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Abstract
Ovarian cancer is a gynecological malignancy with a high mortality rate. The ovarian 
cancer microenvironment is a crucial factor affecting the overall and progression-free 
survival rates of patients with ovarian cancer. The biophysical factors of the tumor 
microenvironment, such as stiffness, can affect the gene expression and behavior of 
tumor cells. In this study, we utilized 3D bioprinting technology to construct ovarian 
cancer tumor models with varying levels of stiffness in vitro to investigate the effect of 
extracellular matrix stiffness on drug resistance of tumor cells. Our findings indicate 
that increasing the stiffness of extracellular matrix can attenuate the sensitivity of 
tumor cells to chemotherapeutic agents. Additionally, the increased stiffness of 3D 
tumor model may promote malignant phenotypes, such as tumor stemness and 
tumor progression.

Keywords: 3D bioprinting technology; Ovarian cancer; Tumor microenvironment; 
Stiffness; Drug resistance

1. Introduction
Ovarian cancer is the most fatal gynecological malignancy with a high mortality/
morbidity ratio primarily attributed to the lack of specific symptoms and effective early 
screening strategies.1 Despite advances in cancer treatment, survival rates for ovarian 
cancer have remained largely unchanged, even in medically advanced countries such 
as the United States and Canada, where only about 47% of patients survive five years 
after diagnosis.2 Currently, cytoreductive surgery and cisplatin-based chemotherapy 
remain the preferred treatment options,3,4 while the continuous development and 
updates in immunotherapy, targeted therapy, and combinatorial chemotherapy offer 
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new opportunities for clinical treatment.5 Nevertheless, 
the efficacy of these treatments varies considerably among 
patients with ovarian cancer. This can be partly ascribed to 
the heterogeneity of individual tumors. As a matter of fact, 
personalized precision therapy for patients holds promise 
for improving overall survival rates.6

In recent years, the rapid advancement of 3D 
bioprinting technology has created a powerful platform 
for achieving patient-specific precision therapy. In 
contrast to other common 3D culture methods such as 
organoids and patient-derived xenografts, 3D bioprinting 
is extensively utilized in the development of functional 
tissues and organs,7-10 construction of in vitro tumor 
models,11-13 screening of anti-tumor drugs14-16 and 
oncotherapy,17 owing to its simplicity, low cost, and high 
stability. In addition, traditional screening tools for anti-
tumor drugs are typically focused on two-dimensional 
planar cultures, which lack the inherent characteristics of 
the 3D environment in vivo, such as cell-cell interactions 
and cell-matrix interactions.18,19 Therefore, 2D models 
may produce inaccurate results in the screening of anti-
tumor drugs. In our previous study, we successfully created 
in vitro tumor models of hepatocellular carcinoma and 
cholangiocarcinoma using 3D bioprinting technology and 
assessed the effectiveness of anti-tumor drugs.20-22 More 
importantly, a growing body of research confirms that 
3D bioprinting technology is undoubtedly a promising 
approach to produce in vitro cancer model, thus allowing 
identification of patient-specific sensitive drugs.23-25

As previously described, the tumor microenvironment 
(TME) is a complex ecosystem that supports cancer 
initiation, progression, and invasion.26 Undoubtedly, 
the ovarian cancer microenvironment is a crucial factor 
affecting the overall and progression-free survival of patients 
with ovarian cancer.27,28 To be specific, the components 
of the TME, including the neighboring stromal cells 
and the extracellular matrix (ECM) secreted by tumors, 
interact with tumor cells in a complex and multifaceted 
manner to regulate chemotherapy resistance.29-31 There is 
growing evidence that the biophysical properties of TME, 
such as stiffness, have implications for gene expression 
and behaviors of tumor cells. For instance, Wei et al. 
quantitatively confirmed that omental metastases are rich 
in desmoplasia and stiffer than paired primary tumors, and 
further demonstrated that matrix rigidity can modulate 
ovarian cancer progression.32 Additionally, an interesting 
study by Kim et al. described a mechanically enhanced 
bioink that mimics the biochemical microenvironment 
characteristics of gastric cancer and exhibits more 
aggressive cancer-related traits, such as cell aggregation, 
cell interactions, and drug resistance.33 Moreover, Tang 
et al. employed rapid 3D bioprinting to create multizone 

glioblastoma models with different stiffness, revealing that 
a rigid ECM microenvironment induces mesenchymal 
phenotypes that are linked to patient recurrence and 
unfavorable treatment results.34 Another study conducted 
by Yang et al. identified many stiffness-sensing genes and 
genes enriched in cancer-related pathways by RNA-seq 
analysis of ovarian cancer cells grown in matrix of different 
stiffness, confirming that ovarian cancer is a mechanically 
responsive tumor.35 At the same time, Pietilä et al. found 
that matrix hardness altered ECM signaling in high-grade 
serous cancer (HGSC) cells and that increased ECM 
stiffness protected HGSC cells from cisplatin therapy.36 
While these studies provide insights into matrix stiffness 
and tumor biological behavior, the approaches to model 
tumors with different levels of stiffness described above are 
complicated. Consequently, a simple and high-efficiency 
modeling method is urgently needed to simulate ovarian 
cancer tissues with various rigidity.

