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Abstract

The complexity of the tumor microenvironment (TME)

together with the development of the metastatic process

are the main reasons for the failure of conventional anticancer

treatment. In recent years, there is an increasing need to

advance toward advanced in vitro models of cancer mimick-

ing TME and simulating metastasis to understand the

associated mechanisms that are still unknown, and to be able

to develop personalized therapy. In this review, the commonly

used alternatives and latest advances in biofabrication of

tumor‐on‐chips, which allow the generation of the most

sophisticated and optimized models for recapitulating the

tumor process, are presented. In addition, the advances that

have allowed these new models in the area of metastasis,

cancer stem cells, and angiogenesis are summarized, as well

as the recent integration of multiorgan‐on‐a‐chip systems to

recapitulate natural metastasis and pharmacological screening

against it. We also analyze, for the first time in the literature,

the normative and regulatory framework in which these

models could potentially be found, as well as the
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requirements and processes that must be fulfilled to be

commercially implemented as in vitro study model. Moreover,

we are focused on the possible regulatory pathways for their

clinical application in precision medicine and decision making

through the generation of personalized models with patient

samples. In conclusion, this review highlights the synergistic

combination of three‐dimensional bioprinting systems with

the novel tumor/metastasis/multiorgan‐on‐a‐chip systems to

generate models for both basic research and clinical applica-

tions to have devices useful for personalized oncology.
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1 | INTRODUCTION

More than 90% of cancer‐associated deaths are not caused by the primary tumor, but by metastasis and secondary

tumors originating from it.1 Metastasis is a very complex process of which there are still many mechanisms to be

understood to prevent the spread of cancer and, therefore, the high mortality rate associated with it. The biological

processes involved are numerous, from the invasion of the surrounding stroma to the circulation through the

bloodstream and the arrival to and invasion of the secondary tissue. As suggested by Chaffer and Weinberg, this

complex process can be conceptually simplified into two phases: (i) physical translocation of the primary tumor to

distant tissue and (ii) colonization and development of the secondary tumor.1 Following this simplified concept, two

key points have been identified, namely cancer stem cells (CSCs) and vessel formation, since these cells are

responsible for "escaping" from the original tumor and for moving to distant tissues through the circulatory system.

From here, they will proceed to the invasion, establishment, and development of the secondary tumor.2

Conventional models of metastasis have achieved great successes but there are still challenges that need to be

solved, especially in its initial phases, and related to the complexity of the tumor microenvironment (TME), which is

not accurately represented in these models.3 For this reason, the role of CSCs must be taken into account and must

be integrated withTME characteristics, since this tumor niche can directly affect the invasive capacity and behavior

of these cells. In fact, essential factors are the composition and characteristics of the extracellular matrix (ECM),

biomechanics, biochemical signals, the presence of different cell types, and the appropriate preparation of the

metastatic niche.4,5 Monoculture two‐dimensional (2D) assays are cost‐efficient and simple to use but have limited

predictive competence failing on mimicking human physiology.6 While spheroid cultures can more accurately

recapitulate disease characteristics and metabolic gradients than standard 2D cultures, they are avascular tumors

models and lack the structure and complexity of vascularized tumors in vivo. The static culture condition associated

with spheroid models does not recapitulate the in vivo conditions, including mechanical forces or dynamic flow, and

so prevents long culture experiments which result in not precise drug toxicity and sensibility studies.7

Three‐dimensional (3D) bioprinting is a rapidly expanding and highly disruptive technology in the field of

regenerative medicine, which can be defined as the automated creation of organ‐like or tissue structures using

additive and subtractive manufacturing processes.8 The main challenge associated with 3D bioprinting for tissue

engineering is to create a structure that replicates the physiology and anatomy of living tissues. These structures
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can be incorporated with cells (during or after bioprinting), with the appropriate biochemical signaling agents, to

promote the self‐organization and shape maintenance of the assembled tissue construct. Recent advances in

biofabrication technologies along with the development of new biomaterials have led to the generation of in vitro

complex tissue models that can replicate the in vivo TME.9 Using such new technologies for reproducing the micro

physiological systems that reconstitute tissue–tissue interfaces and the TME can expand the capabilities of organ‐

on‐chip models and provide relatively low‐cost and more informative alternatives to animal studies. The

development of these models, under such innovative methodologies, requires to be carried out under the standards

of quality, safety, and efficacy that ensure its clinical transfer. Therefore, it is of interest to know the legal, technical,

and ethical considerations in accordance with the competent health authority to be marketed.

In this review, we describe the advancement in the development, study, and use of tumor‐on‐a‐chip models,

focusing on the metastatic process. For this purpose, we analyze the biofabrication methodologies for the

generation of these models, exploring the several tumor/metastasis/multiorgan‐on‐a‐chip prototypes, and

highlighting the knowledge generated related to the metastasis process thanks to these models. Finally, as a

differentiating, novel, and relevant feature with respect to the rest of the literature, this review includes extensive

analysis and discussion of the requirements and regulatory framework for their commercialization or use in the

clinic and production, standardization, and scaling processes.

