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Abstract  

Combinatorial conjugation of organ-on-a-chip platforms with additive manufacturing technologies 

is rapidly emerging as a disruptive approach for upgrading cancer-on-a-chip systems towards 

anatomic-sized dynamic in vitro models. This valuable technological synergy has potential for 

giving rise to truly physiomimetic 3D models that better emulate tumor microenvironment 

elements, bioarchitecture, and response to multi-dimensional flow dynamics. Gathering on this, 

herein we showcase the most recent advances on bioengineering 3D-bioprinted cancer-on-a-chip 

platforms and provide a comprehensive discussion on design guidelines and possibilities for high-

throughput analysis. Such hybrid platforms represent a new generation of highly sophisticated 3D 

tumor models with improved biomimicry and predictability of therapeutics performance. 

 

Keywords: In vitro tumor models, 3D bioprinting, Cancer-on-a-chip, Preclinical drug screening. 
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Bottom-up bioengineering 3D tumor models – Deconstructing key tumor elements 

Cancer is a complex, dynamic, and heterogeneous disease that is inherently influenced by 

its surrounding environment.[1,2] In recent decades, evidences have been mounting on the reality 

that human cancer models cannot be limited to cancer cells alone, since the heterogeneous tumor 

microenvironment (TME, see Glossary) and its components have been recognized to play a key 

role in tumor growth, multi-resistance to therapeutics, and metastasis (See Box 1).[3,4]  

Recapitulating key TME elements is crucial in the design stages of bioengineered 3D tumor 

models since tumor ECM [5], blood and lymphatic vessels, as well as stromal elements such as 

immune system cells and cancer associated fibroblasts (CAFs) take the leading role as instrumental 

effectors in prompting tumor cell survival and invasion/metastasis in vivo, whilst also 

bioinstructing the genetic landscape and shaping the biophysical environment via tumor-ECM 

deposition and influencing drug resistance (See Box 1).[6] Owing to non-malignant cells influence 

on tumor evolution, several in vitro co-culture platforms combining cancer and stromal cells at 

different ratios have been developed to emulate such tumor-stroma interactions. This intricate 

relationship is particularly relevant in cancers where the stromal compartment represents more 

than the malignant cells in the TME, as in the case of pancreatic cancer.[7]  

Identifying and deconstructing these fundamental tumor building blocks and hallmarks that 

influence therapeutics response such as anatomic scale, 3D bioarchitecture, multi-cellular 

heterogeneity, hypoxic/necrotic niches, tumor-specific ECM biomolecular 

composition/mechanical properties, as well as tumor-specific fluid dynamics and blood/lymphatic 

vasculature, opens new avenues for generating truly physiomimetic models in an in vitro setting 

(Figure 1). Gathering on this, several efforts have been put forth toward bottom-up engineering of 

the next-generation preclinical tumor models that reproduce major TME building blocks, as well 

as the inherent complexity, multidimensionality, and spatiotemporal dynamics of native tumors in 

a more comprehensively mode. Herein, we will discuss the gain-of-function provided by the recent 

combinations of advanced 3D biofabrication and dynamic organ-on-a-chip technologies, and 

demonstrate their potential to level-up in vitro tumor modelling beyond the available standard, 

static-cultured 3D models. Materializing such all-encompassing organotypic models is envisioned 

to improve preclinical screening and to accelerate innovative therapeutics translation from the 

bench to the bedside. 
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Standard 3D in vitro Tumor Models to Recreate the Native Tumor Microenvironment  

Research in cell-rich static 3D in vitro tumor models has already demonstrated potential 

for improving the discovery and preclinical screening of candidate anti-cancer therapeutics, 

especially when compared to their more simplistic 2D counterparts.[8] Such 3D platforms enable 

researchers to seamlessly emulate the complex TME including key cellular, biochemical, and 

biophysical cues, in a cost-effective and high-throughput amenable mode, while contributing to 

reducing drug development costs and laboratory animal use. The most common approaches for 

bioengineering cell-rich organotypic 3D tumor models from the bottom-up rely namely on: (i) self-

assembled 3D spheroids or (ii) self-organized organoids.[9,10] Specifically, 3D spheroids, 

comprising scaffold-free, autonomously assembled cellular aggregates, are amidst the most widely 

used microtumor platforms owing to their ability for accurately recapitulating key solid tumor 

hallmarks in vitro including 3D cell-cell physical contacts, gene expression patterns, and growth 

kinetics, while also enabling the inclusion of different cellular populations (e.g., heterotypic 

culture models). Larger 3D spheroids (c.a. 300-500 µm in diameter) are further able to recapitulate 

the limited oxygen/nutrients diffusion that in turn originate hypoxic/necrotic regions encountered 

in the majority of human solid tumors, a key aspect that ultimately influences resistance to 

therapeutics.[11] Classically, 3D micro-spheroids are generated via forced cell self-aggregation in 

high-throughput and in a cost-effective mode through a number of different methodologies such 

as the hanging-drop technique or by exploiting forced floating (e.g., ultra-low adhesion 

surfaces).[12] Although these easy-to-assemble and well-established platforms have provided 

advances in our understanding of human tumors pathophysiology in vitro and contributed to 

improve preclinical screening at a certain level, they still fail to recapitulate pre-existing ECM or 

native tumor cellular heterogeneity.[13] 

Recently an evolution toward enhancing in vitro human tumor models has been 

materialized with the establishment of advanced tumor-derived living organoids. Leveraging on 

their autonomous biological pre-programming, tumor organoids self-organize in culture, providing 

a unique opportunity to recapitulate 3D tumor-like architecture, function, and cancer cell 

heterogeneity, being considered more physiomimetic platforms and to be positioned beyond 

standard 3D cell aggregates that artificially and randomly self-agglomerate.[14] These living 

microtissues also preserve the genetic and phenotypic biomarkers of the original tumors, ultimately 

maintaining the pathophysiological traits of human cancers in an in vitro setting. Cancer organoids 
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can be generally derived from pre-programmed induced pluripotent stem cells (iPSCs) or adult 

stem cells (aSCs), or directly from patient tumors. Engineered iPSCs-based organoids are 

commonly genetically programmed for giving rise to living models with specific phenotypic traits 

that can match specific tumor mutations.[15,16] Although such platforms open the possibility for 

precisely recreating human tumor genetic traits and carcinogenesis, their complex processing often 