In this study, we fabricated in vitro models of ovarian 
cancer with various levels of stiffness in a more efficient 
and flexible way using 3D bioprinting technology. By 
modifying the hydrogel concentration, we simulated 
ovarian cancer tissues with various levels of stiffness and 
investigated the potential impact of ECM rigidity on 
pharmacodynamics. Accordingly, our study may provide 
practical guidance for oncologists to adjust drug regimens 
appropriately according to the stiffness of tumor tissue. In 
addition, we proved that 3D bioprinting technology is also 
an effective technique paving the way for investigating the 
correlation between tumor stiffness and biological activity, 
facilitating further exploration of disease mechanisms and 
new drugs.

2. Materials and methods
2.1. Cell culture
Human ovarian cancer cell line SKOV3 was purchased 
from Procell Life Science & Technology Co., Ltd. (Wuhan, 
Hubei, China). The cells were cultured in SKOV3 cell-
specific medium (ProCell, Wuhan, China). Cells were 
cultured in a 5% CO2 incubator at 37°C and passaged using 
trypsin (0.25%; Invitrogen, Carlsbad, USA) after reaching 
∼80% confluence. The culture medium was replaced every 
two days.

2.2. Rheological measurements
Rheological measurements were performed using a Physica 
MCR 302 rheometer (Anton Paar, Germany) with a cone-
plate geometry measuring system (25 mm diameter, 2° 
cone angle, 99 truncation gap). The storage modulus (G′) 
and loss modulus (G″) were recorded as a function of time 
through oscillatory measurements under a strain of 0.1% 
and frequency of 1.5 Hz. Besides that, temperature sweep 
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oscillatory tests were also conducted through cooling 
process with the rate of 5°C/min. The intersection of the 
G′ and G″ curves is generally considered the gel point 
of the material. Different concentrations (6% and 8%) 
of GelMA were incubated at 37°C before testing and the 
temperature-controlled testing plate was also set at 37°C 
as the initial temperature. The time dependence of G′ and 
G″ of GelMA hydrogels with different concentrations were 
measured according to a set measurement temperature 
(21.5°C), which corresponded to the setting of the printing 
temperature. 

2.3. Semi-quantification of printability
When GelMA is in the ideal gelation state, the extruded 
filaments will show a clear morphology, marked by regular 
grids and square holes in the manufactured structure. 
We utilized the following formula to calculate GelMA 
printability (Pr) based on the square shape:37

	
Pr= L

A

2

16 � (I)

where L means perimeter, and A means area. For an 
acceptable printability state, the interconnected channels 
of the 3D-bioprinted model would be square shape, and 
the Pr value was 1. To determine the Pr value of each 
concentration of GelMA at printing temperature, optical 
images of printed models were analyzed in ImageJ software 
(version 1.8.0) to calculate the perimeter and area of 
interconnected channels (n = 4).

2.4. Construction of 3D-bioprinted ovarian cancer 
model
A 3D cellular bioprinter BIOMAKER (SUNP Biotech, 
Beijing, China) was used to construct in vitro ovarian cancer 
models according to previously reported procedures.22,23,38 
Briefly, 10% gelatin methacryloyl (GelMA) hydrogels 
(EFL-GM-30, Engineering for Life, China) were prepared 
with phosphate-buffered saline (PBS) containing 0.25% 
(w/v) lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate 
(EFL-GM-30, Engineering for Life, China). SKOV3 
cells cultured in a 2D environment were collected and 
prepared as a suspension. The cell suspension was then 
mixed with 10% GelMA in a volume ratio of 2:3 (6%-
3DP) or 1:4 (8%-3DP), with a final cell density of 5×106/
mL. The cell/hydrogel mixture was pumped into a sterile 
syringe with a 23G needle and placed in a 3D bioprinter 
at a controlled temperature. The temperature of nozzle 
and molding chamber was 21.5°C and 10°C, respectively. 
The cell/hydrogel mixture was squeezed at a rate of 1 
mm3/s to fabricate the model and then exposed to a blue 
laser (wavelength 405 nm) for 20 s to modify the GelMA. 
Afterward, 1 mL SKOV3 cell-specific medium was added 

to each well of the 24-well plate. The culture medium was 
changed every two days.