2 | BIOFABRICATION METHODOLOGIES

Monocultures 2D assays and spheroid cultures lack the ability of recreating the structure and complexity of

vascularized tumors in vivo. Such intrinsic limitations have driven the development of 3D models that can

reproduce the tissue microenvironment and the associated physiology of living tissue. Current on‐chip 3D

approaches mainly focus on combining various cell types, mimicking the organ components, usually using a

biomaterial for supporting cell growth but also for mimicking the tissue morphology and mechanical properties. The

physical properties associated to some organs can also be replicated on‐a‐chip by applying different physical

stimulation which includes mechanical force to replicate the forces associated with the musculoskeletal tissue;

contractile force as in the case of heart tissue or cyclic deformation for a lung model and peristaltic motion for

intestine (Figure 1). A variety of organ‐on‐a‐chip (OoC) systems have been demonstrated for lung,10 liver,11

intestine,12 kidney,13 brain,14 heart,15 and musculoskeletal system.16

The potential of generating transplantable tissue structures using 3D bioprinting technologies has grown with

the development of new biomaterials and bioprinting processes, which was demonstrated in various tissue

structures including vascular grafts,17 nerve grafts,18 trachea,19 muscles,20 bone,21 cartilage,22 heart tissue,23 and

thyroid.24 The incorporation of these biofabricated tissue structures into microfluidic biochips has evolved to a new

area of interest, called “organs‐on‐a‐chip,” which has added a new level of complexity for modeling living organs in

vitro (Figure 1). Recent studies demonstrate the great potential of OoC as in vitro drug screening systems, thanks to

their more biomimetic recreation of the tissue microenvironment.25 Another promising application of combining 3D

bioprinting and OoC is the possibility of recreating 3D‐tumor models on‐a‐chip, which are predicted to more

accurately recreate the TME in vivo of human patients. This enables to recapitulate the appropriate tissue

microenvironment composition including cell types, ECM, and other key parameters, such as vascularization, which

match both the type and stage of the disease providing precise mechanistic studies and tools for personalized

cancer therapeutic studies.12,26 Recent advances in 3D bioprinting have allowed the manufacture of complex tissue

structures with controlled architectures in the order of 10–50 μm. Miri et al. were able to generate biological tissue

structures such as tumor angiogenesis, muscle strips, and musculoskeletal junctions by using a digital light projector

(DLP) bioprinter and microfluidics with printing resolutions in the order of 10 μm.27 Such a tumor model, although

primitive, can be used for studying the tumor progression and angiogenesis in vitro. As a result, there is a growing

interest in adopting these technologies in emerging areas that need a highly organized biofabrication construction.
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Examples are tissue engineering and more realistic modeling of the TME that can reproduce the progression from

early to late stages, invasiveness and angiogenesis, immune system evasion, epithelial‐mesenchymal transition

(EMT), resistance to apoptosis and treatments, and metastasis.28 To reproduce the tumor microenvironment on‐a‐

chip, different cell sourcing was used to mimic the proper physiology of the replicated microenvironment, that is,

pericytes,29 fibroblast,30 myofibroblast, and muscle cells,31 mesenchymal stroma cells32; and in the case of the

vasculature, endothelial cell using self‐organization,33 or assisted biofabrication.34 Although they can roughly

reproduce the TME, they have not overcome the challenges associated with such 3D in vitro tumor models, which

include oversimplified structures and limited vascularization potential. In this sense, some works have been

motivated for replicating the vasculature. Zhu et al. bioprinted prevascularized tissue models with complex

geometries (widths ≤ 50 μm and heights ≅ 50 μm) using a bioink (endothelial cells, gelatin methacrylate‐GelMA‐ and

glycidal methacrylate‐hyaluronic acid).35 Also, Miri et al. used a DLP bioprinter in combination with microfluidics to

generate tumor angiogenesis directly on‐a‐chip.27

For demonstrating the potential of generating 3D tumor models on‐a‐chip using bioprinting technologies, it is

crucial to consider the practical issues of the available biofabrication approaches. The 3D bioprinting technology

will affect the quality shape maintenance and cell viability of the final tissue structure.36 So, there are different 3D

bioprinting methods with specific characteristics depending of the main use. (1) Laser direct bioprinting provides

excellent resolution capabilities at high speed, but the process limits the inclusion of the cells due to the heat and

contact generated with the laser light.37 (2) Inkjet bioprinting deposit liquid binding biomaterial using two different

forms of inkjet printing: continuous inkjet (CI) and drop‐on‐demand (DOD). This technique can use multiple

reservoirs with multicellular components for direct printing.38 Nevertheless, the main inconvenience of this

technology is related to print speed and the risk of needle clogging associated with high viscosity, which can expose

the cells to high shear forces, resulting in cell death. (3) Extrusion bioprinting use pressure or gravity for depositing

F IGURE 1 Diagram of the different biofabrication approaches for metastatic tumor model development in
vitro. [Color figure can be viewed at wileyonlinelibrary.com]
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biomaterials or bioinks. This technology is a low‐cost process, which works at a high printing speed allowing control

over porosity and mechanical properties39 being an optimal candidate and used broadly for scaffolds generation.