hampers their widespread use for anti-cancer drug-screening tests.[14] On the other hand, patient-

derived tumor organoids established from surgically resected tissues are highly promising for 

personalized medicine approaches. Despite their proven predictive potential and possibility to be 

employed in personalized medicine applications, living organoid 3D models are still generally 

cultured in animal-origin supporting hydrogels (e.g., MatrigelTM, collagen), and mostly lack 

immune and stromal components, as well as perivascular network components. [17,18] The 

absence of key tumor stroma elements is recently being addressed via advanced co-culturing of 

matured 3D tumor organoids with tumor-associated stromal cells such as CAFs or immune cells, 

and in vascular competent setups involving endothelialized tubular structures (i.e., seeded with 

vascular cells and/or pericytes).[19,20] These elegant approaches provide the so-desired 

recapitulation of highly influential TME elements, yet key aspects such as 3D bio-architecture, 

fluid dynamics, and culture in tumor-physiomimetic ECM remain challenging to implement in 

vitro. 

Given that tumor ECM is a key TME component that instructs cells bioactivity and tumor 

survival, embedding cells in hydrogel biomaterials that resemble the native tumor ECM enables 

researchers to better emulate the dynamic cell-ECM interactions and the biological barriers to 

therapeutics diffusion found in vivo.[21] Such supporting biomaterials must promote cellular 

attachment features, stimulate cellular proliferation, as well as promote 3D model assembly in a 

TME-mimetic setting. To better simulate tumor ECM, researchers have engineered ECM-mimetic 

natural-derived biomaterials that provide a suitable biochemical and biomechanical environment 

to promote cell adhesion, proliferation, and differentiation.[22,23]. Proteinaceous ECM-mimetic 

biomaterials such as collagen, gelatin, or fibroin, as well as decellularized tumor tissues, or in vivo 

found biopolymers hyaluronic acid have been commonly explored to fabricate ECM-mimetic cell-

laden hydrogels.[24] These biomaterials are generally present in the TME, are highly bioactive, 

and can be easily functionalized with chemical moieties (e.g., methacrylate, thiol, etc) or 

conjugated with synthetic biomaterials (e.g., polyethylene glycol (PEG), polycaprolactone (PCL)), 
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rendering them ideal tools to generate tunable hydrogels that better mimic tumor ECM-specific 

biophysical properties.[25]. The chemical versatility of ECM-mimetic biomaterials not only 

accounts for their biological effect, but also unlocks their multi-combination. This engineering 

freedom has recently enabled the establishment of tunable and mechano-dynamic ECM-mimetic 

double-network hydrogels comprising two key tumor ECM components - thiolated-hyaluronic 

acid and norbornene-hydroxyphenylacetic acid dually functionalized gelatin.[26] These hydrogel 

precursors were combined to emulate ECM stiffening in vitro in an on-demand mode 

recapitulating the fibrotic stroma, gene expression profiles and epithelial-to-mesenchymal 

transition as those observed in native tumors.[40] In view of such advances, it becomes clear that 

the biomimicry potential of bioengineered cell-rich and matrix-rich 3D static tumor models is 

exponentially increasing and major aspects of human neoplasia are now possible to be modeled in 

a high-throughput/high-content mode, unlocking the so-desired switch to large-scale screening and 

big data generation. 

Looking to building-up models that further upgrade the in vitro/in vivo correlation of 3D 

testing platforms, the field is now rapidly moving toward mimicking additional aspects of the TME 

including fluid dynamics and living tumors anatomic scale/bioarchitecture in an attempt to 

introduce such additional factors which are well-recognized to influence patients’ responses. 

Next-generation organotypic 3D models – Bioengineering anatomic scale, bioarchitecture 

and fluid dynamics 

Leveraging different 3D bioprinting technologies (see Box 2) for human disease 

modelling applications has recently opened new possibilities to advance the manufacture of human 

tumor-sized and anatomically complex constructs that are build-up from rationally designed 

tumor-mimetic bioinks combining tumor/stroma cells with a wide range ECM-mimetic 

biomaterials.[12] This unique combination enables an automated and rapid biofabrication of 

biomimetic microtumors with: (i) a spatially controlled cellular organization in a user programmed 

mode, (ii) a high resolution and tunable scale resembling complex human-sized structures (i.e., 

vasculature, tumor mass, stromal compartments), and (iii) comprising key biochemical and 

biophysical properties, all of which ultimately influence the therapy screening process and data 

output.[27] Various types of biomaterials including collagen, gelatin, hyaluronic acid, alginate, 

and chitosan, as well as tissue-derived decellularized extracellular (dECM) matrix, among many 

others are currently being explored to formulate bioactive bioinks.[28] Several advances on the 
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engineering of suitable biomaterial inks for accommodating living cells, have enabled the 

fabrication of architecturally complex constructs with high fidelity (see Box 2). Gathering on these 

advances, extrusion-based 3D bioprinting was leveraged to fabricate 3D mini-brain models of 

glioblastoma combining cancer and immune system cells (i.e., macrophages) in a more 

anatomically relevant scale when compared to standard 3D spheroids.[29] This elegant approach 

enabled researchers to probe key intercellular interactions and the contribution of macrophages to 

cancer cells proliferation, migration, and resistance/sensitivity to therapeutics. On a different take, 

advanced stereolithographic 3D bioprinting and programmed digital masks were employed to 

generate highly complex and biomimetic 3D hepatic models that recapitulate the hexagonal lobular 

structure found in the native human tissue, as well as key biomarkers expression.[30] Precisely 

patterning cellular spatial organization is a key advantage of 3D-bioprinted models in comparison 

to other technologies and could be a useful platform for investigating tumor-specific metastasis to 

liver tissues in an integrative approach. 