2.5. Young’s modulus tests
For each concentration of samples, the same 3D bioprinter 
was used to construct cuboids, which were 2 cm long, 1 
cm wide and 0.6 cm high. Young’s modulus tests were also 
performed on 3D models containing 6% GelMA and 8% 
GelMA but without tumor cells, in addition to 3D tumor 
models. Prior to the determination of Young’s modulus, all 
samples were measured with vernier caliper to determine 
their actual sizes, including length, width, and height. Three 
samples of each condition were loaded and compressed 
until rupture at the rate of 0.05 mm/s using a mechanical 
test instrument (Bose ElectroForce 3200, Bose Corp.). The 
elastic part (10% to 20% strain) of the stress-strain curve 
was used to calculate the Young’s modulus.

2.6. Cell survival assay
Cell survival in the 3D-bioprinted models was assessed 
on days 1, 3, 5, 7, and 10 after printing. Cell survival was 
measured using a live/dead fluorescence assay. Briefly, 
a mixture of calcein-AM (C-AM, 1 µmol/L; Sigma-
Aldrich, Burlington, USA) and propidium iodide (PI, 2 
µmol/L; Sigma-Aldrich, Burlington, USA) was prepared 
and passed through a 0.22-µm filter prior to staining. The 
3D-bioprinted model was gently washed with PBS and 
incubated in a C-AM/PI mixture at 37°C for 30 minutes 
in the dark. After incubation, the 3D-bioprinted model 
was gently washed with PBS and observed using a laser-
scanning confocal microscope (C2/C2si; Nikon, Tokyo, 
Japan). Five random fields were captured for each sample, 
and the cells in the five samples were counted using the 
ImageJ software (Version 1.8.0). Cell survival (%) was 
calculated using the following formula: 

Cell survival
Number of live cells

Total number of cells
(%)= ×100 � (II)

2.7. Cell proliferation assay
The 2D-Ov cells and 3D-bioprinted cells on days 1, 3, 5, 
7,10 after printing were incubated in a mixture of culture 
medium and Cell Counting Kit 8 (CCK8; Dojindo, 
Kumamoto, Japan) at a volume ratio of 9:1. After 2 h of 
incubation at 37°C, the absorbance of the culture medium 
at 450/620 nm was measured (AMR-100; ALLSHENG, 
Hangzhou, China).

2.8. Evaluation of protein and mRNA expression
The expression of ovarian cancer-associated proteins and 
multidrug resistance genes was evaluated using several 
methods. Ki-67 and p53 protein expression were detected 
by immunofluorescence, and the mRNA expression of p53, 
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IL-6, CD133, ALDH1, CD44, ABCA1, MRP-1, and MDR-
1 was detected by real-time quantitative polymerase chain 
reaction. The antibody details and primer sequences are 
shown in Tables 1 and 2, respectively.

2.9. Pharmacodynamic evaluation of antitumor 
drugs
On day 7 after printing, 3D-bioprinted cells were treated 
with a range of concentrations of carboplatin (1 μM, 10μ 
M, 30 μM, 50 μM, 70 μM, 100 μM), paclitaxel (0.1 nM, 
1 nM, 10 nM, 1000 nM, 50000 nM) and olaparib (1 μM, 
10 μM, 30 μM, 50 μM, 100 μM, 150 μM). When 2D-Ov 
cells reached approximately 70–80% confluence, they were 
treated with different concentrations of the antitumor 
drugs listed above. Cell growth was measured using the 
CCK8 assay, and dose-response curves were plotted using 
GraphPad Prism (Version 9.0.0, San Diego, CA, USA).

2.10. RNA sequencing and bioinformation analysis 
RNA was extracted using the TRIzol method (Invitrogen, 
CA, USA) and treated with RNase-free DNase I (Takara, 
Kusatsu, Japan). A total amount of 1.5 μg RNA per 
sample was used as input material for the RNA sample 
preparations. Sequencing libraries were generated using 
NEBNext® Ultra™ RNA Library Prep Kit for Illumina® 
(NEB, USA) following recommendations of manufacturer 
and index codes were added to attribute sequences to each 
sample. The library preparations were sequenced on an 
Illumina Novaseq 6000 platform by the Beijing Allwegene 
Technology Company Limited (Beijing, China), and paired-
end 150 bp reads were generated. Differential expression 

analysis of two conditions/groups was performed using the 
DESeq R package (1.10.1). Genes with an adjusted p-value 
<0.05 found by DESeq were assigned as “differentially 
expressed.” Gene Ontology (GO) enrichment analyses of 
differentially expressed genes (DEGs) were implemented 
using the cluster Profiler R package. GO terms with 
corrected p <0.05 were considered significantly enriched 
by DEGs.