The extrusion also tolerates high cell density, which is of great interest for bioprinting, but presents low resolution

and limited material choices where viscosity and bioprinting speed are crucial for maintaining cell viability. (4)

Stereolithographic (SLA) is based on the photopolymerization of biomaterials. SLA usually uses ultraviolet (UV) light

to solidify a photosensitive bioink in a layer‐by‐layer fashion to generate a 3D structure.35 This bioprinting process

presents a high speed with high resolution, especially working with hydrogels, which also allows certain control over

matrix properties; however, the main inconvenient of SLA appears when adding cells to the bioink, since the toxicity

of monomer and UV radiation can affect to long term cell viability. Recent works used visible light to polymerize

bioinks, which reduced the toxicity effects associated with UV light and which can damage cells. Lim et al. used a

bioink containing living cells and a biomaterial in combination with visible light crosslinking using a ruthenium (Ru)

and sodium persulfate (SPS) photoinitiator, which have demonstrated better cell cytocompatibility than the

commonly used UV light crosslinking + I2,959 photoinitiator.40 The cells encapsulated in the bioink presented

viability >85% after long time exposures to visible light, which highlights the potential of new visible photoinitiators

to avoid the cell damage associated to UV light.40 Table 1 summarizes the advantages and disadvantages of

currently available bioprinting technologies.

3 | RECREATING TUMOR HETEROGENEITY‐ON‐A‐CHIP

In tumor development, a key step is the change of the surrounding stroma to a tumor stage associated with

variations in the architecture, composition, and properties of the ECM.41 The tumor study models used to date have

presented serious limitations, so tumor‐on‐a‐chip is a promising way to approach this study by combining the

generation of a microvascular network, 3D matrices, and interaction of the tumor with stroma. This claim is

supported by the microfluidics chip in poly (dimethylsiloxane) (PDMS) developed by the group of Gioiella et al.,

where they recreated for the first time in vitro processes that until then had only been observed in vivo. To study

the remodeling of the ECM, epithelial cells from breast cancer and stromal cells were separated into different

chambers, but with a barrier allowed them to interact. Then, real‐time monitoring of stromal ECM alteration during

tumor invasion, based on overexpression of hyaluronic acid and fibronectin and remodeling of collagen fibers, was

performed.42

As mentioned above, 3D multicellular culture and interaction with the components of the microenvironment

are essential elements to establish an efficient tumor model with significant advantages over conventional models.

A recent study showed the important role that fibroblasts play in tumor progression.30 Authors displayed a

coculture system with microfluidic chips, where fibroblasts and tumor cells were separated into independent

compartments (immersed in matrigel), but connected through a channel full of the medium. The results clearly

demonstrated the effect that these fibroblasts exert on tumor development, supporting the proliferation of tumor

cells and resistance to treatment. In addition, this microchip showed that fibroblasts were also influenced by tumor

cells, acquiring a migratory capacity, due to their reciprocal interaction.30

Another relevant feature of TME is the recruitment of immune cells. To this end, the assay developed by Aung

et al. describes the design of a perfusable multicellular chip where breast cancer cells, monocytes, and endothelial

cells, forming an endothelial layer around them, were immersed in a GelMA with a controlled arrangement through

the use of 3D photo patterns. T‐cells were included in the perfused medium and it was observed how the tumor

cells favored the recruitment of these cells from the immune system.43 This study revealed the powerful tool that

tumor‐on‐a‐chip represents to recreate the TME more precisely, modulating the cellular composition and spatial

organization, demonstrating how cell populations are incorporated into this microenvironment, and providing a

study tool for future therapies based on immunotherapies.
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As the development of tumor‐on‐a‐chip advances, this novel technology acquires more and more complexity as

demonstrated by the development of a complex 3D microfluidic chip model that emulates the colorectal TME with

the ability to evaluate response to treatment in real‐time.44 This chip was made of PDMS with a matrigel‐embedded

colorectal cancer tumor cells core that was supported by an adjacent microvascular network fed by external syringe

pumps. This microvascular network originated because the endothelial cells proliferated, then elongated by the flow

direction, covering the channels and resulting in a vessel‐like structure. The cells react to vascular endothelial

growth factor in the hydrogel and invade the chamber by sorting the pillars. To check the real‐time monitoring, a

drug‐loaded nanoparticle gradient was administered, and live images were taken to confirm the effect. In addition,

the chip also allowed the analysis of gene expression, so this added to the real‐time monitoring and the formation of

a microvascular network that mimicked the one generated in the TME. Moreover, this tumor‐on‐a‐chip model

integrated a monitoring system allowing studies to be carried out on the same chip from treatment response

analysis to angiogenesis and metastasis assays.44

The recreation of the TME is not only based on the cellular components, but the ECM is also a key factor to

take into account since it is fundamental for the regulation of the behavior of cancer cells and it is involved in

different tumor processes including metastasis. For this reason, it has recently been tried to include the components

of decellularized matrices of different origins, from fresh tumor tissue, from healthy tissue, or from cell cultures in