Although such reports emphasize the valuable contribution of 3D bioprinting in 

healthy/tumor tissues modelling, the majority of these approaches lack the introduction of dynamic 

fluid cues naturally present in the TME. Including fluid flow and its associated shear stress, has 

been shown to influence cancer cells proliferation, as well as affect their phenotype.[31] In fact, 

recent evidences point out that cancer cells cultured in a 3D setting exhibit higher drug resistance 

and more aggressive phenotypes, when compared to their static cultured counterparts.[32] 

Engineering approaches for seamlessly introducing such features have been mainly accomplished 

to date through the development of microfluidic cancer on-a-chip systems.[33]  

3D cancer-on-a-chip platforms (see Box 2) enable researchers to recreate human tumor-

stroma interactions and the inclusion of relevant ECM-mimetic matrices, while dynamically 

manipulating key biochemical and biophysical parameters such as pH, oxygen, biomolecular 

gradients, and most importantly the flow of nutrients/metabolites, and/or cells (i.e., immune system 

cells, mesenchymal/stromal stem cells, etc.).[34] These microphysiological platforms allow a 

channel-independent and precise control over applied mechanical forces, emulating key 

biophysical cues/mechanical stimulation patterns found in specific human organs.[35–40] 

Moreover, by varying design layouts it is possible generate spatially controlled chemical gradients 

and analyze the consequent impact on cancer cells invasion.  
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Despite that these platforms recapitulate the biomimetic stimuli and dynamic 

biochemical/fluidic cues existing in vivo, the establishment of intricate, spatially controlled 3D 

vascular networks and the integration of human-scaled 3D tumor models into organ-on-a-chip 

systems remains a highly pursued upgrade.[41] To overcome this, synergistic combinations of 3D 

bioprinting technologies with microfluidics platforms are rapidly emerging as promising solutions 

to emulate such complex TME hallmarks, further improving the biomimicry potential of 3D in 

vitro tumor models.[42] Besides unlocking the capacity to create geometrically relevant and 

heterogenous 3D tumor models with high precision, bioprinting-on-a-chip also allows the 

engineering of vessel-like tubular constructs for assembling 3D vascular competent models on the 

fly during biofabrication.[43–46] This boosts vascularized microfluidic channel personalization in 

real time, going beyond the pre-programmed channel architectures that are introduced in standard 

microfluidic chips production process (i.e., stereolithography-produced). Such technological 

combination also enables researchers to introduce complex, tortuous/multi-sized vessel structures 

in a single construct. The latter is critical, considering the deregulated/aberrant vasculature 

encountered in different tumors and provides the so-desired design versatility if dynamic tumor-

vasculature personalized 3D model engineering is envisioned. Leveraging bioprinting to introduce 

perfusable microvasculature-like channels with different tortuosity, controlled/homogeneous 

channel dimensions, programmed multi-scale branching, and/or multi-layered vasculature (e.g., 

comprising human umbilical vein endothelial cells (HUVECs) and supporting fibroblast/pericyte 

cells), as well as including ECM/basement membrane components with tunable mechanical 

properties, significantly upgrades the current possibilities offered by standard microphysiological 

platforms for tumor vasculature modelling.[47,48] In this context, perfusable PDMS microfluidic 

devices were recently fabricated by using nanoclay-reinforced pluronic F-127 ink as a sacrificial 

biomaterial to print blood vessel-on-a-chip with channels comprising uniform diameters and 

circular cross-sections.[44] Adding to this, user-programmed versatility and manufacturing 

control, 3D bioprinting-on-chip also enables the inclusion of ECM-mimetic hydrogel biomaterials, 

and the spatially controlled deposition of cell-laden ECM-mimetic hydrogel bioinks within a 

microfluidic device, eliminating the challenges/variability imposed by traditional cell seeding 

methods in microfluidic chips (e.g., via manual or with a syringe pump). 3D bioprinted cancer-

on-a-chip platforms represent a significant breakthrough and enclose an enormous potential for 

giving rise to next-generation physiomimetic 3D cancer models (Figure 2) that fully 
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recapitulate key TME building blocks, otherwise unable to be introduced with standard 3D culture 

approaches. 

 

General design considerations for 3D-bioprinted cancer-on-a-chip organotypic models 

To materialize the 3D bioprinting cancer-on-a-chip synergy, various design parameters 

related to model pathophysiological features, cytoarchitecture, cellular heterogeneity, 

biomechanical cues, microfluidic chip designs, fluid dynamics, and 3D co-culture conditions, must 

be considered at early design stages.[49] When designing the tumor components, a fundamental 

knowledge of the native TME and its deconstruction into its functional elements including cancer 

cells, cancer stem cells, and stromal cells, as well as the supporting tumor ECM and 

blood/lymphatic-like vessels is key. Recognizing and introducing these building blocks at 

physiological cell ratios that capture their proportions in in vivo tumors is critical to assure a better 

in vitro/in vivo correlation.[50] Efforts to better recapitulate tumor-stromal ratios in in vitro 3D 

models have been underway, yet their full implementation in 3D-bioprinted tumor models remains 

to be fully explored.[7,51,52] Advanced quantifications technologies based on digital image 

analysis and artificial intelligence algorithms are emerging as valuable predictors for this specific 

parameter and can in the future aid researchers in making more informative design choices for this 

aspect.[53,54] Moreover, at the design stage of the tumor elements one must also consider patient 

personalization level and whether the designed models are more broadly applicable or if their key 

purpose is to recapitulate patient-specific microenvironments. If the latter is envisioned, the pre-

design exploitation of highly informative tumor characterization technologies such as in-depth 

single cell transcriptomics, or multiplexed mass cytometric imaging of tumor tissue slices will 

surely provide the so-desired information of key building blocks volumetric organization as 

recently demonstrated.[55,56] 

Factors that should be taken into consideration to fabricate physiomimetic 3D-bioprinted 

cancer-on-a-chip platforms include not only the cellular distribution of tumor elements in a suitable 

spatial distribution as discussed before, but also the composition and mechanical properties of the 

ECM. In fact, one of the major design considerations for 3D bioprinting is the selection of bioink(s) 

to be used and the 3D architecture to be fabricated. Tumor ECM-mimetic biomaterials ideally 

should provide suitable rheological properties to maximize printing performance and enable a 

suitable resolution and construct shape fidelity post-printing. Specifically, bioink properties such 
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as viscosity, stiffness and gelation kinetics, are important factors that must be considered for the 

accurate printing process as well as to ensure high construct fidelity, resolution, and shape 

maintenance. While inkjet-based and laser-assisted bioprinting require bioink viscosities in the 

range of 10 mPa.s and 1-300 mPa.s, respectively, for the most widespread extrusion bioprinting 

technology, formulations with higher viscosity are required (30-6 x 107 mPa s).[57] Adding to this, 

polymers/proteins chemical functionalization for enabling covalent crosslinking strategies (via for 

example Michael-type addition reactions, click chemistry or photopolymerization) have been 

applied to formulate bioinks with tunable mechanical properties and printability.[57,58] Adding 

to this tumor ECM-mimetic bioinks , the biological, biophysical, and biochemical cues similar to 

those found in tumor tissues must be offered.[58,59] To date, bioinks comprising collagen, gelatin 

methacryloyl (GelMA), hyaluronic acid or alginate and their combinations thereof have been 

widely used to bioprint 3D tumor models.[33] Recent efforts have been made to process tissue-

specific bioinks by using dECM. Although temperature-mediated self-gelling dECM hydrogels 

provide cells with tissue-specific biomechanical and biomolecular signatures, such biomaterials 

generally present poor mechanical properties and printability.[60] To improve dECM printability 

and enable researchers to precisely tune mechanical properties, recent attempts have focused on 

merging dECM with other mechanically robust hydrogels such as hyaluronic acid or alginate.[61] 

