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Abstract
Three-dimensional bioprinting is gaining significant attention in cancer research, where there is an urgent need
for predictive and representative tumor models. This study investigates the use of 2D cell cultures and 3D
bioprinted tumor models for evaluating drug efficacy in aggressive forms of breast and pancreatic cancer. 2D
and 3D tumor models were treated with cisplatin and gefitinib and compared for changes in cell morphology
and cytotoxicity. Cisplatin and gefitinib present nonoverlapping mechanisms of action that interfere with DNA
repair mechanisms and epidermal growth factor receptor (EGFR) signaling, respectively. Our findings validate
bioprinted tumoroids as robust models for evaluating drug efficacy and show that 3D models allow for
relevant cell morphologies and migratory patterns, as well as unique responses to anticancer drugs that differ
from traditional 2D cell culture systems
.

Introduction
In cancer biology, the tumor microenvironment (TME) is a critical battle zone between tumor cells and the
immune system. The TME is a bundle of extracellular matrix (ECM), immune cells, signaling molecules, blood
vessels and fibroblasts that encapsulates tumors and affects cancer progression. Components of the TME
interact with each other by secreting small signaling molecules that influence all aspects of tumor behavior,
including cell proliferation, invasion, metastasis and resistance to anticancer therapies (Bremnes, 2011).
Reconstructing the TME is therefore critical for anticancer studies, but a major setback has been the inability
to develop a predictive 3D tumor model for high-throughput drug assessment. 3D tumor models should
recapitulate cell-cell interactions within the tumor stroma and overcome the limitations of 2D cell culture
systems. Here, 3D bioprinting offers a promising solution for predicting in vivo outcomes, modeling the TME
and evaluating drug response.
Metastasis and chemoresistance threaten the survival of cancer patients. One therapeutic modality that has
shown promise in the field of cancer management is chemotherapy, which uses small anticancer molecules to
attack specific growth pathways and kill cancer cells. Among such molecules are cisplatin (CIS) and gefitinib
(GEF), FDA-approved anticancer drugs that target DNA and EGFR pathways, respectively. In short, CIS causes
apoptosis by inhibiting cell division and mRNA production, and GEF interferes with upregulated EGFRsignaling in cancer cells. Interestingly, while CIS and GEF have both been used to treat lethal forms of
pancreatic and breast cancer, they have also been linked to false-negative or false-positive predictions in vitro,
suggesting that they affect cells differently in 2D and 3D (Reynolds, 2017). To further address this
discrepancy, we compared the effects of CIS and GEF on 2D monolayers and 3D bioprinted tumoroids using
2 breast cancer (MCF7, MDA MB 231) and 2 pancreatic cancer (BxPC3, Panc-1) cell lines.
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Materials and Methods
Cell preparation
Two pancreatic cancer cell lines (BxPC3, Panc-1) and 2 breast cancer cell lines (MCF7, MDA MB 231) were
purchased from the American Type Culture Collection (ATCC). All cell lines were cultured according to the
supplier’s protocols and passaged every 3 to 4 days. BxPC3 cells were grown in RPMI medium with Lglutamine (Corning, Ref #10-040-CV). Panc-1 cells were grown in DMEM with 4.5 g/L glucose, L-glutamine
and sodium pyruvate (Corning, Ref #10-013-CV). MCF7 cells were cultured in EMEM (BD, Ref #670086);
and MDA MB 231 cells were grown in bicarbonate-free Leibovitz L-15 medium with L-glutamine (Corning,
Ref #10-045-CV). All media were supplemented with 10% FBS (Gibco, Cat #16000044) and 1% penicillin
streptomycin (Gibco, Ref #1509-70-063).

Bioink preparation and bioprinting
Three mg/mL Coll 1 (CELLINK, Ref #IK4000002001) and 5% GelMA (CELLINK, Ref #IK3051020303) were
prepared for bioprinting according to CELLINK protocols. A total of 3 mL Coll 1 or GelMA was mixed (10:1)
with 5 x 106 cells/100 µL media and loaded into clear and amber cartridges (CELLINK, Ref #CSO010311502),
respectively, for droplet printing at ~3 kPa. A temperature-controlled printhead (TCPH, SKU
#000000020346) set to 8°C and a pneumatic printhead were used to bioprint Coll 1 and GelMA droplets,
respectively, on an 8°C printbed. Each bioink was printed in an untreated 96-well plate (Thermo Fisher
Scientific, Cat #267427) using the Droplet Print function on a BIO X (CELLINK, SKU #000000022222). After
printing, Coll 1 droplets were thermally crosslinked for 20 minutes at 37°C, and GelMA droplets were UVcrosslinked at 365 nm for 6 seconds. One hundred µL media was added to each well and refreshed every 2
to 3 days.

2D monolayer culture
For 2D comparison, each cell line was seeded in treated 96-well plates (Thermo Fisher Scientific, Cat
#167425). Cell seeding density was optimized for each cell type to reach 90% confluency after 48 hours of
culture. Panc-1 cells were seeded at 1.2 x 104 cells/well, BxPC3 cells were seeded at 1.7 x 104 cells/well,
MCF7 cells were seeded at 2.0 x 104 cells/well and MDA MB 231 cells were seeded at 2.0 x 104 cells/well.

