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Abstract
Pancreatic ductal adenocarcinoma (PDAC) having features of dense fibrotic stromal and 
extracellular matrix (ECM) components has poor clinical outcome. In vitro construction 
of relevant preclinical PDAC models recapitulating the tumor-stroma characteristics is 
therefore in great need for the development of pancreatic cancer therapy. In this work, 
a three-dimensional (3D) heterogeneous PDAC microtissue based on a dot extrusion 
printing (DEP) system is reported. Gelatin methacryloyl (GelMA) hydrogel beads 
encapsulating human pancreatic cancer cells and stromal fibroblasts were printed, 
which demonstrated the capacity of providing ECM-mimetic microenvironments 
and thus mimicked the native cell-cell junctions and cell-ECM interactions. Besides, 
the spherical structure of the generated hydrogel beads, which took the advantage 
of encapsulating cells in a reduced volume, enabled efficient diffusion of oxygen, 
nutrients and cell waste, thus allowing the embedded cells to proliferate and eventually 
form a dense pancreatic tumor-stroma microtissue around hundred microns. 
Furthermore, a tunable stromal microenvironment was easily achieved by adjusting 
the density of stromal cells in the hydrogel beads. Based on our results, the produced 
heterogeneous pancreatic microtissue recapitulated the features of cellular interactions 
and stromal-like microenvironments, and displayed better anti-cancer drug resistance 
than mono-cultured pancreatic cancer spheroids. Together, the DEP system possesses 
the ability to simply and flexibly produce GelMA hydrogel beads, providing a robust 
manufacturing tool for the pancreatic cancer drug screening platform fabrication. In 
addition, the engineered pancreatic tumor-stroma microtissue based on bioprinted 
GelMA hydrogel beads, other than being ECM-biomimetic and stroma-tunable, can 
be used for observation in situ and may serve as a new drug screening platform.
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1. Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignancy with an 
escalating trend of mortality rate[1,2]. As reported, PDAC progresses rapidly and has a 
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stable cell growth environment, thereby causing nutrition 
inadequacy and a lack of gas and waste exchange. On the 
other hand, the position of hydrogel beads prepared by 
superhydrophobic array was not fixed, which might cause 
sample loss and other problems in the subsequent liquid 
exchange process.

3D bioprinting has great advantages in building complex 
tissue models using accurately controlled assembly of 
cells, hydrogels and active molecules to form specific 
structures[22-24]. Herein, we established stroma-tunable 
PDAC models by printing cell-laden gelatin methacryloyl 
(GelMA) hydrogel beads through the dot extrusion 
printing (DEP). As shown in Figure  1, GelMA hydrogel 
beads were facile printed and supported pancreatic cancer 
cells (BxPC-3) and stromal cells to form a dense tumor-
stroma microtissue, which reproduced the characteristics 
of stromal microenvironment and ECM component 
in vivo. The printed GelMA beads were biocompatible and 
in reduced volume, which are conducive to nutrient uptake 
by encapsulated cells and waste excretion. In the co-culture 
session, we observed that tumor spheroids acquired 
enhanced proliferation and the normal fibroblasts were 
activated and transformed to CAF phenotype. Further, 
in the chemotherapeutic drug (gemcitabine) treatment, 
tumor-stroma PDAC models had a stronger drug resistance 
when compared with the mono-cultured tumor. The 
engineered PDAC microtissue with stromal cellular barrier 
formed in 3D GelMA beads is useful for studying cancer 
drug resistance and the underlying molecular mechanisms, 
and it is an effective in  vitro drug screening platform for 
pancreatic cancer drug therapy research.

2. Materials and methods
2.1. Cell culture

Human pancreatic cancer cell line (BxPC-3) and normal 
human dermal fibroblast cells (NHDFs) in this work were 
kindly provided by Hangzhou Regenovo Biotechnology Co., 
Ltd. For cells cultivation, BxPC-3 and NHDFs were cultured 
in RPMI-1640 and Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, USA), respectively. About 10% (v/v) 
fetal bovine serum (FBS; Excell Bio, China) and 1% (v/v) 
penicillin/streptomycin (Thermo, USA) were supplemented 
into the above-mentioned basic medium. Cells were cultured 
at 37°C under 5% CO2, and passaged at 3-day intervals.

