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Abstract

Neoplastic diseases are a leading cause of death worldwide accounting for 10 million mortalities in 2020. Despite constantly revised and
improved therapeutic regimens, the number of fatal cases increases annually. Therefore, better preclinical models are needed to study tu-
morigenesis and assess new drugs. Although 2D cell cultures significantly contributed to the understanding of tumor biology, they pres-
ent high clinical trial failure rates. This is because 2D cannot reproduce the intricate tumor architecture and multiple cell interactions.

Nevertheless, novel 3D biofabrication technologies and 3D bioprinted tumor models successfully mirror the complexity of human
tumors and are currently revolutionizing preclinical cancer research by using live cells encapsulated in a variety of biomaterials. Since
bioinks possess excellent chemical and biophysical ECM-like characteristics, this allows for recreation of the intricate tumor-specific
architecture with an unmatched level of control, accuracy, and reproducibility. The resulting cellular constructs approximate actual
pathological microenvironment of the tumor and some key in vivo processes such as proliferation, differentiation, and metastasis. 3D
bioprinted models of glioblastoma, cervical, ovarian, and breast cancer are already being successfully used to study tumorigenesis and
cellular response to antitumor drugs. This success showcases the potential of these novel experimental platforms.
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INTRODUCTION

Three-dimensional (3D) bioprinting is an innovative meth-
od combining computer-generated design and printing
technologies with biomaterials chemistry and tissue engi-
neering in vitro. This novel type of biofabrication presents
the opportunity to create models of organoids through
the controlled deposition of live cells and supporting bio-
inks layer-by-layer. This way the printed cells are placed
in conditions closely resembling key physiological aspects
in vivo like cell-cell communication and interactions with
the extracellular matrix (ECM). Bioprinting is therefore
of intense interest to various fields of medicine such as

oncology, regenerative medicine, plastic surgery, organ,
and tissue transplantation. Because of its ability to mimic
the complex tumor architecture and microenvironment,
this method is superior to conventional monolayer (2D)
cell cultures and 3D spheroids and may at least in part
replace and reduce the use of animal studies. 3D models
can also recreate the heterogeneity and pathophysiology of
tumors and offer important advantages for studying the dy-
namics of the neoplastic process, mainly unrivaled control,
flexibility, and reproducibility. Therefore, 3D bioprinted
models are emerging as a new standard for in vitro disease
modeling, present excellent platforms for drug screening,
and can contribute greatly to personalized therapy.!
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The aim of this review is to discuss 3D bioprinting as an
innovative method for studying tumorigenesis, exploring
drug resistance mechanisms, and testing new chemother-
apeutics. We will first discuss existing cancer models like
conventional monolayer cell cultures and 3D spheroids.
Then, we will focus on the variety of 3D technologies like
extrusion-based, inject (drip), and laser printing, and the
most commonly used biomaterials. Lastly, examples of
recent 3D bioprinted cancer models will be given in the
context of the future implementation of this technology in
the field of cancer research.

Tumor modeling in vitro

According to the World Health Organization, neoplastic
diseases are among the leading causes of death. As an exam-
ple, colorectal cancer (CRC) is a predominant malignancy
in developed countries accounting for approximately 10%
of deaths in Western countries. Despite constantly refined
treatment regimens, the number of deaths is increasing
every year, with a downward trend in the age group of di-
agnosed patients.

Over the past 100 years in vitro techniques like 2D
monolayer and 3D cell cultures or animal in vivo studies
have been used with very low translatability to the clinic. !
Until a few years ago, these preclinical experimental sys-
tems were the most widely used ones for studying tumor
cell behavior and for testing drugs. Although in vivo mod-
els have an advantage over in vitro platforms, both meth-
ods have major limitations!?! and result in false positive and
false negative data. This contributes to the very low rates of
new drugs passing through phase III trials. Despite early
drug testing, 85% of new anticancer drugs fail. Moreover,
half of the antitumor drugs reaching phase III clinical tri-
als are unsuccessful.l’! Drug resistance results in treatment
failure in 90% of patients with metastatic cancer. Thus, it
is of utmost importance to accurately predict the effect of
treatment. Three-dimensional systems like 3D bioprinted
models hold great potential to facilitate the assessment of
response or resistance to antitumor therapy!*! and can offer
a solution to drug failure rates by providing reliable plat-
forms to study cancer initiation, progression, and invasion
in a more realistic microenvironment to the one in vivol®).