2.11. Statistical analysis
Data are expressed as mean ± standard deviation. 
Student’s t-test was used to determine whether there 
was a statistically significant difference between groups. 
Statistical significance was defined as *p <0.05, **p <0.01, 
***p <0.001, ****p <0.0001.

3. Results

3.1. Rheological evaluation
For assessment of printability, we conducted rheological 
evaluation for two concentrations of GelMA. As shown 
in Figure 1A, temperature sweep oscillatory tests were 
performed through cooling process, the temperature to 
reach G′ and G″ crossover of 6% GelMA and 8% GelMA 
were about 18.8°C and 20.7°C, respectively. When 
temperature is higher than crosslinking temperature, G″  is 
greater than G′, and the GelMA hydrogels would be in a 
fluid or sol state. In addition, the results of time sweep tests 
demonstrated that the different concentrations of GelMA 
showed time-dependence properties when operating from 

Table 1. Antibodies used in immunofluorescence experiment

Antibodies Concentration Source

Rabbit anti--human Ki-67 1:100 Abcam, Cambridge, UK 

Mouse anti-human p53 1:100 Abcam, Cambridge, UK 

Goat anti-Rabbit (Alexa Fluor® 594) 1:300 Abcam, Cambridge, UK 

Goat anti-Mouse (Alexa Fluor® 488) 1:300 Abcam, Cambridge, UK 

Table 2. Primers used in quantitative polymerase chain reaction (qPCR)

Gene Forward (5’-3’) Reverse (5’-3’)

p53 ACTTGTCGCTCTTGAAGCTAC GATGCGGAGAATCTTTGGAACA

IL-6 GCCAGAGCTGTGCAGATGAG CAGTGGACAGGTTTCTGACC

CD133 AGTCGGAAACTGGCAGATAGC GGTAGTGTTGTACTGGGCCAAT

ALDH1 CCCTGGAGACGATGGATACAG TCTGAGGGTTCTAATACAGCCC

CD44 CTGCCGCTTTGCAGGTGTA CATTGTGGGCAAGGTGCTATT

ABCA1 TCTCACCACTTCGGTCTCCATG CCTCGCCAAACCAGTAGGACTT

MRP-1 TCTACCTCCTGTGGCTGAATCTG CCGATTGTCTTTGCTCTTCATG

MDR-1 TTGCTGCTTACATTCAGGTTTCA AGCCTATCTCCTGTCGCATTA

GAPDH CGAGATCCCTCCAAAATCAA TTCACACCCATGACGAACAT



Increased ECM stiffness enhances chemoresistance

232Volume 10 Issue 3 (2024) doi: 10.36922/ijb.1673

International Journal of Bioprinting

initial temperature of 37°C to the measured temperature 
of 21.5°C. To be specific, 8% GelMA had a relatively 
higher modulus compared to 6% GelMA (Figure 1B). In 
our study, in order to evaluate the printability of bioinks 
semi-quantitatively, the Pr values of each concentration 
of GelMA were calculated by Equation I. According 
to previous study,37 3D-bioprinted models will exhibit 
satisfying morphology when Pr is in the range of 0.9 to 

1.1. Figure 1D show that Pr values of 6% GelMA and 8% 
GelMA are 0.994±0.083 and 0.966±0.032, respectively. 

3.2. Construction of 3D-bioprinted ovarian cancer 
model
To simulate the TME in vivo, a 3D-bioprinted ovarian 
cancer tumor model with a lattice structure was constructed 
in vitro (Figure 2A). The 3D bioprinting technology allows 
for the quick generation of various fine structures with 

Figure 1. Rheological measurement and Young’s modulus for different 3D-bioprinted models. (A) Temperature sweep tests showing storage modulus 
(G′) and loss modulus (G″) with cooling rate of 5°C/min for 6% GelMA and 8% GelMA. (B) Time sweep tests showing G′ and G″ under 21.5°C for 6% 
GelMA and 8% GelMA. (C) Optical images of 3D-printed models with different concentrations of GelMA. Scale bar: 500 μm. (D) Semi-quantitation of Pr 
values of 3D-printed models with different concentrations of GelMA.
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high resolution tailored for research purposes. Figure 2B 
shows the resulting 3D-bioprinted ovarian cancer model. 
Our preliminary study involved exploring suitable bioink 
materials and 3D bioprinting technologies for cell growth 
and proliferation.23 We used GelMA, a hydrogel containing 
ovarian cancer cells, to print a 3D lattice structure 
measuring 6 mm in length, 6 mm in width, and 1 mm in 
height, according to a preset procedure.