Following similar strategies found in other proteinaceous hydrogels, researchers have also been 

focusing on installing functional chemical moieties into dECM to obtain photocrosslinking or 

stimuli-responsive enzyme-based crosslinking.[62,63] On this front, dECM modified with 

methacryloyl groups enabled to produce photocrosslinkable bioinks with modular mechanical 

properties and suitable for 3D cell culture.[64] These findings may open new avenues for 

bioprinting 3D tumor models with native ECM biochemical and biophysical cues increasing the 

biomimicry potential of these models. 

In a more challenging perspective, the 3D bioprinting of complex tumor models may 

require the assembly of different tumor components in different ECM-mimetic bioinks that 

recapitulate the biophysical features of the tumor, stroma and vasculature compartments, in which 

ECM composition is well known to differ. In this scenario the development of customized bioinks 

and the use of advanced multi-nozzle/multi-printhead configurations for continuous fabrication of 

multi-material constructs may enhance the accuracy and complexity of the engineered platforms, 

while upkeeping the fabrication speed and scalability.[65–67] 
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Adding to the identification of the unitary cellular elements and the selection of a suitable 

supporting matrix, during the design stages one can also consider the inclusion of additional levels 

of complexity and biomimicry. In particular, the 3D bioprinting of patient-personalized 3D tumor 

masses with anatomic scale and full volume, recapitulating patient’s own tumors at the detection 

stage could provide a valuable opportunity for generating in vitro models that can be used as 

improved human surrogates for screening candidate therapeutics. In this regard, sophisticated 

approaches aimed at bioprinting 3D tumor masses with anatomic scale may be materialized by 

processing in vivo human tumors bioimaging data (e.g., computed tomography or magnetic 

resonance imaging (MRI)), and converting this information into a printable 3D model by using 

computer-aided design/medical bioimaging software.[43] This strategy has tremendous potential 

for enabling accurate bioink deposition and originate the fabrication of highly personalized 3D 

tumor models with specific bioarchitecture, anatomic scale, and spatially controlled cellular 

organization. 

Another key design consideration of merging 3D bioprinting with cancer-on-a-chip models 

is their assembly methodology. These platforms can generally be manufactured via two different 

approaches, namely: (i) one single-step production in which all components of the 3D tumor 

models, namely the microfluidic chip, hollow channels and the 3D tumor tissues, are directly 

manufactured in a user-defined/fully-customized mode in which microfluidic chips with tunable 

inlets/outlets and designs as well as 3D-bioprinted constructs can be fabricated. This can be 

materialized by using multi-modal systems equipped with multiple printing heads allowing both 

3D-printing and 3D-bioprinting,[68–70]; (ii) on the other hand, these platforms can be generated 

via post-integrated production in which 3D tumor components can be directly 3D-bioprinted in 

the pre-fabricated device, or separately bioprinted and inserted into user pre-produced or 

commercially available microfluidic devices (e.g., VasKit perfusion device - CELLINK®, Multi-

organ-chips – TissUseTM, among several others). The latter can be more time-consuming and 

generally offers less personalization potential. Traditionally, organ-on-a-chip platforms have been 

manufactured by casting into a master mold previously fabricated through micromachining, soft 

lithography, photopolymerization, or other manufacturing techniques. Such techniques are often 

considered technically limiting owing to their labor-intensive, time-consuming, and costly 

features. In this regard, 3D-printing has also shown to be a very valuable fabrication technique as 

it enables user-defined, cost-effective, and high-precision production of microfluidic chips for 
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various biomedical applications, including organ-on-a-chip devices.[68,70–72] Recently, a 3D-

bioprinted liver-on-a-chip was engineered in an one step approach [73] Such strategy seems to 

facilitate the bioprocessing steps, however current available 3D bioprinters still make the process 

slow and hardly applicable for high-throughput assays. The development of 3D-

printers/bioprinters capable of manufacturing the microfluidic device and enable 3D tumor tissues 

bioprinting with volumetric freedom and in an expeditious way could open new avenues in this 

field.[33] Gathering on this, 3D-bioprinted cancer-on-chip platforms have been exploited to 

modulate key TME-related parameters such as the hypoxic conditions established in solid tumors, 

which is a particularly challenging parameter to be modulated in standard 3D scaffold-free models 

and is known directly influence cellular response to therapeutics.[74]  

An important aspect related to microfluidic chip fabrication is the selection of suitable, and 

ideally, inert materials for their manufacture. To date, microfluidic chips have been most 

commonly fabricated by using polydimethylsiloxane (PDMS). Although such materials offer great 

optical transparency, flexibility, and gas permeation facilities, PDMS can non-specifically absorb 

small hydrophobic molecules, such as anti-cancer drugs and other soluble molecules including 

proteins.[75] For this reason, researchers have been investigating alternative fabrication materials 

including polycaprolactone, poly(methyl methacrylate) (PMMA), among others.[76,77]  However 

the need to discover new materials with optical clarity that overcome non-specific molecule 

absorption, which alongside enable proper on-chip fixation/adherence of 3D-bioprinted ECM-

mimetic hydrogel biomaterials when subjected to fluid flow-associated shear stress is an active 

field of research.[78] Due to their high-water content and bioactivity, hydrogels have also been 

explored microfluidic fabrication. Nonetheless, there is still a plethora of challenges to surpass 

especially considering the challenges in processing hydrogels for fabrication of chips with 

complex designs and their inherent swelling/molecule diffusion features.[79] The rational 

introduction of such parameters (i.e., cellular elements, ECM-mimetic biomaterials, chip design 

and manufacturing materials) are envisioned to contribute to improving the biomimicry and 

predictive potential of 3D bioprinted-on-a-chip disease surrogates. Up to date, several reports have 

been successful in installing important TME features on such systems, overcoming the limitations 

posed by static 3D mono- or heterotypic microtumor models as it will be discussed in the following 

sections. 
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3D bioprinted cancer-on-chip models – Key developments and applications 