Conventional 2D cell cultures

The use of traditional 2D cultures in recent decades has
demonstrated poor success in translating the results in vivo
and in the clinic. In 2D cultures, cells are grown in mono-
layers on standard polystyrene surfaces (flasks, plates, or
dishes) and evaluated for viability, biomarkers, and drug
efficacy and resistance. Although these models have con-
tributed significantly to our current knowledge, they have
severe limitations. Namely, conventional cell cultures fail to
reproduce the complexity of cell-cell communications and

the interactions with the ECM. Recapitulating the tumor
microenvironment (TME) with all its components (signal-
ing molecules, proteins, various types of tumors associated
cells and mechanical elements of the ECM) is critical be-
cause it affects the initiation, propagation, and metastasis
of the tumors and 2D cultures fail in this area too.[* Alter-
ations in some aspects of the TME can change the behavior
of tumor cells as well as their response to chemotherapeu-
tics resulting in false positive or negative data. These issues
are partially addressed by 3D cell culture models.”)

3D spheroids

Spheroids are groups of cells of up to 1 millimeter in size
and represent the first attempt aimed at reproducing the
three-dimensional cell architecture observed in tumors.!®!
Two main strategies of 3D cell cultures exist. Scaffold-based
(using artificial 3D structures) and scaffold-free (no ex-
ogenous biogels are used). In scaffold-based spheroids,
cell growth takes place on artificial 3D structures via two
methods: (A) cells are seeded on a prefabricated cell-free
matrix, (B) cells are dispersed into a hydrogel. Cell laden
biomaterials (gels or scaffolds) must allow proliferation;
this leads to tissue formation, which mimics more readily
cell-ECM interactions. This type of spheroid is mainly used
for tissue engineering.”’ Successful examples include bone
and skin.!'%!) In scaffold-free spheroids no exogenous bio-
materials are used. The most common technique relies on
coating of culturing vessels with substances that encourage
cells to interact with each other rather than with the plastic
surface. When spheroids are formed, cells generate ECM
themselves.

3D cultures have significant advantages over 2D. For
example, spheroids share characteristics with solid tumors.
These include reduced oxygen supply, hypoxic core, nutri-
ent gradient, and increased glucose metabolism. Of note,
spheroid size has been shown to correlate to chemother-
apeutic resistance with underlying mechanisms similar to
those seen in patients.l®) Interestingly, Wartenberg et al.
reported high expression of HIF-1a and P-gp (encoding
P-glycoprotein) in prostate tumor spheroids contributes to
multidrug resistance. Of note, response to therapeutics im-
proved when glucose metabolism and expression of P-gp
protein were reduced in this spheroid model.[?!

Spheroids exist in two different types: homotypic (built
of a single type of cells) and heterotypic (made up of dif-
ferent cell types). In heterotypic 3D models, it is possible
to observe interactions of different cell types and study the
role of the stroma. Such relationships were investigated in
a 3D spheroid model of CRC. The findings demonstrated
that interaction between tumor cells and fibroblasts was es-
sential for CRC invasion.['*! In another study conducted by
de la Rosa et al. the comparison between the gold standard,
2D monolayers, with 3D spheroids showed that HCT-116
colorectal cancer cells in alginate capsules demonstrat-
ed better viability, increased stem cell populations (high
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expression levels of CD44) and reduced area of hypoxia
(low expression of HIF-1a) compared to regular spheroid
cultures.”) The effect of standard chemotherapeutics on
homotypic and heterotypic spheroids has been studied as
well. Compared to monotypic, heterotypic spheroids have
been shown to exhibit elevated sensitivity to some standard
combinations of inhibitors (5-fluorouracil and irinotecan)
and increased resistance to others (5-fluorouracil and ox-
aliplatin). This observation reinforces the role of the stro-
ma and the TME in the response to therapeutic agents.!'*]
Although better than 2D models, 3D spheroids in their va-
rieties (homotypic, heterotypic) have weaknesses too. As an
example, the lack of vasculature creates a perfusion gradi-
ent across the spheroid which interferes with nutrients and
drug delivery to its center.!!")

