoids
than the Matrigel group at the evaluated time points,
while maintaining a comparable level of cell viability, as
confirmed by Live/Dead staining and quantitative viability
analysis (Figure 4B and 4C). These findings indicate that
the 4:1 bioink not only supports organoid survival at a level
comparable to Matrigel, but also more effectively promotes
organoid growth and expansion.

However, distinct differences were observed among
the formulations in organoid culture and visualization.
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Figure 4. Biocompatibility evaluation of DLM-Ru/SPS:GelMA hydrogels. The hydrogel was photopolymerized under 405-nm light irradiation for 50
seconds. (A) Calcein-AM/PI Live/Dead staining of L929 cells cultured in different hydrogel droplet culture systems, including GelMA and DLM-Ru/
cells in red. Scale bar: 500 um; magnification: 4x. (B) Morphological analysis of CCAOs cultured in different hydrogel droplet culture systems, including
Matrigel, GelMA and DLM-Ru/SPS:GelMA hydrogels, after 1 day. (i) Representative bright-field images are shown at magnifications of 4x, 10x, 20x, and
40x. Scale bar: 100 pm for 4x magnification; 40 um for 10x magnification; 20 pm for 20x magnification; and 10 um for 40x magnification. Quantitative
analysis of the number (ii) and diameter (iii) of CCAOs. (C) Calcein-AM/PI Live/Dead staining of CCAOs cultured in different hydrogel droplet culture
systems, including Matrigel, GelMA and DLM-Ru/SPS:GelMA hydrogels, after 1 day. Representative image (i) and quantitative analysis (ii) are shown.
Scale bar: 500 um; magnification: 4x. (D) SEM analysis of DLM-Ru/SPS:GelMA hydrogels. (i) Representative SEM images are shown at magnifications
of 2,000x, 5,000%, and 10,000%. Scale bar: 20 pm for all magnifications. (ii) Quantitative analysis of the pore diameter. Quantitative data are presented as
mean + standard deviation from # = 3 independent biological replicates unless otherwise indicated. Statistical significance is indicated as follows: ns, not
significant; *p < 0.05, ***p < 0.001, ****p < 0.0001.

Abbreviations: CCAO: Cholangiocarcinoma organoid; DLM: Decellularized liver matrix; GelMA: Gelatin methacryloyl; PI: Propidium iodide; Ru:
Ruthenium; SEM: Scanning electron microscopy; SPS: Sodium persulfate.
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With increasing GeIMA content, the transparency of the
hydrogel network gradually decreased, resulting in reduced
visibility of organoids under bright-field microscopy, as
evidenced by increased background intensity, blurred
boundaries, and difficulty in contour recognition.
Quantitative analysis of organoid number and diameter
further revealed formulation-dependent differences
in organoid formation efficiency and growth behavior,
suggesting that material composition influences the 3D
microenvironment surrounding the organoids (Figure
4B). To further clarify the structural basis underlying the
observed differences in organoid visualization and growth
among formulations, the internal microarchitecture of
the DLM-Ru/SPS:GelMA hydrogels was examined by
scanning electron microscopy. As shown in Figure 4D,
the samples with different ratios exhibited pronounced
composition-dependent differences in pore structure and
network connectivity. The high DLM-Ru/SPS-content
group exhibited a relatively dense, compact network with
smaller pores, whereas increasing the GelMA content led
to a progressively looser internal structure, larger pore
sizes, and enhanced network connectivity. In the group
with the highest GelMA content, a more open porous
structure with thinner pore walls was observed, indicating
a substantially more porous microarchitecture. These
findings demonstrate that the pore structure and network
density of the composite hydrogels can be effectively
regulated by adjusting the DLM-Ru/SPS-to-GelMA ratio.