2.2. Material preparation

GelMA was provided by Hangzhou Regenovo 
Biotechnology Co., Ltd. The selected concentration of 
GelMA was 8% (w/v) and the concentration of lithium 
phenyl-2, 4, 6-trimethylbenzoylphosphinate (LAP; Sigma 
Aldrich, USA) was 0.5% (w/v). GelMA and photoinitiator 

5-year survival rate of <8%[3]. PDAC, which has a complex 
surrounding anatomical structure, is hidden in the human 
body. Most of the patients reach middle and late stage by 
the time of diagnosis, and the tumor can only be surgically 
resected in <20% of the patients[4,5]. Drug therapy thus 
plays a major role in the treatment of PDAC. However, 
the development outcome of drug therapy for pancreatic 
cancer is still far from ideal although a gradual increase of 
research funding’s were allocated annually to develop drugs 
for treating pancreatic cancer. Furthermore, the ineffective 
drug prediction ability of preclinical PDAC model impedes 
the development of novel drug treatment[6].

The pancreatic cancer microenvironment is composed 
of parenchymal cancer cells, diversiform stromal cells, 
and non-cellular components, such as extracellular matrix 
(ECM) and cell secreted factors[7-9]. A  line of clinical 
evidence has shown that it is difficult to treat PDAC because 
of low cure rate and poor prognosis, which are closely 
related to the unique bioarchitecture of the cancer[10,11]. In 
the PDAC development process, pancreatic cancer cells 
promoted a large number of cancer-associated fibroblasts 
(CAFs) formed by activating the matrix components, 
mainly pancreatic stellate cells (PSCs), scattered around the 
acinar follicle. The activated stromal components further 
contribute to excessive ECM deposition, and eventually 
lead to pancreatic cancer cells being embedded in a dense 
fibrous barrier[12-14]. This unique tumor-stroma niche 
regulates complex crosstalk between pancreatic cancer 
cells and CAFs, and further promotes the progression and 
drug resistance of pancreatic cancer cells[15,16]. Therefore, 
building in vitro biomimetic PDAC models to outline 
key tumor-stroma features will facilitate the cancer drug 
development.

Three-dimensional (3D) cultured tumor spheroids 
provide key structural features of biomimetic in vivo 
solid tumors, including tight cell-cell, cell-ECM physical 
contactions, similar pH/nutrient/oxygen gradients, and 
abundant cell communication, as well as exhibit different 
responses to drugs better than 2D cultured cells, and have 
been widely used in the screening of anti-tumor drugs 
in recent years[17-19]. For example, João F. Mano’s research 
group engineered heterogeneous PDAC spheroids to 
mimic PDAC-stroma features by co-culturing tumor 
and stromal cells using ultra-low adhesion plate[20]. 
Recently, they further reported a novel “cancer-on-a-bead” 
platform which produced hydrogel beads encapsulating 
tumor and stroma cells by superhydrophobic surfaces[21]. 
The generated cancer models processing tumor-stroma 
bioarchitectures and ECM microenvironments had an 
increased drug resistance performance. However, there 
were some shortcomings: the limited growth space of 
ultra-low adhesion plate could not provide a long-term and 
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LAP were fully dissolved using DMEM as solvent in a 47°C 
water bath for 1 h. The prepared GelMA solution was fully 
sterilized by passing it through a 0.22-μm filter, and then 
stored at 4° for future use.

2.3. Bioprinting system

3D bioprinter (Bio-Architect WS) used in the experiments 
was provided by Hangzhou Regenovo Biotechnology Co., 
Ltd. The temperature of the receiving platform and the 
printhead was independently controlled. The printing path 
of the printhead can be controlled by inputting G-code 
into the bioprinter.

To print the array of GelMA hydrogel beads, a pre-set 
G-code was adopted, which enables the printhead working 
in an intermittent pressure-driven mode. In this work, 
printing nozzle with an inner diameter of 0.21  mm was 
selected to print the GelMA hydrogel beads. To ensure 
smooth extrusion of the GelMA hydrogel beads, the printing 
nozzle was calibrated in coordinates before printing, to 
keep a proper distance between the printing nozzle tip and 
the receiving platform. To produce GelMA hydrogel beads 
in different sizes, the driven pressure was fixed at 0.1 MPa, 
and the dispensing time ranging from 1000 to 1800 ms was 
tested by setting the value in the G-code.

2.4. GelMA beads morphology and porosity 
characterization

For studying the inner morphology, the GelMA hydrogel 
beads were placed at −80°C for 2  h, then lyophilized by 

freeze dryer. Before characterization, hydrogel samples 
were immersed in liquid nitrogen for 60 s, and then covered 
by a thin layer of Au film. Finally, sections of hydrogel were 
scanned by scanning electron microscopy (SEM; SU-8010, 
Japan). The porosity analysis of hydrogel beads was then 
quantified using ImageJ software.