Improving fabrication of in vitro
models via 3D bioprinting

3D bioprinting is a novel approach combining the best of
2D cultures and 3D spheroids together with cutting edge
additive manufacturing technologies and the latest bio-
mimetic materials. This method holds great potential to
improve preclinical in vitro models as it offers a highly re-
producible controlled spatial configuration of cells in sup-
porting materials (hydrogel bioinks) most closely resem-
bling the ECM and recapitulating different aspects of the
TME. In this way, the development and progression of the
disease can be modeled.']

3D bioprinting components

Three-dimensional bioprinting techniques integrate a few
components: (1) live cells; (2) 3D design for creating com-
plex structures and for determining the spatial arrange-
ment of more than one cell types; (3) bioinks providing
ECM-like contacts and mechanical support to the cells.

Figure 1. Types of the most commonly used bioinks.

3D Bioprinting of Cancer

The type of cells used depends on the model needed to be
recreated. As an example, to produce 3D CRC cancer mod-
els, established colorectal cell lines such as Caco-2 cells or
primary cells can be used.

Bioinks are supportive and carry materials that are com-
posed of biopolymer gel and live cells. The choice of bioink
in 3D bioprinting is based on important characteristics like
printability of bioink, which is determined by its viscosi-
ty. Bioinks must be able to withstand forces applied during
the printing process and to possess structural integrity
post-printing. Bioinks are classified as natural, synthetic
and hybrid. The variety of the most commonly used bio-
inks is presented in Fig. 1.

Naturally obtained bioinks are derived from living or-
ganisms and are a better choice because of their high bio-
compatibility and close recapitulation of the ECM. Matri-
gel™ as an example is commonly used because it is ECM
based. Additionally, collagen, gelatin, fibrin chitosan, and
alginate are commonly used as 3D scaffolds.['>) Synthetical-
ly produced bioinks include artificial materials and geneti-
cally engineered protein polymers. They also possess some
ECM characteristics. Synthetic bioinks include Pluronic’
or polyethylene glycol (PEG), polycaprolactone (PCL).
They are highly modifiable and can be easily manipulated
by adding integrin binding sites like arginyl-glycyl-aspartic
acid (RGD). RGD is a peptide motif found in natural poly-
mers or matrix-metalloproteinase (MMP) sites and affects
cell growth in the 3D microenvironment by promoting cell
adhesion.!"®) Hybrid or semi-synthetic bioinks chemically
modify natural materials by adding synthetic components
to create a biocompatible ink. The most frequently used
ones are collagen/HA, alginate/gelatine, methylcellulose/
alginate.

3D bioprinting modalities

Bioprinting modalities are classified into three main groups,
depending on the principle of bioink deposition. Bioink