To investigate the impact of ECM stiffness on tumor 
cells, we mixed tumor cell suspensions with 10% GelMA 
hydrogel in suitable proportions to create tumor models 
with GelMA concentrations of 6% (i.e., 6%-3DP) and 8% 
(i.e., 8%-3DP). As presented in Figure 2C, stress-strain 
curves of 3D models under various conditions were 

obviously different. To be specific, the Young’s moduli of 
6%-3DP and 8%-3DP tumor models were 0.009±0.001 
MPa and 0.024±0.001 MPa with a significant difference. 
Additionally, for the 3D-bioprinted models without tumor 
cells, the Young’s modulus of 6% GelMA and 8% GelMA 
were 0.015±0.003 MPa and 0.027±0.002 MPa, respectively 
(Figure 2D). 

The 3D-bioprinted ovarian cancer model was cultured 
in SKOV3 cell medium with medium changes every two 
days. C-AM/PI staining was used to evaluate the viability 
of tumor cells in 3D ovarian cancer model. The results 
revealed that cell viability of 6%-3DP was approximately 
82% on the first day after printing. With the extension of 
culture time after printing, cell viability gradually increased 

Figure 2. Fabrication of 3D-bioprinted ovarian cancer model. (A) Schematic illustration of the 3D bioprinting process. (B) An image of the 3DP-Ov 
model. Scale bar: 200 μm. (C) Representative stress-strain curves of 3D models under different conditions. (D) Young’s modulus of 3D models under 
different conditions.
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and remained stable at over 90% from the fifth day after 
printing (Figure 3A).

Compared to ovarian cancer cells grown under 
traditional 2D conditions (2D-Ov), tumor cells cultured 

under 3D conditions exhibited strong proliferative 
capability. Specifically, the growth rate of 6%-3DP cells 
was lower on the first to third day. However, on day 4, 
the cell proliferation rates in both cultures became equal. 

Figure 3.  Cell survival and proliferation in 3D-bioprinted ovarian cancer model. (A)  Representative live-dead staining images of 6%-3DP model 
captured on days 1, 3, 5, 7, and 10, and cell viability of 6%-3DP model at different time points after printing. Live and dead cells were labeled with calcein-
AM (green) and PI (red), respectively. Scale bar: 500 μm. (B) Proliferation rates of 2D-Ov and 6%-3DP cells at different time points after printing. (C) 
Proliferation rates of 6%-3DP and 8%-3DP cells at different time points after printing. The results are expressed as fold change compared to day 1. ns, not 
significant; **p <0.01; ***p <0.001; ****p <0.0001.
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Since then, the 6%-3DP model maintained a high growth 
rate, while because there was not enough room to grow, 
the number of cells in the 2D model gradually decreases. 
Moreover, the amount of cells in the 6%-3DP model 
increased approximately four times by day 10, while the 
number of cells on day 10 in the 2D model was similar 
to that on day 1 (Figure 3B). Notably, in both 3D models, 
the cells maintained a high growth rate. Nevertheless, 
differences in the rate of proliferation between the two 
models began to appear starting day 3, and by day 10, the 
number of cells in the 6%-3DP and 8%-3DP models had 
approximately quadrupled and tripled, respectively, as 
compared to the cell number on day 1 (Figure 3C).

3.3. Tumor-related protein and mRNA expression
To assess the biological activity of tumor cells in the 
3D-bioprinted models, we used immunofluorescence to 
detect the expression of ovarian cancer-related proteins in 
6%-3DP and 8%-3DP models. Our findings revealed that 
Ki-67 and p53 proteins were expressed in both models, 
indicating high activity of tumor cells in these models 
(Figure 4).

To investigate whether ECM stiffness affects tumor-
related genes, we extracted mRNA from cells in 6%-3DP 
and 8%-3DP models 10 days after printing. We evaluated 
the expression of p53, IL-6, ALDH1, CD44 and CD133 
genes. Our findings indicate that the levels of p53 and IL-6 
mRNA were approximately eight- and three-fold higher, 
respectively, in 8%-3DP group than in 6%-3DP group. 
Additionally, as the stiffness of 3D tumor model increased, 
the expression of tumor stemness markers ALDH1 and 
CD44 was upregulated, whereas the expression of CD133 
did not change significantly (Figure 5).