To explore the diffusion ability of the GelMA beads, we 
prepared the fluorescein isothiocyanate (FITC)-diffusion 
analysis by immersing the printed hydrogel beads in the 
medium containing FITC (100 μg/mL). Fluorescent images 
were obtained at 0, 10 and 20 min using the fluorescence 
microscope.

2.5. PDAC microtissues bioprinting

BxPC-3 cells were fully mixed with the prepared GelMA 
solution at a cell concentration of 3 × 106  cells/mL to 
obtain the bioink for homogeneous microtissue printing. 
To fabricate the stroma-tunable PDAC microtissues, 
BxPC-3  cells and NHDFs with different cell densities 
were printed. Specifically, BxPC-3 cells and NHDFs at the 
concentration of 3 × 106 cells/mL and 6 × 106 cells/mL (1:2), 
respectively, were mixed with GelMA solution to prepare 
the bioink for stroma-rich model. In addition, BxPC-3 cells 
and NHDFs at the concentration of 3 × 106 cells/mL and 
3 × 106 cells/mL (1:1), respectively, were mixed with GelMA 
solution to prepare the bioink for stroma-poor model. 
Before printing, the temperature of the receiving platform 
and printhead were set at 10°C and 15°C, respectively. The 
bioink was transferred to the printhead for a while until the 

Figure 1. Schematic presentation of this study. Three-dimensional pancreatic ductal adenocarcinoma (PDAC) models were fabricated by bioprinting of 
pancreatic cancer BxPC-3 cells and normal human dermal fibroblast cells laden-GelMA hydrogel beads using the dot extrusion printing technology. Drug 
treatment on the uniform-sized PDAC models was conducted after 1-week culture.
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bioink reached the proper printing state. In this process, 
cell-laden beads were produced onto a hydrophobic 
membrane under the parameters of 0.1 MPa and 1400 ms. 
The center-to-center distance between GelMA hydrogel 
beads was fixed at 1000 μm by setting the coordinates of the 
hydrogel beads in G-code. As a result, an array of GelMA 
hydrogel beads around 800 μm was generated. Finally, the 
bioprinted cell-laden GelMA hydrogel beads were photo-
crosslinked by 405 nm blue light (200 mW cm-2) for 20 s 
before downstream culture.

2.6. Live/dead cell assay

Live/dead cell analysis was performed to assess cell 
viability of microtissues during the culture time at 
days 1, 4, and  7. Briefly, samples were stained with a 
live/dead viability kit (Beyotime, China) following the 
manufacturer’s instructions. The samples were incubated 
at 37°C for 25  min, followed by a thorough wash in 
phosphate-buffered saline (PBS; Gibco, USA) and then 
observation under a fluorescence microscope (Nikon, 
Ti-U, Japan). Cell viability was determined according to 
the fluorescence area measured by ImageJ. Specifically, the 
fluorescent images of Calcein-AM and propidium iodide 
(PI) were respectively processed using ImageJ software, 
and transformed to grayscale for areas quantitation. 
Cell viability was calculated as the ratio of the area of 
Calcein-AM to the sum of area of Calcein-AM and PI.

2.7. Cell morphology analysis

To characterize the cell morphology and spatial distribution 
within the GelMA beads, F-actin staining on different 
PDAC microtissues was conducted at day 1, 4 and 7 of 
culture. Briefly, cell samples were washed using PBS, and 
then 4% paraformaldehyde (Beyotime, China) was used to 
fix cell for 4 h. Afterward, the samples were washed and 
stained with Alexa Fluor 488 phalloidin (1:200, Invitrogen, 
USA) for 2 h at room temperature. Finally, DAPI solution 
(1:1000, Biosharp, China) was added to stain cell nucleus 
for 10  min, which was observed using the fluorescence 
microscope after PBS washing for three times.