Taken together, the reduction in transparency observed
with increasing GelMA content may be attributed to the
denser microstructure, altered network organization,
and the resulting enhancement of light scattering within
the hydrogel. In contrast, the 4:1 formulation exhibited
a relatively homogeneous, moderate microstructure,
providing sufficient 3D support while enabling better
light transmission and organoid visualization, thereby
offering superior performance in both organoid culture
and imaging readability. Moreover, these microstructural
differences may not only affect optical transparency, but
also influence the diffusion of nutrients, oxygen, and
metabolic waste, thereby impacting organoid formation,
maintenance, and expansion. Compared with Matrigel,
the 4:1 formulation achieved a better balance between
structural support and spatial openness, making it more
suitable as a matrix for 3D culture and subsequent drug
screening of CCAOs. Collectively, based on the material
characterization results, biocompatibility evaluation, and
organoid culture performance, the 4:1 formulation was
identified as the optimal DLM-Ru/SPS:GelMA bioink

ratio in this study.

3.4. Bioprinting-enabled generation of viable
spheroidal cholangiocarcinoma organoids

Building on the aforementioned material characterization,
biocompatibility evaluation, and organoid culture results
obtained across different formulations, the 4:1 DLM-
Ru/SPS:GelMA ratio was identified as the optimal
composition for structural support, shape fidelity, and
biological compatibility. Accordingly, this formulation
was selected for subsequent evaluations of the DLM-
Ru/SPS:GelMA bioink in the 3D bioprinting of CCAOs.
Unlike conventional biomaterials designed primarily to
maximize mechanical strength, organoid bioprinting
requires a bioink that can simultaneously support cell self-
organization, proliferation, and tissue-like remodeling.
Therefore, a formulation that balances printability and
biological functionality is particularly valuable for
organoid engineering.

To further assess the impact of the printing environment
on organoid viability, Live/Dead staining was performed.
Most cells exhibited AM-positive green fluorescence, with
only a small fraction of PI-positive cells, indicating low
levels of cell death in the printed organoids (Figure 5 and
5B). Quantitative analysis revealed that organoid viability
in the 4:1 group remained high during culture (Figure S7A
and S7B). This result is significant because it suggests that
the optimized formulation provides sufficient mechanical
support without imposing substantial cytotoxic stress on
the cells. In addition, the hydrogel microenvironment
appears to permit adequate nutrient diffusion and waste
removal, both of which are essential for sustaining organoid
growth in a 3D setting. For bioprinting applications,
achieving this balance between structural stability and
cellular permissiveness is critical: overly dense networks
may preserve the printed shape but hinder proliferation
and remodeling, whereas overly loose matrices may fail
to maintain structural integrity. The formulation appears
to strike an appropriate balance between these two
requirements.

Representative images (Figure 5C) at different
magnifications illustrate the progressive maturation of
the organoid morphology, while quantitative analysis
showed that both the number and diameter of the printed
organoids remained within a relatively stable range,
indicating good reproducibility and structural consistency
(Figure S7C). Organoids printed with the formulation
gradually developed into compact spheroidal structures
with well-defined boundaries during culture. Importantly,
the 3D reconstruction presented in Figure 5D further
confirmed this morphology from a spatial perspective.
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Figure 5. Viability and phenotypic preservation of 3D-bioprinted CCAOs in DLM-Ru/SPS:GelMA (4:1) hydrogels. The CCAO-laden hydrogel was
photocrosslinked under 405-nm light irradiation for 50 seconds. (A) Bright-field and calcein-AM/PI Live/Dead staining images of 3D bioprinted CCAO-
laden hydrogels with a 4 x 4 grid structure on day 1, 3 and 7. Scale bar: 5 mm. (B) Bright-field and calcein-AM/PI Live/Dead staining images of 3D
bioprinted CCAO-laden hydrogels with a 2 x 2 grid structure on day 7. Scale bar: 5 mm. In calcein-AM/PI staining images, live cells are shown in green
and dead cells in red. (C) Bright-field images of CCAOs at 4x, 10x, 20x, and 40x magnifications. Scale bar: 100 um for the 4x image. (D) Representative
confocal z-stack-derived 3D-rendered images of CCAOs stained with DAPI for nuclei and phalloidin-FITC for F-actin/cytoskeleton visualization, along
with merged fluorescence images. The reconstructed viewing volume was 500 pm x 500 pm x 300 pum. (E) Representative confocal z-stack-derived 3D
reconstructions and 2D fluorescence projection images of CCAOs stained for DAPI, CK7, CK19, Ki67, ZO-1, and F-actin. F-actin/cytoskeleton was
visualized using phalloidin-FITC staining. Nuclei are shown in blue; F-actin/cytoskeleton is shown in green by phalloidin-FITC staining; and CK7, CK19,
Ki67, and ZO-1 are shown in orange-yellow. The reconstructed viewing volume was 900 pm x 900 um x 300 um. Scale bars: 100 um for the 2D images.
Abbreviations: 2D: Two-dimensional; 3D: Three-dimensional; CCAO: Cholangiocarcinoma organoid; CK7: Cytokeratin 7; CK19: Cytokeratin 19; DLM:
Decellularized liver matrix; F-actin: Filamentous actin; FITC: Fluorescein isothiocyanate; GelMA: Gelatin methacryloyl; PI: Propidium iodide; Ru:
Ruthenium; SPS: Sodium persulfate; ZO-1: Zonula occludens-1.
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The uniformly distributed DAPI and phalloidin signals
outlined a multicellular architecture with clear thickness
and spatial hierarchy, demonstrating that the printed
structures were not merely circular in 2D projection, but
true spheroidal organoids formed within the hydrogel
matrix. This is particularly relevant for CCA modeling,
as such a spheroidal architecture more closely resembles
in vivo tumor organization and may better recapitulate
cell-cell interactions, diffusion gradients, and signaling
behaviors that are critical for downstream functional
studies.