HA: hyaluronic acid; PCL: polycaprolactone; PEG: polyethylene glycol; PLA: polylactic acid
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deposition is achieved by light-based (stereolithography
(SLA), laser-assisted (LAB)), extrusion based (EBB) and
droplet-based (DBB) approach. Each printing technique
has its limitations. No single technique can be defined as
better than others and therefore, in certain cases, combi-
nations may be advantageous. All 3D bioprinting methods
share an ability to create layer-by-layer complex 3D archi-
tectural models with a variety of medical applications.!!”]
Stereolithography (SLA) is the first 3D method de-
scribed. The 3D model is built layer by layer. Ultraviolet
(UV) light is employed to crosslink UV sensitive fluid to
build parts. The typical layer height is about 25-100 mi-
crons. The advantages of this technique are the high resolu-
tion of the fabricated model. Unfortunately, currently, only
one type of material can be used when printing an item.
Because of long printing time cell viability decreases.®!
Laser assisted bioprinting (LAB) can position a single
cell per droplet with great accuracy or can deploy multiple
cell types. LAB can be characterized as a solid phase or as
a liquid phase printing version. The advantages of LAB are
high resolution and the ability to use biomaterials in differ-
ent forms - solid or liquid. The drawbacks include thermal
damage to the cells due to laser irritation and high cost.['”)
Extrusion based bioprinting (EBB), the most wide-
ly used type, relies on pneumatic or mechanical pressure
to eject the bioink through a nozzle. EBB is an extremely
flexible technique allowing for printing of various tissue
structures, cells, and microfluidic chips. Like other tech-
niques, EBB has distinct advantages including simplicity,
speed, and reproducibility and printing with high cell den-
sity. Moreover, EBB ensures that up to 95% of printed cells
remain viable. However, only viscous liquids can be used.
The main challenge EBB is facing is how to avoid the effect
that pressure upon extrusion has on cell morphology and
function. This, however, can be addressed by manipulating
nozzle diameter and viscosity of the bioinks.[*]
Inkjet-based bioprinting, also known as droplet print-
ing, uses thermal or acoustic force to create droplets.
Droplet spraying is performed thermally by heating or
piezoelectric printing. Inkjet based bioprinting offers high
fabrication speed, but low cell density and the generation
of droplets can heat the print head to up to 300°C. Another
challenge is to overcome unreliable cell encapsulation due
to low ink concentration.2%!

3D bioprinted models for drug
testing

The pharmaceutical industry faces many challenges in the
process of developing and testing new drugs. The need for
personalized models for individual patients and the devel-
opment of precision therapy has already led to the gener-
ation of 3D bioprinted tissue models which are becoming
promising tools for drug screening.???) 3D bioprinted
tumor models of cervical, ovarian, breast cancer, and glio-
blastoma have been used successfully to study tumorigen-

esis and cellular response to clinically relevant chemother-
apeutics. It has been established that the TME affects the
pharmacokinetics and dynamics of drugs. Therefore, it is
not surprising that when 3D bioprinted organoids are com-
pared to 2D cultures, these more complex models exhibit
resistance to chemotherapeutics. One such example is ob-
served in a glioma 3D bioprinted model where glioma stem
cells were printed in an alginate/gelatin/fibrinogen bioink.
In this experimental system, resistance to temozolomide
was demonstrated compared to 2D cultures.!??! In another
study, MRC-5 fibroblasts, and human ovarian tumor cells
(OVCAR-5) were used in conjunction with Matrigel™ to
create a co-cultured 3D model. The model was applied to
study regulatory mechanisms between tumor and stromal
cells, as well as to test drug sensitivity. Using their own sys-
tem, the researchers followed the formation of acini and
their kinetic ability up to 15 days after printing. The estab-
lished 3D construct, qualitatively represents the micronod-
ular future of ovarian cancer that exists in vivo.[*!

Using laser-based bioprinting with poly (ethylene gly-
col) (PEGDA) bioink together with HeLa cells and 10T1/2
(non-carcinogenic fibroblasts) a 3D model was designed,
in which channels were created to study cell migration in
the context of cancer metastasis. Two sets of data were ob-
tained: cell area and cell speed in the channels. Interesting-
ly, the cells were migrating at different speeds depending
on channel width. As the width increased, the migration
speed of HeLa cells decreased and with narrowing the
diameter the cell speed increased. However, the migra-
tion speed of 10T1/2 cells was not changed. Thereby, the
authors concluded using this complex 3D replica of capil-
lary structure that blood vessel diameter affects the cancer
cells’ speed of migration.!?”) Another interesting example of
the possibilities that 3D bioprinting presents can be given
with Organovo Inc. who developed an extrusion-based 3D
bioprinted breast cancer model in which a mixture of fibro-
blasts, endothelial cells and adipocytes surrounded breast
cancer cells. This model has been applied to test commonly
used chemotherapeutics such as tamoxifen and cisplatin, as
well as for testing some hormonal drugs.2¢!