The combination of 3D bioprinting technologies with microfluidic systems has already 

proven valuable to bioengineering a new generation of upgraded 3D tumor models that more 

faithfully recapitulate TME building blocks in a spatially controlled mode, whilst enabling culture 

in a dynamic environment. The impact of such synergy was recently demonstrated with the 

preclinical bioperformance screening of Metuzumab, an anti-CD147 monoclonal antibody that 

was administered into a 3D-bioprinted hepatoma-on-a-chip model and compared to both static 3D-

bioprinted living architectures and 2D monolayered in vitro models.[80] Both static and dynamic 

3D in vitro models displayed increased therapy resistance when compared to their 2D monolayer 

counterparts. These evidences emphasize the relevance of integrating fluid flow dynamics in 3D-

bioprinted models and their effect in model’s pathophysiological features. 

Increasing complexity of these dynamic models has also been materialized by the 

introduction of lymphatic capillary mimics in the juxta-tumoral compartment in 3D-bioprinted 

cancer-on-a-chip models. It is important to emphasize, that lymphatic system introduction in 3D 

models has remained rather underexplored with most platforms developed to date encompassing 

the introduction of lymphatic cells that are then expected to self-assemble into primitive vessel-

like structures in culture.[81–83] Despite the successful combination with cancer cells and the 

establishment of perfusable structures with this approach, the 3D spatial distribution, the size, 

tortuosity, and length of lymphatic structures is difficult to control and to reproduce across several 

batches, impairing the potential of this strategy and its scalability.[82] To overcome these 

drawbacks and aiming to simultaneously recapitulate the vascular and lymphatic vessels, as well 

as their fluid dynamics present in the TME, a 3D bioprinted cancer-on-a-chip device comprising 

bioprinted blood/lymphatic compartments was recently reported.[46] In this seminal approach, the 

cancer-on-a-chip platform comprising a bioprinted blood and a lymphatic vessel pair was 

assembled by 3D bioprinting both perfusable channels using tunable bioinks (i.e., alginate, 

GelMA, PEG combinations) and a multi-layered coaxial nozzle. The control offered by the 3D 

bioprinting equipment enabled the fabrication of hollow, perfusable vascular and lymphatic 

networks surrounding the tumor component in a microfluidic device. This elegant system was used 

to simulate the mass transport mechanisms of different macromolecules and chemotherapeutics in 

this TME mimetic platform. The successful inclusion of the lymphatic system component in such 
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3D tumor models could also prove to be a valuable approach for providing useful insights 

regarding its role on human tumors development, invasion, and resistance. 

Taking advantage of 3D bioprinting to construct complex tissues and of microfluidic 

systems to introduce a dynamic environment, a patient-derived glioblastoma (GBM)-on-a-chip 

was also recently developed to evaluate chemoradiotherapy treatments.[84] Using a rationale 

deconstruction/reconstruction bottom-up design, researchers leveraged 3D bioprinting to fabricate 

ring-like structures emulating GBM key components. Particularly, researchers designed a patient-

derived tumor component comprising GBM cells and brain-derived dECM. This personalized 

element was then surrounded by a user-programmed vascular network mimetic channel and the 

whole model enclosed by a gas permeable enclosure. The engineered platform was then exploited 

to evaluate the biochemical and biophysical cues in GBM progression and response to 

therapeutics. The in vitro generated data from patient-personalized platforms was then correlated 

with clinical data, providing the so desired predictive/follow-up potential to aid medical decision. 

In fact, an informed selection of several candidate drug combinations fitted that better fitted patient 

response was identified. Such encouraging achievement demonstrates the synergy of 

bioprinting/microfluidic platforms and paves the way for a new generation of technologies for 

patient-personalized medical treatment discovery. 

It is important to emphasize that microfluidic platforms also offer the possibility for 

simultaneously screening several anti-cancer drugs/drug combinations, via the manufacture of 

multiplexed channels or via chips parallelization, as a strategy to increase data output.[85,86] 

Recently the inclusion of on-chip (bio)sensing possibilities may also open new avenues to further 

improve 3D-bioprinted cancer-on-a-chip platforms potential for high-throughput/high-content 

screening in real time via continued monitoring, accelerating the drug screening process and aiding 

in medical decision making.[87] The fabrication speed and patient-personalization potential of 

these platforms is a long-desired feature if one considers that patient-derived xenograft models 

have low throughput, encompass high costs and can require up to 6 months or longer to be properly 

established.[88,89]  

3D-bioprinted cancer-on-a-chip – Metastasis models 

Dynamic 3D-bioprinted cancer-on-a-chip systems have also a unique potential to evaluate 

other key aspects of human neoplasia such as the metastization process. Engineering platforms to 
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model such complex biological process is a major advantage from a therapeutic perspective 

considering that the extravasation of cancer cells from the primary tumor niche to secondary organs 

is the cause of about 90% of cancer-related mortality.[90] To metastasize and form secondary 

tumors in distant organs, primary tumor cells must invade the tumor-surrounding vascular network 

(intravasation) and then travel to secondary tissues. Such an intricate biological process is 

generally driven by: (i) TME physical traits including mechanical forces and biochemical signals, 

and (ii) the interactions between cancer and stromal cells that trigger vasculature formation around 

the tumor enabling the formation of dissemination routes to secondary organs.[91]  

Cancer-on-a-chip devices have been proposed as powerful platforms to recreate the 

invasion/metastatic process.[92] These systems containing continuously perfusable microfluid 

channels, enable to mimic tumor mechanical forces such as shear stress from the dynamic flow 

recapitulating the blood flow, tension from the solid tumor, and stiffness variation of ECM.[93] 

On the other hand, as previously discussed, 3D bioprinting has emerged as an amenable technique 

to produce perusable hollow channels with complex designs in one-step process, enabling the 

precisely reproduction of neo-blood vessels formation and study angiogenesis or metastasis. 