Drug treatment and analysis
Bioprinted tumoroids and 2D monolayers were treated for 96 hours and 48 hours, respectively, with varying
concentrations of gefitinib (LC Laboratories, #G-4408) or cisplatin (Cayman Chemical Company). An MTS
Assay (Sigma-Aldrich) and LIVE/DEAD staining kit (Invitrogen) were used to assess cell viability for 2D and
3D conditions. All assays were performed according to the manufacturers’ instructions. Images were acquired
using an EVOS Auto 2 Fluorescent Microscope (Thermo Fisher Scientific).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8.2.1. All data are expressed as mean ± SEM of two
experiments carried out in sextuplets. Differences in treated conditions were analyzed using a one-way
analysis of variance (ANOVA) and considered significant for p values < 0.05.
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Figure 1. Phase contrast and LIVE/DEAD images of bioprinted tumoroids on Day 11. A Calcein-PI assay was optimized for 3D culture
and used to illustrate cell death at high concentrations of cisplatin or gefitinib. The benefits of this assay show the robust effects of
antitumor drugs on all 4 cell lines and depict variations in cell morphology for each cell type and ECM. Scale bar = 1000 µm or 650 µm.
Green = live, red = dead.
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Results and Discussion
Spheroid formation and cell morphology in bioprinted tumoroids
Tumors adapt different morphologies based on cell type and culture conditions (Nath, 2016). After 7 days of
culture in GelMA and Coll 1, cancer cells had aggregated to form spheroids with various morphologies. As
shown in Figure 1, MDA MB 231 cells formed concentric stellate networks, MCF7 cells formed round
spheroids, BxPC3 cells formed grape-like ellipsoids and Panc-1 cells formed mass spheroids. The use of
GelMA and Coll 1 as tumor scaffolds also affected spheroid formation due to differences in porosity, stiffness
and composition. Interestingly, cancer cells grown in 2D cultures lacked the described morphologies, possibly
because of their lack of ECM to support cell-cell interactions, tight junctions and nutrient- and oxygengradients (data not shown).

Hypoxia in 3D models
Hypoxia is another variable in drug response that is unique to 3D models and in vivo tissue. The Warburg
Effect describes hypoxia as a survival mode for cancer cells in which they switch from producing oxygen and
ATP to upregulating EGFR and AKT signaling for increased proliferation. This switch increases toxicity, acidity
and waste buildup in 3D models, thereby creating a 3-ring hypoxic gradient. Hypoxic gradients are illustrated
in Figure 1, in which cells toward the center of spheroids appear dead (red) and cells around the edges are
viable (green). The outermost ring is a layer of proliferating cells, the middle ring is a layer of viable cells, and
the innermost ring is a core of necrotic cells due to waste buildup and oxygen deficiencies (Nath, 2016).

Efficacy of cisplatin in 2D and 3D
Low to high doses of CIS were added to 2D monolayers and 3D bioprinted tumoroids on Day 2 and Day 7,
respectively. Treatment lasted for 48 hours for 2D monolayers and 96 hours for 3D bioprinted tumoroids. An
MTS assay revealed dose-dependent cytotoxicity in 2D monolayers for all cell lines, as well as 3D breast
cancer tumoroids (Figure 2A). Interestingly, BxPC3 and Panc-1 cell lines displayed a higher IC50 in 3D than in
2D. In other words, both pancreatic cancer cell lines were largely unaffected by CIS in 3D bioprinted
tumoroids. Here, one explanation is that pancreatic cancer cells displayed resistance to increasing CIS
concentrations (Wang, 2016; Kelland, 2007; Sangster-Guity, 2011). In response to drug treatment, pancreatic
cancer cells may have induced their survival pathways, upregulating senescence, DNA damage response
signaling and translesion DNA synthesis (Gomes, 2019).

Efficacy of gefitinib in 2D and 3D
EGFR oncoproteins are often overexpressed in breast cancer and pancreatic cancer cell lines. Drug inhibition
of the EGFR pathway can therefore lead to cell cycle arrest, senescence or apoptosis (Jacobi, 2017). As shown
in Figure 2B, gefitinib significantly decreased cell viability in 3D and 2D. The IC50 for 3D Coll 1 and GelMA
was lower than the IC50 for 2D cultures for all cell types, indicating that GEF caused more death in 3D
bioprinted tumoroids than in 2D cultures.

Limitations of 2D Cell Culture Systems
Two-dimensional cell culture systems fail to mimic intrinsic properties of in vivo tumors, including the natural
barriers, hypoxic gradients and tight cell-cell junctions that slow down drug diffusion. Moreover, they lack the
tissue-specific environments and ECM that support 3D growth and the upregulation of oncoproteins
(Reynolds, 2017). Another look at Figure 2A shows that pancreatic cancer cells in 3D are more resistant to
CIS than the same cells grown in 2D monolayers. Here it is clear that a 2D study alone would be a misleading
and inaccurate prediction for in vivo pancreatic cancer treatment.
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Figure 2. Dose-response curves of breast cancer cells and pancreatic cancer cells treated with cisplatin (A) or gefitinib (B). Cell viability,
relative to untreated controls, was determined using a metabolic MTS assay. Data are read as mean ± SEM for 6 replicates.

Conclusions
The use of CELLINK GelMA and Coll 1 as scaffolds for tumoroids provided a stable TME for spheroid
formation and drug diffusion.
 Different kill-curve patterns for constructs made with GelMA and Coll 1 suggest that the ECM plays
a critical role in drug response. Future studies to determine which scaffolds are appropriate for
specific tumor models are warranted.
 Our findings show dose-dependent and cell-specific responses to cisplatin and gefitinib treatment in
2D and 3D tumor models. Breast cancer and pancreatic cancer cell lines were more sensitive to GEF
treatment in 3D than in 2D. Similarly, breast cancer cell lines were more sensitive to CIS treatment in
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3D than in 2D, but pancreatic cell lines displayed the opposite effect, suggesting an elevated level of
drug resistance in 3D models.
Bioprinted tumoroids are relevant 3D models for drug screening that can be used to reduce instances
of false-negative and false-positive predictions. Future studies can scale-up tumoroid production with
a BIO X for high-throughput drug testing.
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