Stereolithography has been used to construct 3D bone
matrices to study cellular relationships between breast can-
cer cells and bone stromal cells (osteoblasts or mesenchy-
mal stem cells). Cells were embedded in GelMa bioinks
and nanocrystalline hydroxyapatite (nHA). The interaction
between breast cancer cells and stromal cells was observed
and it was found that the presence of stroma could enhance
the growth of breast cancer cells. Therefore, Zhou et al.
developed and validated a novel model to study the mech-
anisms of metastasis in breast cancer.?”]

Paclitaxel is a clinically relevant chemotherapeutic agent,
and its effect has been studied in a 3D in vitro model of
cervical cancer. HeLa cells were used in conjunction with
gelatin/alginate/fibrinogen bioink. In the developed mod-
el, cell proliferation, matrix metalloproteinase (MMP) and
therapeutic response to Paclitaxel were investigated. Com-
pared with 2D cultures, increased resistance to Paclitaxel,
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high proliferation of HeLa cells with spheroid formation
and augmented MMP activity were observed in this 3D bi-
oprinted model (Table 1).8! In a scaffold-free tumor tis-
sue with define architectural design, Langer et al. created
a model using primary cells from patients with pancreatic
cancer and other cell types and found that cell proliferation
and migration within their model enhanced significantly,
in response to the applied tumor growth factor beta
(TGEp).2¢l

Table 1. Bioinks used in 3D bioprinting of cancer models

3D Bioprinting of Cancer

flow forces. Despite the need for improvement, the superi-
ority of 3D biomanufacturing over conventional monolay-
er cultures and spheroids is supported by a mounting body
of evidence. The quickly evolving field of 3D bioprinting is
emerging as a promising platform for studying diseases and
testing new therapies and opens new horizons for personal-
ized medicine to be exploited in the near future.

Bioink Cells Model Ref.
Collagen Glioma cell line U118 Glioblastoma 30, 31
Sodium alginate & gelatin Human glioma stem cells U118 On-a-chip

Matrigel OVCAR-5 and MRC-5 fibroblast Ovarian cancer 23
Gelatin - PEG MCE-7 Cells Breast cancer 24
Gelatin, alginate, and fibrinogen HelLa cells Cervical cancer 27
Alginate and gelatin Stellate cells, endothelial cells Pancreatic adenocarcinoma 28
Liver dECM Human adult dermal fibroblasts Hepatocarcinoma 29

Human perinatal fibroblasts

Complex architecture and rich microenvironment were
created in a 3D liver structure combining hexagonal lobular
like structures with human iPSC-derived hepatic progeni-
tor cells (HPCs) and supporting cells. The purpose of the
study was to examine whether cell maturation and function
can be promoted in the established model. Compared to 2D
cell culture, the 3D model’s high gene expression correlates
with secretion of liver-specific proteins and corresponds to
different stages of cellular maturation. By using induced hu-
man pluripotent stem cells derived from liver progenitors,
the 3D bioprinted model can be refined and applied for both
drug screening and follow-up of liver pathophysiology in vi-
tro.12’)

CONCLUSIONS

Cancer diseases are associated with multifactorial patholo-
gy. The dysregulation of many genes and pathways plays a
role in tumorigenesis and progression. Tumor heterogene-
ity creates difficulties in applying a unified therapy covering
a wide range of mutations to all patients. Furthermore, the
tumor stroma deserves special attention as it provides con-
ditions favorable for growth and progression of malignant
cells and can secrete growth factors which affect the out-
come of chemotherapy. The role of the TME is, therefore,
an important point in the development and use of antican-
cer drugs that must be considered when creating individual
treatment regimens.