Furthermore, H&E staining was performed to further
evaluate whether the printed organoids retained the
histological characteristics of the matched primary patient
tumor tissue. The results showed that the 3D printed
tumor organoids exhibited histopathological features
consistent with those of the original tumor tissue (Figure
S9). In particular, the printed organoids recapitulated
several characteristic histological features of CCA tissue,
including atypical epithelial tumor-cell morphology,
glandular/lumen-like structures, and organized tissue-
like architecture resembling the matched primary tumor.
These findings provide direct histological evidence that
the 3D-printed organoids retained key morphological
characteristics of the patient-derived tumor following
printing and culture.

We next examined whether the printed organoids
retained key CCA-associated phenotypic features. As
shown in Figure 5E and Figure S8, CK7 and CK19 staining
supported the maintenance of biliary epithelial features
in the printed organoids. In addition, Ki67 positivity
indicated sustained proliferative activity, suggesting that
the organoids remained biologically active in the 3D
hydrogel environment. Notably, ZO-1 staining suggested
partial maintenance or re-establishment of epithelial

organization after printing.

Taken together, these findings indicate that the
DLM-Ru/SPS:GelMA bioink does more than serve as a
passive structural support; rather, it provides a functional
microenvironment that supports not only cell survival
but also the preservation of tissue-level organization
and tumor-associated phenotype. This is an important
feature for organoid-based tumor models, as maintaining
epithelial architecture and polarity-related components,
such as ZO-1, may enhance physiological relevance.

In summary, the optimized DLM-Ru/SPS:GelMA
bioink supported the formation of stable spheroidal
CCAOs while maintaining high cell viability, representative
phenotypic markers, and structural integrity after printing.
These results underscore the advantage of this formulation

in achieving a favorable balance between mechanical
performance, cytocompatibility, and tissue-mimetic
capacity, thereby supporting its potential utility as a
robust platform for three-dimensional CCAO bioprinting
and subsequent applications such as drug testing and
personalized disease modeling.

3.5. Drug sensitivity evaluation of bioprinted
cholangiocarcinoma organoids

In the preceding experiments, we demonstrated that
the optimized DLM-Ru/SPS:GelMA bioink supported
the formation of stable spherical 3D CCAOs that
maintained high cell viability and retained expression of
cholangiocyte-related phenotypic markers during short-
term culture. These findings indicate that the bioprinting
system not only enables spatial reconstruction of the 3D
organoid architecture, but also preserves the biological
characteristics of the tumor cells at the functional level. On
this basis, we further considered whether this model could
serve not only as a platform for organoid construction
and culture but also as a translationally relevant drug-
evaluation system to simulate CCA responses to
commonly used clinical chemotherapeutic agents. Since
drug sensitivity is a critical parameter for determining
whether organoid models can truly support precision
medicine, pharmacological validation of this model after
structural and phenotypic characterization is of substantial
importance.