3.4. Effects of antitumor drugs on 2D-Ov and 
3D-bioprinted model
Initially, we evaluated the response of 2D-Ov and 6%-3DP 
cells to anti-tumor drugs by treating both models with 
carboplatin, paclitaxel, and olaparib for 72 h. Our results 
revealed that the IC50 values of carboplatin, paclitaxel, and 
olaparib in the 6%-3DP models were significantly higher 
compared to those in 2D-Ov models (62.85 vs. 9.921 
µM, 3.305 vs. 0.004 µM, 27.17 vs. 8.119 µM, respectively) 
(Figure 6).

3.5. Effects of antitumor drugs on 3D-bioprinted 
models with different stiffness
To further investigate the impact of the structural stiffness 
of 3D tumor models on pharmacodynamics, we treated 
6%-3DP and 8%-3DP models with carboplatin, paclitaxel, 
and olaparib for 72 h. Our findings indicated that the IC50 
values of the three anti-tumor drugs measured in the 8%-
3DP model were higher than those measured in the 6%-

3DP model (127.6 vs. 62.85 µM, 4.997 vs. 3.305 µM, 39.59 
vs. 27.17 µM, respectively) (Figure 7A–C).

To investigate the mechanism underlying the differences 
in the pharmacodynamics of 3D ovarian cancer models 
with different stiffness, we collected RNA from 6%-3DP 
and 8%-3DP cells after 10 days of culture and evaluated 
the expression of multidrug resistance genes. Our results 
revealed that the stiffness of ECM affects the expression of 
drug resistance genes. In 8%-3DP model, the expression 
of MDR1 and MRP1 genes were obviously increased, 
and their mRNA levels were approximately four and two 
times higher than those in 6%-3DP model, respectively. 
However, there was no significant difference in ABCA1 
expression between the two groups (Figure 7D–F).

3.6. Transcriptional profiling of 3D-bioprinted 
models with different stiffness
Next, we found significant differences in transcriptional 
profile between the 6%-3DP and 8%-3DP models. A total 
of 217 DEGs were identified, including 145 upregulated 
genes and 72 downregulated genes (Figure 8A and 8B).  
To explore the functional characteristics of DEGs, we 
performed GO pathway enrichment analysis. GO analysis 
results demonstrated that the upregulated genes were 
obviously enriched in “metabolic process,” “response to 
chemical,” “phosphorus metabolic process,” “response to 
organic substance,” and “response to endogenous stimulus.” 
For the downregulated DEGs, the most enriched GO 
terms included “immune system process,” “interspecies 
interaction between organisms,” “response to external 
stimulus,” “regulation of response to stress,” and “response 
to biotic stimulus” (Figure 9).

Additionally, bioinformatics analysis also revealed 
that elevating the stiffness of the 3D-bioprinted ovarian 
cancer model led to increased expression of key genes 
associated with chemotherapy resistance, namely EGR1, 
FOS, CRYAB, G6PD, DUSP1, PIM1, PPDPF, HDAC5, 
and FGFR4 (Figure 8C). These findings align with 
previous research that has confirmed the correlation 
between overexpression of these genes and enhanced 
chemoresistance, which has implication on shortening the 
overall survival durations.39-47

4. Discussion
In this study, we used 3D bioprinting technology to 
construct in vitro ovarian cancer tumor models and 
generated ovarian cancer models with varying degrees of 
stiffness by adjusting GelMA hydrogel content. Thus, we 
were able to simulate ovarian cancer tissues with different 
levels of stiffness that closely resembled those observed in 
clinical settings. Compared with traditional 2D models, 
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Figure 4. Ovarian cancer-related protein expression in 3D-bioprinted ovarian cancer models with different stiffness. (A) The expression of Ki-67 in 
6%-3DP and 8%-3DP models. (B) The expression of p53 in 6%-3DP and 8%-3DP models.
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Figure 5. Ovarian cancer-related mRNA expression in 3D-bioprinted ovarian cancer models. The expression of tumor-related genes, including p53, 
IL-6, ALDH1, CD44 and CD133 in 6%-3DP and 8%-3DP models. ns, not significant; *p <0.05; **p <0.01; ****p <0.0001.

Figure 6. Characteristics of drug metabolism across various ovarian cancer models. Dose-effect curves of carboplatin (A), paclitaxel (B), and Olaparib 
(C) in the 2D-Ov and 6%-3DP models after 72 h of treatment.

3D models provide tumor cells in a microenvironment that 
bear greater resemblance to the one found in vivo, especially 
in the aspects of specific cell size, spatial distribution of 
cells, cell geometry, and ECM components.48,49 These 
factors significantly affect the functional state of and 
interactions between tumor cells. Previous studies have 
shown that increased matrix stiffness can promote the 
malignant phenotype of tumors during progression.50 
Furthermore, evidence suggests that stiffness, an important 
characteristic of the ECM, can significantly influence 
cancer cell responses to treatment and chemotherapy 

resistance.51 Consistent with these findings, we observed 
that increasing the stiffness of the tumor ECM reduced the 
sensitivity of tumor cells to antitumor drugs.