The innovative 3D bioprinted tumor models provide the
possibility to control and mirror the cancer microenviron-
ment with all its components including mechanical and
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Pe3tome

Heomnactnuecke 3a60meBaHms AB/LIOTCS BeAYLIe IPUUINHOI CMEPTI BO BCEM MIPe, Ha UX FOMIO IPUXORUTCA 10 MIUITHOHOB CMep-
teii B 2020 roxgy. HecMOTps Ha IIOCTOAHHO IlepecMaTpUBaeMble U COBEPIIEHCTBYeMbIe CXEMbI JIEY€HNS, YMUC/I0 CMEPTENbHbIX CIy4Ya-
eB eXerofHo yBennuuBaercs. CliefoBaTeNbHO, HEOOXOAMMBI Ty4Illie JOKINHIIeCKIe MOfe/II /sl N3YdeHNsI OHKOTeHe3a U OLIeHKH
HOBBIX JIeKapCTB. XOTs fByMepHbIe KIeTOUHbIe Ky/IbTYPbl BHECTM 3HAYUTEIbHbIIL BK/Iaf, B IOHMMaHNe GMOIOTIN OMYXOJIelt, OHM fie-
MOHCTPMPYIOT BbICOKMII YPOBEHD Heyfa4 B KIMHIYECKUX UCTIBITAHUAX. DTO CBA3aHO C TeM, 4T0 2D He MOXXeT BOCIIPOM3BECTH C/IOXK-
HYIO apXUTEKTYpPYy OIYXO/IU U B3aMMOJIEICTBIE HECKONbKIX K/IETOK.

TeM He MeHee, HOBbIE TEXHOJIOTUI TPEXMEPHOTO OMONPOU3BOLCTBA ¥ TPEXMepHbIe 6MOIeYaTHbIe MOJIE/N OITYXOJIell YCIIeNIHO OTpa-
JKAIOT CJIOKHOCTD OITyXOJIell Ye/loBeKa ¥ B HACTOsAIee BpeMs PeBOMIOIVIOHM3UPYIOT JOKINHNYECKIE CCTIeNOBAHNA PaKa C MICIIONb-
30BaHMEM XXMBBIX K/I€TOK, MHKAIICY/IMPOBAHHBIX B Pa3/IM4YHble 61oMaTepyabl. II0cKkonbKy 6104epHIIa 06/1ajal0T IPEBOCXOTHBIMY
XUMIYECKUMU ¥ 6M0U3NYeCKYMM XapaKTePUCTUKAMMY, TIOflOOHBIMYI BHEKTIETOYHOMY MATPUKCY, STO IO3BOJIAET BOCCO3JATh CIIOX-
HYIO CIIeI(UIHYIO 1A OIyXO/MU apXUTEKTYPY C HEIPEeB30JIEHHBIM YPOBHEM KOHTPOJIA, TOYHOCTH U BocIpoussoaumocTy. Iomy-
YeHHbIe K/IeTOYHbIe KOHCTPYKI[MM alIIPOKCUMUPYIOT PeaibHOe NATONOIMIeCKOe MUKPOOKPY>KeHe OITyXO/IM M HEKOTOPbIe K/II04eBble
IIPOLIECCHI in Vivo, TaKue Kak Ipommdepanus, muddepeHIpoBKa 1 MeTacTasupoBaHue. TpéxMepHble 611onedaTHbIe MOJIeN IN006-
JIACTOMBI, PaKa IIEKY MaTKM, AMYHUKOB U MOJIOYHOJ JKeTe3bl YyKe YCIIENTHO MCIIONb3YIOTCA J/IS M3Y4eHNsA OHKOTeHe3a 11 KIeTOYHOTO
OTBETa Ha IIPOTUBOOITYXO/IEBbIE IPENapaThl. ITOT YCIEX JeMOHCTPMPYET IMOTEHIMA/I STUX HOBBIX 9KCIIePYMEHTAIbHBIX IIaT(opM.
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