Therefore, the 3D bioprinting of blood vessels and 3D cancer tissue in a microfluidic device as 

recently emerged as a remarkable improvement to engineer relevant 3D-bioprinted cancer-on-a-

chip models and investigate the metastatic process. 

The 3D bioprinting-assisted engineering of blood vessel-like structures can be performed 

through sacrificial hydrogel bioprinting, embedded bioprinting, and co-axial bioprinting. Such 

approaches allow precise and efficient control over hydrogel deposition to obtain complex vascular 

systems on a chip. In this context, recently a vascular network was produced by printing agarose 

fibers as sacrificial material and surrounding them by a cell-laden GelMA hydrogel inserted on the 

chip.[46] The sacrificial material was then removed, resulting in hollow channels that were then 

perfused with endothelial cells to form a perfusable and endothelialized vessel. By using a similar 

strategy and aiming to study the influence of neutrophils in ovarian cancer invasion, an advanced 

bioprinted tumor-on-chip was established by integrating ovarian tumor spheroid-laden collagen 

matrix in a bioprinted microfluidic device fabricated on a porous membrane and carrying 

neutrophiles.[94] In this rationally designed approach, 3D bioprinting enabled to print 

microchannels using a sacrificial ink (i.e., Pluronic-based hydrogel) to create a tubular mold that 

is further removed leaving a perfusable hollow channel. This design enabled to recreate the 
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interplay between neutrophils and cancer cells, and the 3D tumor invasion into the collagen matrix, 

modulated by chemotaxis and generation of neutrophil extracellular traps (NETs). In order to 

better simulate breast cancer metastasis to bone compartments, a tri-culture metastatic model 

comprising by cancer, bone, and vascular cells was recently created.[95] This 3D-bioprinted 

system allowed to study trans-endothelial migration and the colony-forming behavior of metastatic 

cancer cells, being a valuable tool for studying metastatic breast cancer progression in bone. 

 

Outlook and Future Perspectives 

Human tumors exhibit highly complex and dynamic environments that ultimately dictate 

disease progression and metastasis. Simulating the complex TME and its key hallmarks in 3D in 

vitro platforms requires the integration of both architectural and compositionally relevant 

microtissues into the microfluidic devices to provide dynamic cancer-stroma interactions. Herein, 

3D bioprinting can emerge as a unique technology to be integrated in organ-on-a-chip field as it 

allows rapid, automated, and controlled fabrication of complex and reproducible anatomic-sized 

tumor models, while organ-on-a-chip systems enable to emulate key physiological, biophysical 

and biochemical cues found in vivo. The establishment of 3D-bioprinted tumor-on-a-chip 

platforms by integration of both technologies is emerging as a promising and revolutionary 

approach for understanding human tumor pathophysiology and for screening more effective 

treatments in a more physiomimetic and scalable mode, surpassing the limitations of currently 

available static 3D tumor models. Although such models recapitulate key TME cellular and non-

cellular building blocks, immune system elements are seldomly included. Researchers are now 

actively focusing on developing immunocompetent cancer-on-a-chip models to better evaluate 

tumor-immune system interactions and screen candidate anti-cancer immunotherapies (see Box 

4).[88] These immune active platforms have been rather underexplored and one can conceive that 

fabricating 3D-bioprinted cancer-on-a-chip devices comprising the anatomic scale of the TME, 

while accommodating multiple tumor-associated immune system cells and soluble factors in a 

dynamic environment, may facilitate immunotherapies screening under flow and provide more 

realistic data outputs. To this end, the biological complexity of tumor-immune cell interactions, 

the long-term viability of immune cells under flow, as well as their phenotype along time in culture 

are some of the key parameters that must be carefully addressed in such setups. Advances in this 

direction are expected in upcoming years. 
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Overall, the synergistic combination of both technologies may unlock the generation of 

human tumor models that mimic tumor, stroma, and vascular components, as well as the 

fluid/cellular transport dynamics that are important for cancer aggressiveness and resistance to 

therapeutics. Although 3D-bioprinted cancer-on chip is a promising strategy to fabricate complex 

constructs, the field is in still its infancy and there is a large room for progress and evolution toward 

high-throughput and fully patient-personalized systems (see Outstanding Questions). The 

optimization of the bioprinting processes on-a-chip and the inclusion of ECM-mimetic 

biomaterials such tumor-derived decellularized matrices that more accurately reproduce the native 

tissues still remain challenging. Moreover, the integration of computer-controlled sensors-on-chip 

that may give valuable real-time data regarding gas exchange, pH levels, and/or metabolic markers 

(e.g., glucose or lactate levels in culture media) need to be standardized. Such advances enable to 

obtain real-time information about the bioprinted models through the detection of key biomarkers 

and rapid extraction of valuable quantitative readouts from the culture media under circulation (see 

Outstanding Questions). In the future it is also envisioned that the optimization of evermore 

mimetic bioinks and physiomimetic chip designs, will contribute for a broad adoption of 3D-

bioprinted cancer-on-a-chip platforms for both fundamental tumor biology studies and advanced 

therapeutic screening. 
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Glossary 

3D-Bioprinting An additive manufacturing technology in which a bioink (i.e., cell laden biomaterial) is 

deposited in a precise, automated mode to produce a user-defined 3D construct. 

 

Decellularized 

Extracellular 

Matrix (dECM) 

ECM devoid of cellular components that maintains native tissue architecture and 

composition. The process of decellularization encompasses chemical-based approaches 

(e.g., detergents, enzymatic, hypertonic, or acid/base solutions), or physical processes 

(e.g., stirring, sonication, high hydrostatic pressure, supercritical CO2, or freeze-thawing).  

 

Epithelial-to-

mesenchymal 

transition (EMT) 

A biological process that allows epithelial cells to adopt a mesenchymal phenotype, 

losing their cell polarity and cell–cell adhesions, and promoting their migration/invasion 

capacity. 

Extracellular 

matrix (ECM) 

A 3D network composed of proteins (collagen, elastin, fibronectin, laminin), 

glycoproteins, glycosaminoglycans (hyaluronic acid), and soluble factors that support 

tumor growth, progression, and resistance. 

 

Hydrogels A polymer network that can undergo photo-, enzymatic, thermal, physical, or/and ionic 

photocrosslinking resulting in a highly hydrated scaffolds with the ability to support cell 

growth in a native-mimetic way. 