3D tumor models.45–47 This advance in the recreation of TME based on the use of decellularized matrices has

already been incorporated into on‐a‐chip technology, as demonstrated by a study based on a PDMS chip in which a

GelMA hydrogel with a decellularized matrix of liver composed of structural proteins and growth factors was used

to recreate a liver tumor, which also mimics biophysical cues such as stiffness and shear stress. This tumor‐on‐a‐

chip highlights the fundamental role played by the ECM, since, unlike GelMA alone, it presented greater cellular

viability and functionality, and a more specific response to treatment.48

Apart from the cellular components and the ECM, there are also important characteristics of TME such as

hypoxia that must be taken into account when developing a biomimetic tumor‐on‐a‐chip. In this sense, the design

of a PDMS microfluidic chip has been reported, which consists of a central chamber in which glioblastoma tumor

cells are embedded in a collagen hydrogel and two lateral channels for perfusion of the medium, and the diffusion of

oxygen is blocked by an embedded sheet of polymethylmethacrylate (PMMA). This oxygen control system was

verified since the chips that incorporated the PMMA sheet presented lower levels of oxygen and pH without

affecting cell viability, which changed their metabolism toward a more glycolytic behavior. This platform opens up

new ways to study the effect of hypoxia on both tumor development and response to treatment.49

4 | METASTATIC TUMOR MODELS‐ON‐A‐CHIP

Most deaths are due to the development of a tumor process. Most deaths are caused by secondary tumors initiated

by metastasis.1 This is a complex process that needs to be understood to prevent the spread of cancer cells for a

primary to a secondary tumor. Fortunately, novel strategies based on on‐a‐chip systems are being developed that

will make it easier to uncover the remaining unknowns of metastasis, as well as pharmacological studies directed

against it.

A fundamental and critical step in the metastatic process is the invasion of the surrounding stroma by the tumor.

Two independent studies have designed a microfluidic chip system that simulates and controls multiple factors of the

TME for the 3D evaluation of tumor invasion in the stroma. For this purpose, two independent chambers were

arranged with breast cancer tumor cells in one and noncancer cells in the other, and an endothelial channel was also

constructed behind the stromal chamber to simulate the microvascular network. The results showed that only a small

number of cancer cells migrated through the stroma. The density of the cancer cells determined the likelihood of

metastatic cells and the induction of normal cells affected the metastatic rate of each cancer cell. In addition, high

secretion of interleukin‐6 by normal cells was directly related to this invasive capacity of tumor cells.50,51
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Another key step in metastasis is the process of extravasation and establishment of the secondary tumor.

Tumor‐on‐chips based on microfluidic systems also allow obtaining a metastatic model of a tumor, which lets

establishing the secondary tumor from two points of view: (i) the biology behind the formation of the secondary

tumor and (ii) the therapeutic effect against cell migration and the establishment of tumor cells in the target

organ.52

To address the extravasation process, a work based on a microfluidic chip in which three parallel channels were

modeled in an agarose gel membrane, and chemical gradients of C‐X‐C motif chemokine 12 (CXCL12), and

epidermal growth factor (EGF) were generated. By using a microfluidics platform it was show how the breast cancer

cells can migrate to a collagen gel site through a monolayer of endothelial cells. The properties of the used matrix

(stiffness and morphology) the interstitial flow, EGF, and the capability of regulating of CXCL12, result in a precise

and controlled extravasation process.53 In this sense, breast and bone cancer models have been among the first to

be developed and the most proliferative, because breast cancer leads to bone metastasis with a very high frequency

(70%). Of the first models established, Bersini et al. developed a PDMS‐based microfluidic system in which they

generated a bone microenvironment with osteoblasts and an endothelial network. It was observed that the C‐X‐C

Motif Chemokine Ligand 5 (CXCL5) secreted by bone tissue plays a fundamental role in extravasation and migration

through the C‐X‐C Motif Chemokine Receptor 2 (CXCR2) of breast tumor cells. In addition, these same authors

subsequently demonstrated that the extravasation capacity and micrometastatic formation of circulating tumor

cells (CTCs) toward the bone differed according to the origin of the primary tumor, being higher in bladder cancer,

then, in breast cancer, and finally in ovarian cancer, corresponding with clinical data. Hence, the importance of the

interaction between these CTCs and the secondary tissue in the success of the process of extravasation and

metastasis is evident.54 In a more recent study, a PDMS chip was developed by printing two chambers, an upper

one for medium deposit and a lower one for cell growth. After 2 weeks, they observed a behavior similar to that

described in clinical cancer metastasis, which was lacking in the in vitro models developed until now. Tumor cells

entered into a state of quiescence or dormancy. In addition, when tumor cells invaded bone tissue, there was an

erosion of the matrix followed by an alignment of the collagen fibers with a cell proliferation adjacent to these

reorganized fibers, highlighting the importance of the generation of an adequate TME for the establishment of

metastasis.55

A key factor when developing in vitro study models is that they offer reliable results in treatment response

studies. Tumor‐on‐a‐chip based on microfluidic systems, in general, has been shown to present greater resistance

to treatments than conventional study models, such as the microfluidic model recently developed by Azimi et al.56