Among the first-line chemotherapeutic regimens
for CCA, cisplatin and gemcitabine are among the most
widely used drug combinations. Therefore, cisplatin was
first applied as a single-agent intervention to the printed
organoids to assess the model’s morphological and viability
responses to chemotherapeutic stimulation. Subsequently,
the effects of combined cisplatin and gemcitabine treatment
were examined to determine whether this 3D bioprinted
system could capture dose- and combination-dependent
responses to commonly used chemotherapeutic agents.
In other words, this set of experiments was designed not
merely to determine whether the drugs were “effective,”
but, more importantly, to evaluate whether the printed
organoids could respond to different therapeutic regimens
in a dose-dependent and combination-dependent manner,
as would be expected in real tumor tissues. Together,
these assays were intended to evaluate whether the
printed organoids could provide a quantitative readout for
preliminary drug-response assessment.

As shown in Figure 6A, with increasing cisplatin
concentration, the 3D structural integrity of the bioprinted
organoids was progressively impaired, as reflected by loss
of contour integrity, loosening of the architecture, and a
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Figure 6. Drug sensitivity assessment of DLM-Ru/SPS:GelMA (4:1) hydrogel-based 3D bioprinted CCAO platform. The CCAO-laden hydrogel
constructs were photocrosslinked under 405-nm light irradiation for 50 seconds. CCAO-1 organoids cultured in the 3D-printed bioink-based platform.
(A) Representative bright-field and calcein-AM/PI live/Dead staining images of organoids cultured on the DLM-Ru/SPS:GelMA (4:1) hydrogel-based
3D bioprinted CCAO platform and treated with cisplatin alone (i) or cisplatin plus gemcitabine (ii) at concentrations of 0, 1, 10, and 100 uM after 72
hours of drug exposure. The Live/Dead staining images were obtained by confocal z-stack scanning and are shown as 2D projection images. For each
treatment group, bright-field images are shown on the left, whereas live, dead, and merged fluorescence images are shown on the right. Scale bar: 100 pum.
In calcein-AM/PI staining images, live cells are shown in green and dead cells in orange-yellow. (B) Quantitative analysis of organoid diameter following
treatment with cisplatin alone (i) or cisplatin plus gemcitabine (ii) at different concentrations. Only organoids with diameters greater than 50 pm were
included in the quantitative analysis. (C) Quantitative analysis of cell viability following treatment with cisplatin alone (i) or cisplatin plus gemcitabine (ii)
at different concentrations. Data are presented as mean + standard deviation. Statistical significance is indicated as follows: ns, not significant. Quantitative
data are presented as mean + standard deviation from » = 3 independent biological replicates unless otherwise indicated. Statistical significance is indicated
as follows: ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Abbreviations: 2D: Two-dimensional; 3D: Three-dimensional; CCAO: Cholangiocarcinoma organoid; DLM: Decellularized liver matrix; GelMA: Gelatin
methacryloyl; PI: Propidium iodide; Ru: Ruthenium; SPS: Sodium persulfate.
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reduction in the number of aggregates. In contrast to
the morphologically uniform and well-defined spherical
organoids described in the previous section, the drug-
treated organoids clearly lost their compactness and
structural integrity. This observation suggests that the 3D
organoid structure was not only successfully established,
but also sufficiently responsive to exogenous drug
stimulation. Importantly, such structural responses are
biologically meaningful, as the effects of anticancer drugs
in native tumor tissues are often manifested not only
through cell death, but also through disruption of the
overall structural stability of the tumor mass. In this sense,
the ability of a drug to perturb the spatial organization
of the organoid constitutes an important component of
its inhibitory effect. Therefore, the structural damage
observed in Figure 6A indicates that the model exhibits
a degree of tissue-level drug responsiveness, rather than
merely single-cell cytotoxicity.