Hypoxia Deprivation of adequate oxygen supply at the tissue level. Integrins: heterodimeric cell 

transmembrane receptors that attach to the cytoskeleton and the ECM, and mediate cell 

adhesion and multiple signal transduction pathways related to cell movement, growth, 

differentiation, survival, and apoptosis. 

 

Tumor 

microenvironment 

(TME) 

Tumor microenvironment (TME): dynamic and complex environment composed of 

cancer cells, stromal cells (e.g., fibroblasts, endothelial cells, immune cells, mesenchymal 

stem cells), blood and lymphatic vessels hosted in the ECM. 

Matrigel A mixture of ECM proteins derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma 

cells. 

 

Organ-on-a-chip A microfluidic platform with continuously perfused channels inhabited by living cells 

cultured under dynamic conditions arranged to recapitulate organ-level physiology. 
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Organoids 3D culture models that are distinct from spheroids because they originate through the 

proliferation and self-organization of a progenitor cell source that generates aggregates of 

cells resembling the architecture and functionality of the native tissue they derive from. 

 

Spheroids 3D multicellular tumor aggregates that can be composed by both cancer cells and stromal 

cells. Commonly, 3D tumor spheroids are assembled by seeding the proper cell suspension 

in low adhesion substrates to force cells aggregation in a microtumor mass. 

 

Box 1 – Human Tumor Microenvironment Element and Role in Cancer Progression 

   Human TME is highly complex and comprised by multifarious building blocks that together 

contribute for disease progression. Naturally, the tumor site is nourished by irregular/leaky blood 

vessels, lymphatic networks, as well as densely populated by cancer and stromal cells (e.g., 

immune cells, cancer-associated fibroblasts (CAFs), etc.), dwelling in a supporting extracellular 

matrix (ECM) comprising key proteins, glycosaminoglycans, and soluble biomolecular mediators 

(e.g., growth factors, cytokines, etc.), which all act synergistically to drive tumor progression and 

influence drug response.[96] 

   In the TME milieu, CAFs are characterized by an overexpression of alpha-smooth muscle actin 

(α-SMA+), of platelet-derived growth factor (PDGF+), and exhibit a myofibroblast-like 

phenotype.[97,98] These stromal components interact with tumor cells via autocrine and paracrine 

signaling, producing key biomolecular mediators including: (i) growth factors (basic fibroblast 

growth factor (bFGF), transforming growth factor (TGF), epidermal growth factor (EGF)); (ii) 

interleukins (e.g., IL-1β, IL-6, IL-8), and (iii) chemokines, that participate in various disease-

related processes such as tumor metastasis.[99] Moreover, CAFs abundantly secrete ECM 

components in the tumor site, mainly collagen and hyaluronic acid, playing a key role on 

desmoplasia, as well as in the tumor metabolic shift.[100,101] Adding to this, the tumor stroma is 

also populated by several immune cells, such as tumor-associated macrophages (TAMs) that 

orchestrate and upkeep an immunosuppressive microenvironment, fueling tumor growth. TAMs 

also promote cancer cells survival through the secretion of key biomolecular mediators (e.g., IL-

10, IL-8, TGF-β , VEGF), contribute for ECM remodeling, angiogenesis, and the maintenance of 

the immunosuppressive microenvironment in a prolonged time-frame.[102,103] 

   In the tumor niche, although cancer cells can secrete residual amounts of ECM, CAFs remain 

the key players in de novo ECM production.[5,104] As an end result, the abundant ECM deposition 

leads to increased tumor stiffness (desmoplastic reaction, see Glossary), to the accumulation of 

mechanical stress, and to the establishment of a protective biophysical barrier. Recapitulating this 

phenomenon in in vitro models in a tumor-specific mode is paramount to model the mechanical 

cues and the decrease in oxygen supply, as well as the establishment of hypoxic and acidic 

environments in solid tumors. In feedback, the hypoxia onset then promotes TAM and CAF 

recruitment accelerating the dynamic ECM remodeling and angiogenesis.[3,105]  

   On the other hand, peritumoral vasculature plays a key role in providing nutrients/metabolites or 

oxygen, it influences anti-cancer therapeutics bioavailability, and it is also a key-mediator in 

cancer-immune system cells crosstalk and ultimately constitutes the supporting go-to escape route 

for cells to metastasize.[106,107] By realizing the importance of such components, different 

biofabrication and cancer-on-a-chip technologies are being actively developed to capture tumor-

specific blood vessels leaky and spatially aberrant features that are generally encountered in 
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vivo.[12,108–111] Alongside, the ubiquitous and intricate network of lymphatic vessels is another 

key aspect to consider owing to its contribute for metastasis and antitumor drugs recycling in 

vivo.[46,112] Interestingly, despite its importance, most preclinical in vitro models fail to 

recapitulate lymphatic components. 

 

Box 2 - 3D Bioprinting Technologies 

   3D bioprinting is an additive manufacturing technology used for assembling computer-aided 

designed (CAD) living and non-living 3D biologically relevant constructs with controlled 

architectures employing different building blocks such as living cells, biomaterials and/or 

biomolecules.[113] Currently the most widespread 3D bioprinting modalities include: (i) 

Extrusion-based bioprinting typically requiring a viscous or shear-thinning bioink loaded in a 

cartridge and deposited layer-by-layer in a very precise mode over a cell culture plate. Following 

proper bioink deposition, the constructs usually need to be crosslinked through chemical, thermal, 

or photo-crosslinking; (ii) Inkjet-based bioprinting where a bioink is deposited as droplets 

generating patterned layers; (iii) Stereolithography (SLA)/digital light processing (DLP) 

bioprinting in which a user-defined 2D pattern is projected into a bioink enabling the fabrication 

of complex 3D architectures along the z-axis in a layer-by-layer based assembly, or (iv) Laser-

induced forward transfer (LIFT) where a pulsed laser beam is focused towards a donor substrate 

creating high-pressure bubbles and promoting a very localized ink release, among several others 

that have been widely described in detail in key seminal reports.[114–117] More recently, acoustic 

bioprinting, magnetic bioprinting and volumetric tomographic bioprinting reviewed in very 

interesting review articles have emerged as promising techniques to produce 3D bioprinted tumor 

models.[41,50,118]  