For example, in the work previously described, in which high secretion of interleukin‐6 by normal cells was directly

related to the invasive capacity of cancer cells, response to treatment with paclitaxel and tamoxifen were also

performed. The results show that the treatment inhibited the migration capacity of tumor cells being dependent on

drug concentration and cell density.50 Wang et al. have established a model with a direct application in the

prediction of the efficacy of the treatment and the evaluation of the response to different doses in the diverse

stages of the tumor, showing a linear relationship of the concentration of cancer cells and the required drug

concentration.57 Further studies are also emerging that recreate a more biomimetic TME to study the response to

treatment in a more realistic way. In this sense, in the study developed by Lu et al. decellularized liver matrix was

used together with GelMa in a microfluidic chip, where a better recapitulation of TME was produced thanks to the

preservation of components and biochemical and biophysical signals, which resulted in a more accurate in vitro

pharmacological response to the acetaminophen and sorafenib treatment.48 For these reasons, a microfluidic‐based

chip device was a very useful tool for the efficacy determination of antimetastatic drugs.

The use of tumor/metastasis‐on‐a‐chip is not limited to the studies described so far, but the potential of this

device will allow the application of personalized medicine thanks to ex vivo models of patients. They will

recapitulate the specific characteristics from a small tumor sample helping to determine individually the most

appropriate treatment. The first steps in this direction are already being taken, as shown by the generation of a

bioprinted glioblastoma tumor‐on‐a‐chip based on patient‐derived tumor cells covered by endothelial cells as a
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vascular barrier, and decellularized matrix from brain tissue, all this integrated in a concentric way in a chip

compartmentalized with an oxygen gradient with central hypoxia as in native tumors. This in vitro model

reproduced the specific tumor resistances observed in the clinic in the patient when being treated with concurrent

chemoradiation and temozolomide, so this model is very important for the establishment of a personalized

treatment.58

In Table 2 are shown several models of metastasis‐on‐chip and multiorgan‐on‐a‐chip recently developed

including the biomimetic tissues studied and their main characteristics.

5 | HOW CAN TUMOR‐ON‐A‐CHIP MODELS HELP WITH THE
REMAINING UNKNOWNS OF THE METASTATIC PROCESS?

Although the mechanisms associated with many of the tumor processes and the fundamental role played by the

different subpopulations and the TME are known today, there are still challenges associated with the study of

metastasis to be resolved, especially at the initial stages, where CSCs and the tumor vasculature play a fundamental

role. Therefore, it is essential to understand their role in metastasis, and that is the reason why new tumor‐on‐a‐

chip models are needed to address these knowledge gaps as we will describe below.

5.1 | Tumor‐on‐a‐chip models based on CSCs

Within the bulk of a tumor, there is rare and scarce cell subpopulations identified as CSCs that are characterized by

expressing specific membrane surface markers, as well as by high aldehyde dehydrogenase 1 activity. In the same

way as mesenchymal stem cells, CSCs are automatically renewed and display the expression of stemness genes.

They also have the ability to evade the effect of treatment thanks to the acquisition of an inactive state of

quiescence and the ability of multidrug resistance (MDR). Although today there are precise mechanisms involved in

metastasis that remain to be elucidated, CSCs initiate the metastatic process and then generate a secondary tumor

in a distant tissue, and they also originate tumors after primary therapy.2 Since the presence of this subpopulation in

the TME and its fundamental role in tumor evolution are well known, efforts have been joined to understand both

its intrinsic biology and to search for therapeutic alternatives against them. However, the main trouble is the

difficulty to grow and maintain their stemness properties in vitro, a problem that 3D culture has gradually solved.65

The first investigations that integrated 3D bioprinting systems with CSCs were carried out to study the

development, vascularization, and metastasis in gliomas. In these studies, extrusion bioprinters were used to

bioprint CSCs loaded in hydrogels composed of gelatin, alginate, and fibrinogen as the main elements of the ECM,

and the results showed consistent differences with respect to the conventional study models, such as higher (i)

stemness maintenance, (ii) differentiation potential; (iii) resistance to treatments; (iv) angiogenic capacity; (v) EMT;

and (vi) tumorigenic capacity.66–68 Therefore, this 3D tumor model represents the most suitable to investigate the

biological characteristics and tumor processes in which CSCs are involved. Although these studies are based on

non‐miniaturized bioprinting, they are very important because they are the first step toward the development of

on‐a‐chip platforms.