2.8. Immunofluorescence staining

To confirm the interactions between pancreatic cancer cells 
and normal fibroblasts, cytokeratin 19 (CK19) and smooth 
muscle actin-α (α-SMA) were used to stain BxPC-3 cells 
and NHDFs at days 1 and 7 of culture. Briefly, cell samples 
were gently washed with PBS, and then fixed with 4% 
paraformaldehyde for 4 h at room temperature. After that, 
samples were permeabilized by 0.25% (v/v) Triton X-100 
(Beyotime, China) for 30  min on ice, and blocked with 
5% (v/v) bovine serum albumin (BSA; Sigma-Aldrich, 
USA) solution for 1 h. Primary antibodies against α-SMA 

(1:100, Invitrogen, USA) and CK19 (1:50, Huabio, China) 
were added to samples and incubated overnight at 4°C. 
Subsequently, secondary antibodies including Alexa Flour 
594 IgG and 488 IgG (1:200, Invitrogen, USA) were used 
to stain samples for 3 h at room temperature. Finally, DAPI 
solution (1:1000) was added for cell nucleus staining and 
incubated for 10 min. Samples were then fully washed with 
PBS and observed by fluorescence microscope.

2.9. Drug treatment

PDAC microtissues were cultured for 1  week before 
drug treatment. Gemcitabine powder (Sigma, USA) was 
separately dissolved in three concentrations of stock 
solution (50, 75 and 100 mM/mL). Then, the stock solution 
was diluted 1000 times in the culture medium and prepared 
into working fluids at different concentrations, including 50, 
75 and 100 μM/mL. PDAC microtissues were cultured in 
the working fluids. Non-drug treatment PDAC microtissues 
were observed as control. After drug administration and 
incubation for 72 h, the PDAC microtissues were washed 
with PBS and then subject to cell viability analysis.

2.10. Statistical analysis

Experimental data from at least three independent 
experiments are expressed in mean ± standard error. 
Graphs were plotted using the GraphPad Prism 9 software 
and embellished using Inkscape. We further analyzed the 
significant differences of the data using two-way analysis 
of variance (ANOVA), and P < 0.05 was considered 
statistically significant.

3. Results
3.1. Printing of GelMA hydrogel beads and 
assessment of the microstructures

In this work, we aimed to produce GelMA beads to support 
pancreatic tumor-stroma microtissues, mainly considering 
that the spherical structure of beads allows full circulation 
of nutrients and oxygen[25,26]. Hence, GelMA beads at 
the concentration of 8% (w/v) were generated utilizing a 
pneumatic extrusion printhead. The printhead worked 
under pre-set G-code and printed hydrogel beads onto the 
substrate in a programmed intermittent pressure-driven 
mode. The intermittent pressure extrudes a low volume of 
GelMA hydrogel in a limited dispensing time, and round-
shape beads are produced once the printhead is lifted 
up. The bioprinting system is shown in Figure 2A. It has 
been experimentally proven that the bioprinting system is 
well controllable and capable of producing uniform-sized 
GelMA hydrogel beads (Figure  2B). We can control the 
size of the formed GelMA hydrogel beads by adjusting the 
dispensing time in the G-code. As shown in Figure 2C, at 
a fixed pressure (0.1 MPa), GelMA hydrogel beads with 
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an average diameter ranging from 620 to 1038 μm were 
produced according to the pre-set dispensing time from 
1000 to 1800 ms, demonstrating the print controllability of 
the proposed bioprinting system.

We further performed SEM detection to observe the 
microstructures of the hydrogel beads. As illustrated 
in Figure  2D, the cross section of the GelMA hydrogel 
presented a porous honeycomb structure, suggesting 
that the hydrogel formed a crosslinked interpenetrating 
polymer network after photocuring. We further measured 
the pore size of the polymer network and found that most 
of the pore sizes of 8% (w/v) GelMA were in a range of 
around 100 – 120 μm (Figure 2E). This moderately sized 
porous structure can facilitate the entry of nutrients and 
the discharge of cell wastes, therefore providing appropriate 
microenvironment for cell growth and proliferation. The 
diffusion ability of the GelMA beads was further studied, 
as displayed in Figure S1. The FITC fluorescent molecules 
permeated through the GelMA beads increasingly during 
the immersion process, and achieved the overall diffusion 
within 20 min. The result, on the one hand, demonstrated 
the good permeability of the GelMA beads, and on the 
other hand, indicated that the hydrogel beads recapitulated 
the in vivo drug diffusion in a gradual fashion.

3.2. Printing of 3D PDAC microtissues

As reported, the in vivo PDAC is characterized by a mass 
of stroma component, and this contributes to its unique 
biological structure in which malignant cancer cells are 
embedded in a dense fibrous barrier[27,28]. This unique 

feature is a key factor affecting cancer progression and 
drug response[29]. To explore the effect of stroma content 
on drug treatment, we established 3D PDAC models with 
a tunable stromal microenvironment by modulating the 
density of stromal cells. Specifically, we mixed BxPC-3 cells 
and NHDFs at the ratio of 1:0 (mono-tumor microtissue), 
1:1 (stroma-poor microtissue) and 1:  2 (stroma-rich 
microtissue) in GelMA solution for printing.