Further analysis of the Live/Dead staining results
revealed that after cisplatin treatment, the AM-positive
green fluorescence signal in the organoids gradually
decreased, whereas the Pl-positive orange-yellow
fluorescence signal markedly increased, indicating
a progressive rise in cell death with increasing drug
concentration. Quantitative analysis also supported this
trend, showing a dose-dependent decline in cell viability
as cisplatin concentration increased (Figure 6A-6C). In
parallel, the conventional Matrigel-cultured organoids
exhibited a more pronounced decrease in viability only at
the highest cisplatin concentration (100 uM) (Figure S11A),
suggesting that matrix composition and the surrounding
microenvironment may influence drug sensitivity in a
concentration-dependent manner. This difference may
be related to the regulatory effects of liver-specific ECM
components. The native hepatic microenvironment is not
a single matrix component but rather comprises multiple
ECM molecules, including collagens, laminin, fibronectin,
hyaluronic acid, and various proteoglycans, which
collectively contribute to the maintenance of hepatocellular
polarity, tissue organization, and signaling homeostasis.
In contrast, Matrigel is primarily derived from basement
membrane extracts and thus differs from the native liver
microenvironment in both matrix composition and
mechanical properties. These compositional differences
may modulate cell-matrix adhesion, integrin-mediated
signaling, and drug diffusion behavior, thereby affecting
cisplatin accessibility within the organoids and the
magnitude of cellular responses. Therefore, the enhanced
reduction in viability observed in the Matrigel group
at high cisplatin concentrations may not simply reflect
intrinsic drug toxicity but may also indicate an important
modulatory role of the matrix background in shaping

drug-sensitivity phenotypes.

Notably, cisplatin sensitivity assays performed using
two additional organoid lines, CCAO-2 and CCAO-
3, showed that both lines were largely insensitive to
low cisplatin concentrations (1 uM and 10 puM), while
more evident viability loss was observed only at higher
concentrations (Figure S11B and S11C). This suggests
that there are clear sample-specific differences in
cisplatin susceptibility, while the overall tendency toward
increased response with rising drug concentration is still
preserved. These findings further support the utility of
this platform for capturing heterogeneous drug responses.
This dose-dependent response was consistent with the
aforementioned morphological observations and further
confirmed the sensitivity of the printed organoids to
chemotherapeutic stimulation at the functional level. More
importantly, such a continuous response across low-to-
high concentrations demonstrates the model’s capacity for
quantitative pharmacodynamic readout, which is essential
for subsequent drug-screening applications. A truly useful
drug sensitivity platform should not only distinguish
between responsive and non-responsive states but also
capture differences in drug effects across concentrations,
thereby enabling more refined comparisons of efficacy and
treatment optimization.

On this basis, we further evaluated the effects of
combined cisplatin and gemcitabine treatment. Compared
with cisplatin monotherapy, the combined treatment
resulted in a further reduction in the viable cell signal
and a pronounced increase in the dead cell signal within
the organoids, suggesting that the combination regimen
was more effective at disrupting the tumor-like structures
and inducing cell death. Quantitative results showed
that the reduction in cell viability in the combination
group was significantly greater than that observed in
the monotherapy group, indicating a stronger inhibitory
effect of the two-drug regimen (Figure 6Aii, 6Bii, 6Cii
and Figure S10B). More importantly, the differences in
drug response were more evident under gemcitabine-
cisplatin combination treatment, further highlighting the
model’s ability to capture treatment effects with greater
clinical relevance and pharmacological discrimination.
This finding is compatible with the known clinical use
of gemcitabine-cisplatin chemotherapy in CCA and
supports the feasibility of using this model for preliminary
drug-response assessment. In other words, the organoids
generated in this study did not lose drug sensitivity due
to the bioprinting process but instead retained treatment
responses consistent with those observed in clinical
settings within a 3D microenvironment.

At a deeper level, these results indicate that the
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“structural stability” and “biocompatibility” verified in
the earlier sections are not merely independent material
parameters, but fundamental prerequisites for subsequent
pharmacological evaluation. Only when the organoids
can form stably and maintain their 3D architecture over
time can drugs exert their effects in a spatial context that
more closely resembles the in vivo environment. Likewise,
only when the bioink does not excessively interfere with
cell viability can the observed pharmacological responses
be interpreted as true drug effects rather than artifacts
introduced by the material itself. Therefore, the results
presented in Figure 6 constitute a functional validation
of the material properties and organoid construction
achieved in the preceding sections. They demonstrate
that the optimized bioprinting system is not only suitable
for constructing CCAOs but also capable of supporting
subsequent drug-intervention experiments and faithfully
recording drug-induced effects in tumor-like tissues.