Three-dimensional tumor models, particularly those 
developed through 3D bioprinting, hold great promise 
for advancing next-generation precision therapies.52 These 
models have garnered global support, and the most recent 
milestone was marked by the United States passing a law 
in December 2022 that enables new drugs to be approved 
by the U.S. Food and Drug Administration (FDA) without 
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requiring animal testing. This legislation also permits 
the FDA to progress from drug or biological testing to 
human testing after conducting non-animal testing. An 
increasing number of researchers have recognized the 
value of non-animal methods such as computer modeling 
and organ chips in drug testing and development. 3D 
bioprinting offers a unique opportunity to test novel drugs 
that currently lack clinical data. As a result, tumor models 

constructed in vitro using 3D bioprinting technology can 
facilitate preclinical prediction, which conforms to the new 
trend of tumor research in the era of precision medicine.

Our team constructed an ovarian cancer tumor model 
using straightforward, time-saving, and economical 
extrusion-based bioprinting techniques. The tumor 
model demonstrated structural stability in culture post-
printing, maintained high cell vitality and proliferation 

Figure 7. Profiles of drug metabolism of 3D-bioprinted ovarian cancer models with different stiffness. (A–C) Dose-effect curves of carboplatin (A), 
paclitaxel (B), and olaparib (C) in 6%-3DP and 8%-3DP models after 72 h of treatment. (D–F) mRNA expression of drug resistance genes, including 
ABCA1 (D), MDR1(E), and MRP1(F) in 6%-3DP and 8%-3DP models. ns, not significant; ***p <0.001; ****p <0.0001.

Figure 8. Transcriptional profiling of 3D-bioprinted ovarian cancer models with varying stiffness. (A) Volcano plot of 217 differentially expressed 
genes (DEGs), including 145 significantly upregulated DEGs (red spots) and 72 significantly downregulated DEGs (green spots). (B) Cluster analysis 
of DEGs of the 6%-3DP and 8%-3DP models. Rows represent genes, and columns represent samples. (C) The heatmap of 16 significantly DEGs. Red 
represents upregulated genes, and green represents downregulated genes.
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Figure 9. GO enrichment analysis of differentially expressed genes (DEGs) in 3D-bioprinted ovarian cancer models with varying stiffness. (A) Gene 
Ontology (GO) enrichment analysis of upregulated genes. (B) GO enrichment analysis of downregulated genes. Green color indicates biological process, 
and blue color indicates cellular component. 
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ability, and provided a solid foundation for later-stage 
pharmacodynamic research on antitumor drugs. In 
addition to extrusion-based bioprinting, other 3D culture 
methods, such as organoids and patient-derived xenografts 
(PDXs), are gaining attention. Despite the utilization 
of organoids in studying various diseases, including 
cancer, the cost factor and a lack of standardization in 
terms of establishment and quality control are still a 
matter of concern.53 On the other hand, PDXs belong to 
a type of tumor tissue that is extracted from biopsies or 
surgical excisions and propagated in mice via implants 
and explants.54 To some extent, the propagation of this 
tissue via culturing method can still accurately retain the 
genomic and transcriptomic characteristics of the parental 
tumor tissue, and the resultant cultures can be used for 
measuring tumor response to treatment; however, it has 
several shortcomings, such as the time-consuming and 
costly culturing process, and the likelihood of intratumoral 
heterogeneity and genome evolution. Additionally, the 
existing PDX models, which are constructed with tissues 
acquired from immunodeficient mice, are not feasible 
for use in immuno-oncology research.55 Therefore, the 
development of new 3D tumor models for preclinical 
studies is imperative.

Before the construction of 3D tumor models, we first 
performed rheological analysis for both concentrations 
of GelMA hydrogels. Temperature sweep oscillatory tests 
indicated that the temperature at which 6% GelMA and 
8% GelMA reached the intersection of G′ and G″  was 
about 18.8°C and 20.7°C, respectively. Therefore, in the 
subsequent experiments, we set the printing temperature 
at 21.5°C to avoid extrusion needle clogging, to reduce 
the damage of shear stress on tumor cells during the 
printing process and ensure good formability of printed 
structure. Furthermore, the results of semi-quantification 
of printability showed that the Pr values of 6% GelMA 
and 8% GelMA were both close to 1. As a result, smooth 
and uniform filaments could be continuously extruded, 
resulting in a standard grid structure with obvious layering.