To measure cell viabilities within the GelMA hydrogel 
beads for different PDAC models, we selected different time 
points: day 1, day 4, and day 7 of culture to perform live/
dead assay on different models. Representative fluorescent 
images are shown in Figure 3A. It was obvious that the cells 
embedded in the hydrogel beads proliferated and showed 
high cell viability. The pancreatic cancer cells formed 
spheroids under the support of hydrogel network, and the 
fibroblasts spread and wrapped the entire hydrogel bead 
after culturing 7 days. These results validate that the printed 
GelMA hydrogel beads are suitable for stable culture of 
both types of cells. We then quantified cell viabilities, with 
results presented in Figure 3B and Table S1, and found that 
the viability was higher than 90% for either model during 
1-week culture. Notably, on day 1 after printing, the cells 
presented admirable viability, which highlights the cell-
friendliness of our proposed bioprinting system for different 
cell types and cell densities. Interestingly, cell viability of the 
mono-tumor model was relatively higher compared to the 
co-culture model with stromal cell. Probably, this is because 
hydrogel beads with lower cell densities have sufficient 
growth space available for the embedded cells.

Figure 2. Bioprinting and microstructure characterization of GelMA beads. (A) Image of the bioprinting system. (B) Representative microscopic image 
showing the GelMA hydrogel beads array. Scale bar = 2 mm. (C) The average diameter of 8% (w/v) GelMA hydrogel beads as a function of dispensing 
time, with the air pressure of printing fixed at 0.1 MPa. Hydrogel beads at different diameter sizes were displayed within the diagram. Scale bar = 200 μm. 
(D) Scanning electron microscope images showing the section structure of 8% (w/v) GelMA hydrogel at different magnification. (i) Scale bar = 500 μm. 
(ii) Scale bar = 50 μm. (E) Pore size distribution of 8% (w/v) GelMA hydrogel.
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3.3. Stroma-tunable PDAC microtissues formation 
and characterization
To characterize cell morphology and spatial distribution of 
stromal cells in the stroma-tunable PDAC microtissues, we 
performed cytoskeleton staining for different models. As 
seen from Figure 4A, for the co-culture models (stroma-
poor microtissue and stroma-rich microtissue), fibroblasts 

showed mostly round cell morphology at early stage of cell 
culture (day 1). However, with increasing days of culture, 
fibroblasts in the co-culture model became abundant in the 
hydrogel beads with distinct actin filaments. These findings 
suggest that we have simulated a suitable ECM environment 
(GelMA) for stromal cell maturation. More interestingly, 
the co-culture models both formed a fibroblastic network 

Figure 4. Morphology and organization of cells embedded in GelMA hydrogel beads of different pancreatic ductal adenocarcinoma (PDAC) models 
during 1-week culture. (A) F-actin staining of cell morphology and structure at day 1, 4 and 7. Green channel: F-actin. Blue channel: DAPI. Scale bar = 
100 μm. (B) Assessment of the proliferation of different PDAC microtissues. (C) Assessment of the density of tumor microstructure. Experimental values 
are expressed in mean ± standard error, n = 3. Two-way ANOVA, *P < 0.05, ***P < 0.001, ****P < 0.0001.

CB

A

Figure 3. Cell viability analysis of the engineered three-dimensional pancreatic ductal adenocarcinoma (PDAC) models. (A) Representative fluorescent 
micrographs of three different PDAC models including mono-tumor, stroma-poor and stroma-rich microtissues at days 1, 4, and 7. Scale bar = 200 μm. 
(B) Cell viability. Experimental values are expressed in mean ± standard error, n = 3.
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over 7 days of culture, and the pancreatic cancer cells were 
embedded in the fibroblastic network, confirming a dense 
stromal microenvironment created in the prepared PDAC 
microtissues.

To characterize cell proliferation of different pancreatic 
cancer models, we selected three time points: days 1, 4, and 
7 of culture and calculated the changes in microtissue area 
in different models (Figure 4B). During the culture process, 
the area of tumor microtissue in different models increased 
due to spontaneous cell proliferation and aggregation. We 
also noticed that cells in the mono-culture PDAC model 
proliferated slowly, and the microtissue gained a mere 
0.6-fold increase in area when cultured for 7 days. However, 
for both co-culture models, cell proliferation rates were 
significantly faster, especially for the stroma-rich PDAC 
model, and the area of microtissue was 3.5-fold higher than 
it was on day 1. The results showed that the fibroblasts in 
the cancer microenvironment promote tumor growth, and 
crosstalks between tumor and stroma may be involved.