Currently, tumor‐on‐a‐chip studies with CSCs are still very scarce in the bibliography, and one of the reasons

for this is that these cells are difficult to maintain in culture. Regarding this handicap, a novel and very recent study

develop a droplet microfluidic single‐cell culture for selective expansion and recovery of CSCs. For the development

of the system, a single CSCs were incorporated into alginate hydrogels in a PDMS microfluidic chip, and thanks to

the self‐renewal property of these cells, tumor spheres were formed from which the cells could be recovered later.

This novel system provides a sufficient quantity of CSCs for both the study of CSC biology and the development of

new therapies.69
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Focusing on studies that analyze the characteristics of CSCs using microfluidic chips, one of the first studies

dates back to 2016 and was developed by Yahara et al., where the role of oxygen in the migration of both CSCs and

differentiated tumor cells was analyzed. Results showed that the migration patterns of CSCs did not differ from the

differentiated tumor cells, both traveling toward low oxygen levels.70 Surprisingly, these results differ from a

previous publication, where the cells migrated toward high levels of oxygen.71 This difference in results may be due

to the fact that the chip had an exhaustive control of the microenvironment, only varying the oxygen concentration,

while in the study without the chip there may have been external influences. Furthermore, these results are

reinforced and supported by another recent study developed by Aung et. al., who showed that tumor cell cultures in

spheroids presented higher levels of hypoxia than individualized cell cultures. They also observed how these

spheroid cultures significantly recruited more T‐cells compared to isolated cells, thus highlighting the differential

role of the different subpopulations in TME and the central role that CSCs play.43 But the migration of CSCs is not

only influenced by oxygen concentrations, otherwise by migration under chemotaxis. In this sense, microfluidic

chips are very useful to generate multiple stable and controllable gradients through a device that integrates a

gradient generator module and a cell culture chamber. This chip allowed us to establish how CSCs and

differentiated tumor cells migrate a greater distance in a higher serum gradient, and how under drug treatment the

distances traveled decreased by 70%–80% for both cell types, constituting a novel analytical platform for the study

of cell migration and drug screening.72

Another very important focus in the study of CSCs is resistance to treatment. For this purpose, the study

recently published by Lin et al. presents a microfluidic chip that allows the isolation, identification (through its ability

to form spheroids), and culture of breast CSCs, to subsequently perform high‐throughput screening to detect

anticancer drugs with specificity against these breast CSCs, doing all this on the same device.73 Thanks to the

generation of devices with these characteristics and capabilities, not only is specific pharmacological screening

addressed, but also the limiting factor posed by the complex culture of CSCs, which presents an important challenge

for conventional cell assays.

Also, as it has been reviewed by Lin et al.,74 the advances in the generation of devices focused on the isolation

and analysis of CTCs have great potential as clinical decision support tools in precision oncology. These CTCs are

CSCs that leave the primary tumor and intravasate into the bloodstream and lymphatic vessels and they have the

potential to predict metastasis and evaluate tumor activity, being effective for the detection of relapses and with a

high prognostic value.75 An example of the translation of these devices to the clinic is the Labyrinth microfluidic

device designed by Wan et al. to detect CTCs in the blood through a process of separation at a flow rate using a

syringe pump, followed by immunofluorescence staining with specific markers of CTCs and CSCs. Thanks to this

device, CTCs were detected in blood in 88.1% of patients with hepatocellular carcinoma. Moreover, a correlation

was established between the results and tumor stage, since more advanced stages detected more CTCs, as well as

the presence of circulating tumor microemboli, thus constituting a very useful tool for analyzing tumor

progression.76 In fact, a commercially disposable microfluidic chip called On‐Chip Sort® (On‐chip Biotechnologies) is

currently available and validated for different types of cancer and it works under the principles of flow cytometry to

perform a cell‐sorter that includes a collection tank to store collected CTCs.77,78 Thanks to this small chip, CTCs can

be detected and have allowed the development of a protocol for early diagnosis and monitoring of metastasis.

All these results together, open up new research approaches in the area of CSCs and the TME, in which

microchips represent a new starting point compared to conventional study models.

5.2 | Tumor‐on‐a‐chip models to optimize the tumor vasculature

Oxygen and nutrients supplied by blood vessels are required in almost each human body tissue and tumor. TheTME

is very complex and presents different characteristics and behavior at each stage of the disease, including the

degree of vascularization, stiffness of matrix, and the ECM and cellular composition.79,80 Then, to obtain this blood
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supply, tumor cells can stimulate the expression of angiogenic factors to drive vascular growth by attracting and

activating cells of the TME. In comparison to healthy tissues, the tumor vessels are structurally and functionally

abnormal.81 To understand the complexity associated with theTME, and to identify drugs to treat it, in recent years,

in vitro models that accurately reproduce the human tumor physiology are emerging as a more realistic tool. It was

motivated because current animal models do not faithfully reproduce the human physiology of cancer and,

therefore, fail in their pharmacological response.