In principle, 3D-printed organoids may offer advantages
over conventional 2D culture for drug-sensitivity testing
because they better preserve ECM encapsulation, spatial
organization, and diffusion constraints. Cells cultured in
2D monolayers are typically exposed to a flat environment
lacking ECM encapsulation, spatial polarity, and diffusion
gradients, which often leads to more direct drug responses
and may overestimate drug sensitivity. In contrast, cells
in 3D organoids maintain closer spatial interactions, and
drugs must penetrate the outer cell layers and overcome
local barriers before affecting the inner regions, making
their response patterns more representative of actual tumor
tissues. The relatively stronger drug response observed in
the Matrigel-based control may reflect differences in matrix
stiffness, porosity, cell-matrix adhesion, or diffusional
accessibility, all of which can alter the extent to which
cisplatin reaches and affects the embedded cells. This is
particularly relevant for CCA, a tumor type characterized
by marked heterogeneity, for which 3D models are more
likely to reflect differences in drug response among
lesions, regions, and patients. Accordingly, Figure 6 not
only demonstrates the direct cytotoxic effects of the drugs
on the printed organoids but also indirectly highlights
the capacity of this platform to mimic the in vivo tumor
microenvironment.

In summary, the successfully established 3D CCAO
model exhibited a clear dose-dependent response to
cisplatin, with cell viability progressively decreasing as
the drug concentration increased. In addition, combined
treatment with cisplatin and gemcitabine produced a more
pronounced reduction in viable cells and a corresponding
increase in dead cells, indicating a stronger antitumor
effect than cisplatin alone. Although the Matrigel-based

control showed a somewhat greater apparent sensitivity at
high cisplatin concentration, the bioprinted organoids still
maintained clear and reproducible drug responses across
different treatment conditions, supporting the reliability
of the DLM-Ru/SPS:GelMA bioink platform for 3D drug
evaluation. These results demonstrate that the DLM-Ru/
SPS:GelMA bioink not only facilitates organoid formation
and phenotype maintenance, but also provides a robust
3D system for preliminary chemotherapeutic assessment.
Accordingly, this model holds considerable promise for
CCA drug screening, combination therapy evaluation, and
precision medicine research.

Although this study successfully established a 3D
bioprinted CCAO model using the DLM-Ru/SPS:GelMA
bioink and demonstrated its potential for structural
maintenance, biocompatibility, and drug-response
evaluation, several limitations remain. First, the current
study was validated using a relatively limited number of
CCA samples, and further investigations with a larger
cohort of patient-derived specimens are needed to confirm
the robustness and generalizability of this platform.
Second, the present model primarily focuses on tumor cells
and matrix support structures, while key components of
the native tumor microenvironment, such as immune cells,
vascular networks, and other stromal elements, have not
yet been fully recapitulated. As a result, its physiological
complexity still requires further improvement. In addition,
this study mainly evaluated short-term responses to
cisplatin and gemcitabine, whereas future studies should
expand to additional chemotherapeutic agents, targeted
therapies, and long-term treatment strategies to further
explore drug resistance mechanisms and individualized
drug screening. With the further incorporation of
multicellular co-culture systems and clinically derived
patient samples, this bioprinted organoid platform may
provide greater translational value for precision medicine

and drug development in CCA.

4, Conclusion

In this study, we developed a 3D bioprinted CCAO
model using the optimized DLM-Ru/SPS:GelMA
bioink. The printed organoids exhibited stable spherical
morphology, high cell viability, and sustained expression
of cholangiocyte-related markers, demonstrating the
capability of this bioink system to support both structural
formation and functional maintenance of CCAO:s.
Moreover, the model showed a clear dose-dependent
response to cisplatin, and combined cisplatin-gemcitabine
treatment produced a significantly stronger inhibitory
effect, indicating that the platform can recapitulate
clinically relevant chemotherapeutic responses. These
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findings suggest that the bioprinted organoid model is
a promising proof-of-concept tool for tumor modeling
and drug-sensitivity testing in CCA, although further
validation in larger patient cohorts and longer-term culture
systems is required before clinical translation.
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