To further evaluate the density of the produced PDAC 
microtissues, we calculated the ratio of the total cell area to 
the entire hydrogel bead area (Figure 4C). After 7 days of 
cultivation, the density of the mono-tumor microtissue was 
not significantly increased, with the percentage increasing 
from 8.6 ± 0.5% at the beginning (day 1) to 13.6 ± 0.7%. 
However, the ratio of total cell area to GelMA hydrogel 
bead area in the stroma-rich model was 21.9 ± 0.6% at day 
1 of culture, and the model achieved a high density up to 
92.8  ±  1.6% after culture for 1  week. The results verified 
that the cells in the stroma-rich model were more tightly 
connected to each other and formed a tight 3D fibroblastic 
network.

3.4. Imaging of tumor-stroma interactions in PDAC 
microtissues

After demonstrating the morphological and structural 
advantages of the printed 3D PDAC microtissues, we 
then tried to investigate the tumor-stoma crosstalk within 
the models based on specific markers immunostaining. 
As reported, α-SMA is the most common biomarker 
of CAFs[30,31]. We then evaluated α-SMA expression in 
co-culture models to explore whether the normal fibroblasts 
were activated over the co-culture period. Figure 5A showed 
that there were fewer α-SMA+ cells in both co-culture 
models at day 1 of culture. However, the area of α-SMA+ 
cells significantly increased when cultured for 7  days. 
Furthermore, the fibroblasts changed cellular morphology 
and acquired elongated spindle shapes. These features 
confirmed that NHDFs in both co-culture models were 
gradually activated and transformed to CAF-like phenotype 
through the interactions with pancreatic cancer cells[32]. For 
quantitative evaluation of α-SMA expression of stroma-

rich and stroma-poor models, the area of α-SMA-derived 
fluorescent signal was calculated and is shown in Figure 5B. 
Obviously, after 7  days of culture, the areas of α-SMA+ 
fibroblasts in stroma-poor and stroma-rich models were 
significantly increased, which were approximately 7- and 5.7-
folds, respectively, larger than those at the beginning (day 1).

On the other hand, to distinguish cell types in the 
co-cultures and assess the amount of cancer cells, we 
stained cancer cells with CK19 (in red), considering that 
CK19 is positively expressed in pancreatic cancer cells[33]. 
We then measured the area of CK19+ cells in three PDAC 
models at different time points (Figure 5C). As shown in 
the results, there was no significant difference in the area of 
CK19+ cells in the three models at the early stage of culture 
(day 1). As co-culture period increased, we found that 
cancer cells in the stroma-rich model grew at the fastest 
rate when compared to the other two groups.

3.5. Drug response in different 3D PDAC models

Stromal cells in the pancreatic tumor microenvironment as 
well as the ECM are recognized as the important causes of 
increased tumor drug resistance[34-36]. Hence three different 
PDAC models including stoma-rich, stoma-poor, and 
mono-tumor microtissues were dealt with gemcitabine 
at different concentrations, a standardized drug for the 
treatment of pancreatic cancer[37]. Gemcitabine solutions of 
50, 75, and 100 μM/mL were tested when three 3D PDAC 
microtissues have been cultured for 1  week. Meanwhile, 
three kinds of PDAC microtissues treated with non-drug 
medium and medium containing 0.1% dimethyl sulfoxide 
(DMSO) were, respectively, analyzed as controls. In this 
process, the produced PDAC microtissues were incubated 
with drug medium for 72  h before cell viability was 
determined. From the results (Figure 6A and Figure S2), 
three PDAC microtissues treated with non-drug medium 
and medium containing 0.1% DMSO displayed good 
cell states during the subsequent 72-h cultivation. While 
the mono-tumor microtissue showed poor resistance to 
drug and cell death occurred at a drug concentration of 
50 μM/mL, the co-culture models demonstrated significant 
cell death when the concentration of drug increased 
up to 75 μM/mL. Notably, the dead cells in the mono-
tumor microtissue were the larger cell spheroids within 
the hydrogel beads, indicating that the drug molecules 
diffused well in the GelMA hydrogel beads. While in both 
co-culture models, the dead cells were mainly distributed 
around the hydrogel beads, and this might be due to the 
fibrous barrier provided by the fibroblasts that prevents 
drug diffusion[38]. On the other hand, over the period of 
drug incubation, the 3D fibroblastic network involved in 
the co-culture models collapsed as the concentration of the 
drug increased.
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To visualize the cell survival, we calculated the viability 
of all models (Figure 6B) and found that cell viabilities of 
the mono-culture PDAC model, stroma-poor PDAC model 
and stroma-rich PDAC model decreased in a gradient of 
increasing drug concentrations. At a drug concentration 
up to 100 μM/mL, there was 78.1 ± 2.9% of viable cells for 
the stroma-rich model, 70.1 ± 3.1% of viable cells for the 
stroma-poor model, and only 33.3 ± 3.5% of viable cells 
for the mono-culture model. Results demonstrated that the 
two co-culture models with stromal cell involvement had 
stronger drug resistance compared with the mono-culture 
model. A more visual heat map shown in Figure 6C shows 
that three PDAC models, including mono-tumor, stroma-