In this sense, some attempts to replicate vasculature on‐a‐chip have been made. Chen et al. provided a high‐

resolution view of tumor cell extravasation through microvessels formed in a microfluidic device.82 Also, Miri

et al. have generated a tumor angiogenesis on‐a‐chip using a microfluidic multimaterial bioprinter.27 Nevertheless,

the development of a vascularized organs model on‐a‐chip requires overcoming the challenges associated with

existing biofabrication techniques to generate functional and vascularized in vitro tumor models that preserve their

in vivo characteristics and phenotypes, which are prerequisites for accurate biological studies and drug screening. In

this sense, tumor on‐chip with associated microvascular networks can reproduce the structure, function, and any

process associated to a vascularized tumor in vivo. Vascularized tumors can also be used to investigate unclear

metastasis processes involving the interactions of endothelial and stromal cells with tumors. It also can be used for

drug screening by investigating the relevant physiological barriers to efficient drug delivery, including antimetastatic

and antiangiogenic drugs.

6 | MULTIORGAN‐ON‐A‐CHIP: IT IS THE MOST REPRESENTATIVE
MODEL?

The process of developing new drugs requires toxicity testing associated with the new compounds to verify their

safety. Currently, the most widely used methodology is the ADME‐Tox technique, which consists of an in vivo test

with animal models for evaluating the absorption, distribution, metabolization, and elimination of the products.

However, this methodology has the inconvenience that after being approved therapeutic compounds for

widespread use in humans; they have had to be subsequently withdrawn due to unforeseen toxicity. These events

are largely due to flawed data generated from preclinical in vivo and in vitro models that do not accurately

recapitulate human physiology. Moreover, to this must be added the high associated costs of in vivo

experimentation, as well as the requirement of highly specialized personnel and facilities.83 Due to these problems,

the idea of the creation of integrated organoid and multi‐organoid systems that contain liver, heart, lung, vascular,

testicle, colon, and brain is emerging for the toxicological screening of drugs, proving to be a more physiologically

relevant model. The costs of this multiorganoid platform and the failure rate associated with the approval of new

drugs are expected to be reduced.64,84,85

The creation of a multiorgan‐on‐a‐chip generates the necessary technical support to advance both in the study

of metastasis and in pharmacological screening techniques.85 The first devices that comprised more than one tissue

to simulate a metastatic response to the treatment process consisted of two different pairs of tissues such as breast

and bone tumor and kidney and liver described earlier in this review.54,55,57 Among the first published works that

developed a tumor‐on‐a‐chip with multiple tissues is the one described by Hwan et. al. These researchers

generated a chip, in which the flow of medium together with the drug to be tested was induced by gravity

(bypassing a pumping system to avoid the formation of bubbles) reached up to three different chambers, where

there were cells in culture that represented the tumor, liver, and the bone marrow. The response to treatment was

conditioned by the cell type and by the condition established by the flow in comparison with a static environment,

which is why one of the first platforms was provided to test pharmacological toxicity in an improved way, this being

the first antecedent of the multiorgan‐on‐a‐chip.86

After these reductionist models, more complex devices have emerged in terms of cell composition/

representation and chip design. Good proofs of this are the studies developed by the pioneering research group of
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Aleksander Skardal and Anthony Atala at the Wake Forest Institute for Regenerative Medicine. In one of their first

jobs, they developed a metastasis‐on‐a‐chip device with a double chamber, where a metastatic colon carcinoma

tumor and a healthy liver were recreated and connected by a microfluidic system. This novel system allowed, first,

real‐time monitoring thanks to the fluorescent labeling of tumor cells, observing how these cells acquired a

metastatic phenotype and migrated from the tumor to liver construction, and second an antimetastatic

pharmacological test.61

In the latest advancements in the design of a more complex chip with the representation of multiple

organoids, the work developed by Xu et al. generated a multiorganoid chip based on lung cancer metastasis that

included lung cancer representation and brain, bone, and liver tissues. All these organoids were housed in

independent chambers and connected by a microfluidic system. This system allowed analyzing the EMT and the

invasion capacity of the tumor cells, and how the cells of the healthy organoids of the brain, liver, and bone‐

acquired distinctive characteristics after metastasis and invasion by cancer cells. These results provide insights

into how such a useful tool could bridge more closely the gap with the in vivo microenvironment of cancer

metastasis and investigate cell–cell interactions during metastasis.62 In addition, one of the most recent devices

has been designed by Aleman et al. and consists of four different organoids, colorectal cancer, liver, lung, and

endothelium, housed in independent chambers. This system allows cell tracking through fluorescence imaging,

and it was observed that colorectal cancer cells migrated preferentially to the liver and lung. These results are in

line with that has been observed in the clinic, thus constituting a representative in vitro system for screening

antimetastatic drugs.63

Finally, the recent study developed by Zheng et al. highlights the great potential of these systems by

incorporating not only a multiorgan metastasis model but also recreating the role of the microenvironment in this

process. On this chip, lung cancer and healthy liver cells were cultured in isolated chambers, and precise and highly

controllable normoxia/hypoxia conditions were established. The hypoxia condition was shown to favor the

metastasis process through EMT induced by the HIF‐1α factor and further demonstrated its potential as a

pharmacological screening platform under hypoxic conditions.87 This novel study goes a step further,

demonstrating the full potential of these platforms, in which several microenvironmental factors that were not

previously recreated in conventional study models can be controlled.