   Currently, extrusion-based 3D bioprinting has been widely applied to reproduce the TME in 

complex 3D tumor models. ECM-mimetic bioinks including collagen, gelatin, hyaluronic acid, 

alginate,  chitosan and dECM matrices have been used to formulate bioactive bioinks and 

bioprinted living systems.[28] Besides the inherently required biocompatibility and bioactivity, to 

undergo successful bioprinting, formulated bioinks must possess suitable rheological properties to 

generate models with optimal shape-fidelity and structural stability.[58,119] To assure the latter, 

numerous types of chemical functionalization routes have been explored to install different 

functional groups (e.g., methacryloyl, boronic, azide-DBCO, etc.), in pristine polymers/protein 

biomaterials as a strategy to improve their in-/post-printing processability into structurally stable 

3D constructs.[120] Particularly, chemical functionalization methods that enable on-demand 

crosslinking have been widely explored to date, including dynamic/static light, as well as enzyme- 

and click-chemistry-mediated crosslinking, among others.[121] Adding to this, new approaches 

are further introducing dynamic covalent chemistries and formulating nanocomposite bioinks to 

incorporate dynamic viscoelastic features and tunable physicochemical properties found in native 

ECM.[28,122,123] Recent advances in bioprinting technologies including microparticle- or 

polymer-based supporting baths are further contributing towards improving the processability and 
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fabrication of truly freeform 3D constructs and full-human size models with controlled bio-

architectures.[124–126] 

 

Box 3 - Cancer-on-a-Chip Technologies 

   Microfluidic cancer-on-a-chip platforms display perfusable compartments and channels 

populated by living cells aiming to recapitulate human pathophysiology. These systems are 

commonly manufactured with optically clear plastic, glass, or flexible materials such as 

polydimethylsiloxane (PDMS). Such devices generally integrate small, perfused channels with 

sizes ranging from tens to hundreds of micrometers and allowing the precise control over cellular, 

physical, and biochemical microenvironment. Such platforms enable high-resolution, real-time 

imaging acquisition and evaluation of biochemical and metabolic factors through the integration 

of biosensors. Cancer-on-a-chip 3D cell culture platforms provide the necessary control over fluid 

flow, allowing researchers to model important processes such as shear stress, interstitial pressure, 

and chemical (e.g., cytokines) complex gradients and to study their effect on 3D tumor models in 

real time. Particularly, organ-on-a-chip systems have been designed to allow high-resolution, real-

time imaging acquisition and evaluation of biochemical and metabolic factors by integrating 

specific sensors with capacity to detect biomarkers in real time, providing an advanced preclinical 

platform for cancer diagnosis and the discovery/screening of novel therapeutics. 

   Despite being a useful platform to recapitulate key human cancer hallmarks under dynamic 

conditions, there is still a need to introduce key aspects such as anatomic scale, controlled spatial 

cellular positioning, and culture in tunable cell-laden ECM-mimetic hydrogels. In this sense, 3D 

bioprinting merged with microfluidics arises as a promising technology to overcome such issues, 

opening new possibilities to deposit tumor/stroma-laden biomaterial in a very controlled mode.  

 

Box 4 – Targeting cancer immune system 

   Cancer immunotherapy has rapidly emerged as a promising cancer treatment that aims at 

exploiting patients’ immune system (re)activation. Such an approach intends to stimulate immune 

cells to fight cancer through various strategies including immune system modulation, via 

administration of exogenous cytokines or antibodies (e.g., Programed death 1/programmed death-

ligand (PD-1/PD-L1) among others, or through the injection of engineered immune cells in the 

bloodstream (i.e., engineered Chimeric Antigen Receptor (CAR) T cells and T-cell receptor 

engineered T cells, Natural Killer (NK) cells, etc.). In the human body, immune system cells can 

be present in tissues (e.g., tissue-resident macrophages, etc.) but are most generally living in 

suspension, travelling through the blood vessels network, under dynamic flow conditions. In 

specific scenarios, immune cells extravasate from the vasculature and infiltrate into the TME, 

communicating with cancer/stromal cells. Aiming to investigate several mechanisms underlying 

cancer immunotherapy, different microfluidic cancer on-chip systems have been established. To 

evaluate the effect of NK cell-based immunotherapies and antibody-dependent cell cytotoxicity in 

breast cancer, breast cancer spheroids and NK cells were co-cultured in a collagen matrix.[127] 

Such model was integrated in a microfluidic device comprised by two laterally perfused vascular 

channels which enabled cancer cell-targeting antibodies perfusion into the collagen hydrogel. In 
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this platform antibody extravasation and penetration in the tumor matrix was slower and hampered 

by the 3D tumor spheroid mass. Whereas, NK cells rapidly penetrated the tumor spheroid, 

destroying cancer cells. Furthermost, combining antibody-cytokine conjugates and NK cells 

increased cytotoxicity demonstrating the usefulness of the engineered model to study candidate 

immunotherapies. From a more personalized medicine point-of-view, patient-derived organotypic 

tumor microtissues retaining autologous immune cells were cultured in a commercial microfluidic 

device and the response to PD-1/CTLA-4 monoclonal antibody targeting immune checkpoints 

were evaluated.[128] This system enabled researchers to identify the optimal parameters for 

maximizing immune-mediated tumor cell killing by effector CD8+ T via PD-1 and CTLA-4 

blockage. The developed platform revealed to be highly promising for evaluating novel 

combinatorial therapies and its upscaling to 3D-bioprinted tumor compartments and channels can 

provide an added value in the future. 

 

Figure Captions 

Figure 1. Deconstruction and bottom-up reconstruction of organotypic 3D tumor models by including key 

TME building blocks and hallmarks. The rationale built-up of such all-encompassing tumor surrogate 

models is envisioned to improve preclinical screening and to accelerate innovative therapeutics translation 

from the bench to the bedside. Abbreviations: Extracellular Matrix (ECM), Cancer-associated fibroblasts 

(CAFs), Tumor microenvironment (TME) Static 3D In vitro models – Self-assembled and self-organized 

living microtumors. 

 

Figure 2. Bioengineering next-generation cancer models through rational combination of 

advanced biofabrication technologies and microfluidic chips with programmed designs as a 

strategy to give rise to highly physiomimetic 3D-bioprinted organ-on-a-chip platforms 

recapitulating fluid dynamics and TME heterogeneity, ultimately providing unique breakthroughs 

in in vitro cancer modelling. 
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