poor and stroma-rich models, responded differently to 
the same drug concentration. The stroma-rich model was 
almost unaffected if the drug concentration was lower than 
50 μM/mL. The cells in this model were slowly dying off 
when the drug concentration was higher than 50 μM/mL. 
These results confirmed that the fibrous barrier formed by 
CAFs prevented drug penetration into microtissues, and 
resulted in poor drug response[38].

4. Discussion
A lot of technologies for the fabrication of relevant PDAC 
microtissues have emerged in recent years, and these 
microtissues, including cell-rich spheroids and cell-laden 

Figure 5. Tunable tumor-stroma microenvironment profiling. (A) Immunostaining of BxPC-3 cells and normal human dermal fibroblast cells with CK19 
and α-SMA in different pancreatic ductal adenocarcinoma (PDAC) models at day 1, and 7. Green channel: α-SMA. Red channel: CK19. Blue channel: 
DAPI. Scale bar = 200 μm. (B) Quantitation of α-SMA expression in the co-culture models. (C) Quantitation of CK19 expression in different PDAC 
models. Experimental values are expressed in mean ± standard error, n = 3. Two-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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hydrogel structures, serve as in vitro drug screening 
platforms[13], although they are still restrained by several 
limitations. Most cell-rich spheroids models mainly depend 
on ultra-low plate or hanging drop method[20,36], causing 
tedious operations. Besides, the produced cell spheroids 
often lack the biomimetic ECM components, which are 
considered one of the key elements in pancreatic cancer 
microenvironment[12]. Experiments employing certain cell-
laden hydrogel PDAC models based on the animal-derived 
Matrigel matrix are prone to yield unrepeatable results due 
to the batch-to-batch properties of the material[39]. In view 
of the fact that a mass of collagen is present in the native 
PDAC ECM matrix, different cell-laden collagen models 
have been produced for use in pancreatic cancer research[21]. 

However, it is challenging to utilize some specific PDAC 
models in vitro due to their poor mechanical properties 
and slow crosslinking rate[12]. As an alternative, gelatin-
based hydrogels, as a hydrolysate of collagen matrices, are 
used because they exhibit good performance in building 
3D tumor models[40]. In particular, GelMA is a kind of 
gelatin-based hydrogel, which is synthesized by modifying 
gelatin with methacrylated groups. The modified material, 
which possesses the ability of rapid photocrosslinking and 
the tunable mechanical capacity, emerges as a popular 
ECM-mimetic hydrogel in tissue engineering[41].

In this work, we introduced a pancreatic cancer drug 
screening platform, which was made by utilizing a dot 
extrusion printing (DEP) system to print GelMA hydrogel 

Figure  6. Drugs screening performed in different three-dimensional pancreatic ductal adenocarcinoma (PDAC) models after 7  days of culture. 
(A) Representative fluorescent micrographs of PDAC models after incubation with gemcitabine ranging from 50 to 100 μM/mL for 72 h. Non-drug-treated 
microtissues were observed as controls. Green channel: Calcein-AM. Red channel: PI. Scale bar = 200 μm. (B) Statistical plot of cell viabilities after treating 
PDAC models with different concentrations of gemcitabine for 72 h. (C) Heat map representing the drug treatment results. Experimental values are 
expressed in mean ± standard error, n = 3. Two-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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beads to support the co-culture of tumor cells and stromal 
fibroblasts. First, the proposed DEP system is different from 
the conventional continuous extrusion mode. Discrete 
hydrogel bead units could be printed with the pneumatic 
extrusion printhead under intermittent pressure-driven 
printing mode. We noticed that this kind of bioprinting 
system has the ability to print uniform-sized GelMA beads 
in an effective manner. Besides, the hydrogel beads were 
directly printed in gel state, which reduces GelMA droplets 
splashing and evaporation in the process of droplet-based 
bioprinting[42]. Therefore, the proposed DEP system has 
the potential to construct independent tumor microtissue 
array samples for large-scale drug testing.