When examining the biological behavior of tumor cells 
in 3D tumor models, we observed that 8%-3DP model 
exhibited a lower rate of cell proliferation than 6%-3DP 
model. However, we also noted a higher expression level 
of p53, an ovarian cancer cell marker, in 8%-3DP model. 
Additionally, increasing the stiffness of the tumor model 
resulted in a significant increase in the expression levels 
of the tumor stemness markers like ALDH156 and CD44,57 
whereas the level of CD13358 remained unchanged. 
Notably, the rigid model also showed higher expression 
levels of IL-6, a factor associated with poor prognosis and 
chemotherapy resistance in patients with ovarian cancer.59 
These findings suggest that appropriately increasing the 

stiffness of 3D tumor models may promote malignant 
phenotypes such as tumor stemness and tumor progression.

In pharmacodynamic research, it is widely accepted 
that pharmacodynamic results obtained from 3D culture 
conditions are more reliable than those obtained from 
2D planar cultures. Our findings demonstrate that cell 
proliferation in 3D model (6%-3DP) was higher than that 
in 2D model. Furthermore, the IC50 values obtained using 
3D model (6%-3DP) were more closely aligned with the 
clinically effective blood concentrations. Additionally, the 
responses of the two tumor models with different matrix 
stiffness to antitumor drugs also varied, with the IC50 values 
of the three tested drugs in 8%-3DP model being notably 
higher than those in 6%-3DP model. The expression of 
several common drug resistance genes, such as MDR1 and 
MRP1, except for ABCA1, was upregulated in rigid model, 
partly accounting for the distinct responses of the two tumor 
models to the three tested chemotherapy drugs. Hence, 3D 
models offer a superior platform for preclinical drug testing, 
and matrix stiffness plays a critical role in modulating the 
sensitivity of tumor cells to chemotherapy drugs.

We also identified unique transcriptomic 
characteristics in the stiffer 3D-bioprinted ovarian cancer 
model. Specifically, 3D models with different levels of 
stiffness were found to manifest varied transcriptional 
expression profiles. In comparison to the 6%-3DP model, 
the 8%-3DP model showed elevated expression of 145 
genes and attenuated expression of 72 genes. Notably, 
among these DEGs, we discovered several significant 
ones associated with enhanced chemotherapy resistance, 
including FOS, CRYAB, G6PD, and DUSP1. According 
to Javellana et al., FOS was particularly upregulated in 
chemotherapy-resistant specimens obtained from a cohort 
of patients with advanced stage IIIC or IV high-grade 
serous ovarian cancer.40 Another research confirmed 
that CRYAB overexpression was associated with acquired 
drug tolerance and poor patient prognosis.41 Through a 
correlation analysis between chemoresistance data and 
gene expression profiles of ovarian cancer patient-derived 
spheroids, Yamawaki et al. proved that cisplatin resistance 
was significantly related with increased expression levels 
of G6PD.42 In addition, Kang et al. demonstrated that 
DUSP1 overexpression impaired chemotherapy response 
in ovarian cancer, whereas silencing the gene in vivo 
significantly enhanced sensitivity to paclitaxel and 
increased apoptosis.43 Consistent with these findings, 
our study revealed that an increase in ECM stiffness can 
promote the expression of related genes, which collectively 
contributes to enhanced chemoresistance.  

However, several limitations of this study need to 
be addressed. The TME is composed of various cellular 
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and noncellular components that drive tumor growth, 
invasion, metastasis, and response to therapy in a concerted 
manner.31 Instead of using the typical set of ingredients 
including fibroblasts, endothelial cells, immune cells, etc., 
we only utilized tumor cells, which constitute only part of 
the actual tumor environment in the human body, in this 
study. Secondly, the application of cell lines in preclinical 
studies suffer from several shortcomings, including reduced 
heterogeneity, potential of gene modification, and faster 
growth rates, as compared to primary tumors.60 Therefore, 
tumor specimens obtained from surgical resection should 
be used to extract primary tumor cells, which are then 
printed into 3D tumor models for the investigations of 
mechanisms underlying tumor development and the 
individualized drug screening. Tumor models fabricated 
from actual human tissues allow for more realistic analysis 
of the correlation between primary tumor stiffness and 
drug sensitivity.

5. Conclusion
In conclusion, compared to traditional planar cultures, 3D 
tumor models have significant advantages in providing 
accurate preclinical drug testing results. Having biophysical 
characteristics, such as stiffness, equivalent to those of the 
natural TME, 3D in vitro tumor model holds promise as 
a more efficient and powerful platform for drug research.
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