GelMA material was applied to support the embedded 
cells. Several advantages of using GelMA include good 
printability, rapid crosslinking ability and remarkable 
biocompatibility[43]. SEM analysis further confirmed 
porous honeycomb structures within the 8% GelMA 
hydrogel, which have been proven to facilitate the 
diffusion of and culture medium and provide space for 
proliferating encapsulated cells[44-46]. Additionally, we 
printed GelMA hydrogel into microbead structure, which 
serves as microcarrier for cell growth. The hydrogel beads 
that encapsulate cells within a limited spherical structure 
(hundred microns in size) have been proved to promote 
the nutrient entry and waste removal[47]. To further verify 
the advantages of the microbead structure, we fabricated 
pancreatic cancer models including mono-tumor, stroma-
poor and stroma-rich microtissues by culturing cells 
in a bulk GelMA hydrogel for 7  days. According to our 
results, cells encapsulated in the bulk hydrogel showed a 
poor proliferation status, especially in the central region 
of the bulk hydrogel, where cells proliferated more slowly 
when compared to cells in the surrounding region, and 
cell viability was lower than that of cells encapsulated in 
hydrogel beads after cultured for a week (Figure S3).

Through printing GelMA beads to encapsulate 
pancreatic cancer cells and stromal fibroblasts with 
tunable cell densities, we constructed 3D PDAC models 
with features of stroma-poor and stroma-rich fibroblastic 
networks. Further, we demonstrated that there were 
interactions between cancer cells and normal fibroblasts. 
Notably, while stromal cells within the PDAC model 
could be patient-derived PSCs, relevant report pointed 
out that PSCs isolated from patient specimens are at least 
partially activated and are not suitable for co-culture with 
pancreatic cancer cells aiming at exploring the process of 
normal fibroblasts induction to CAFs[48]. In our PDAC 
models, the normal fibroblasts changed their morphology 
when the CAF-relevant markers were expressed. On the 
other hand, we found that cancer cells proliferated with a 
rapid rate as the fibroblast density increased. Probably, this 

is because the abundant fibroblasts within the stroma-rich 
model secreted related factors that further promoted the 
tumor development, as many other works reported[49,50]. 
Future efforts should be concentrated at illustrating the 
detailed molecular mechanisms involved in the complex 
tumor-stoma interactions.

Finally, we demonstrated that the engineered PDAC 
microtissues with stromal barrier surrounding the cancer 
cells within GelMA beads could serve as a drug screening 
platform for in vitro prediction of chemotherapy efficacy. 
The printed PDAC microtissues are ECM-biomimetic, 
stroma-tunable, and resistant to chemotherapeutic drugs 
and can be used in in situ analysis. Here, our drug screening 
results showed that the formed PDAC microtissue with 
dense fibrous barrier was obviously resistant to gemcitabine. 
The engineered PDAC microtissue can be used to optimize 
novel treatment strategies, for example, combined therapy 
containing chemotherapeutic and stroma-targeted drugs, 
because of the stromal barrier formed. On the other hand, 
in addition to fibroblasts, other cellular components such 
as immune cells and endothelial cells are also vital for 
PDAC progression and drug resistance[51,52]. Therefore, we 
envision a more complicated microenvironment of our 
model by precise and controllable deposition of multiple 
cell types in the future.

5. Conclusion
Taken together, we engineered 3D pancreatic tumor-
stroma ECM biophysical microtissues that recapitulate 
the key features of PDAC by utilizing the DEP system to 
print cell-laden GelMA hydrogel beads. The hydrogel 
beads provided a suitable ECM-mimetic environment that 
facilitates the growth of cells. A dense fibroblastic network 
with pancreatic cancer cells embedded was formed during 
1-week co-culture, which recapitulates the desmoplastic 
PDAC structure in vivo. Importantly, the stroma-rich PDAC 
microtissue developed resistance to gemcitabine, which is 
typically observed in clinical practice, confirming the effect 
of stromal barrier on drug sensitivity. The proposed model 
is easy to construct and yields highly reproducible results, 
making it a valuable drug screening platform for rapid 
evaluation of cancer drug treatment and thereby narrowing 
the gap between drug development and clinical trials.
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