7 | REGULATORY FRAMEWORK OF TUMOR/METASTASIS/
MULTIORGAN‐ON‐A‐CHIP MODELS

Currently, tumor/metastasis/multiorgan‐on‐a‐chip models and all the innovative technology involved in their

progress are being widely studied to implement their use as devices for personalized medicine. The development of

these models should be performed under specific technical, ethical, and legal requirements to be approved for their

marketing according to their regularity framework (Figure 2). These requirements should be considered throughout

their design and development to optimize their translational utilities.88 Thus, it is necessary to know the specific

regulatory pathway for each model based on their different applications such as (i) devices for clinical use either as a

diagnostic tool in routine clinical practice that allows optimizing the selection of cancer drugs or as patterns that

allow ex vivo monitoring of the evolution of the tumor; and (ii) in vitro study models for preclinical research as an

alternative to the animal experiments.89

Regarding the technical requirements of tumor/metastasis/multiorgan‐on‐a‐chip models, they should be

validated for each of their uses. This phase is one of the most important, since with the validation of each model its

reliability, robustness, precision, sensitivity, and specificity are evaluated to ensure its reproducibility every time a

model is biofabricated.90 Thus, after the validation process, a range of conditions of use is determined, providing

reproducible and accurate data for each type of model. The aim of validation is to elaborate conformity assessment

procedures, which will be evaluated by the corresponding healthy authorities. These studies can follow the
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recommendations described by the International Conference on Harmonization (ICH) guidelines, “ICH Topic Q 2

(R1) Validation of Analytical Procedures: Text and Methodology” (Figure 2).

On the other hand, it is necessary to define the analytical quality specifications for each type of on‐a‐chip

model. These specifications describe the appropriate technical and commercial acceptance criteria that each type of

on‐a‐chip model must satisfy for its approval for the healthy authority (to be marketed) and for the customer (to be

used correctly). For these studies, the “ICH Q6B Specifications: Test procedures and acceptance criteria for

biotechnological/biological products” guideline set the principles to establish international specifications for

different biological products with tumor/metastasis/multiorgan‐on‐a‐chip models‐like characteristics. In addition,

the manufacture of these devices should be performed under the standards described in Good Laboratory Practice

(GLP) guidelines91,92 (Figure 2).

It is necessary to emphasize that the collection, processing, in vitro culture, and storage of human biological

samples (biopsies) to obtain CSCs from which to biofabricate tumor/metastasis/multiorgan‐on‐a‐chip models

should be performed under the ethical principle described in ethical internationally recognized guidelines such

as the Declaration the Helsinki (2013), the Nuremberg Code or the International Ethical Guidelines for Biomedical

Research Involving Human Subjects.93–95 Moreover, the approval of these procedures by an expert committee

should be required to evaluate the ethical acceptability of use for each of on‐a‐chip model according to its final use.

Thus, an informer consent of the patient (for models with autologous cells) or donor (in the cases of the use of

allogenic cells) will also be necessary96 (Figure 2).

Concerning the on‐a‐chip models as devices for clinical use, approval should be required by the health

authorities. Thus, each on‐a‐chip model should meet specific legal requirements according to the jurisdiction where

the product is going to be used ensuring they are safe and perform as intended. Therefore, to know what the legal

aspects are necessary to be able to follow the adequate regulatory pathway for their commercialization should be

F IGURE 2 Schematic of the international regulatory guidelines addressing regularities, scientific and techniques
changes needed for tumor/metastasis/multiorgan‐on‐a‐chip models commercialization and clinical use. [Color
figure can be viewed at wileyonlinelibrary.com]
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considered. However, due to their innovative nature, there is currently no defined regulatory framework for them,

since they would be outside the definition of medicine, advanced therapy medicinal products, medical devices, and

in vitro diagnostic products.97–99 Hence, the legal status of the tumor/metastasis/multiorgan‐on‐a‐chip models has

not yet been defined. For the moment, it will be necessary to request the classification of these devices by the

competent health agencies. In addition, the health authority should define if it is a notification or premarket

approval. In the case that a premarket approval should be required, it is the responsibility of the competent health

authorities to evaluate the technical and ethical documentation provided, from which the devices should be

authorized or not for their marketing. All of them imply that the marketing request for each type of on‐a‐chip model

requires that it be analyzed case‐by‐case until they are officially regulated under a specific regulation.

According to current legislation, the most appropriate consideration for these models would be in vitro

diagnostic products or medical devices. Thus, it is expected that for the marketing of an on‐a‐chip model in the

European Union should be necessary to undergo a conformity assessment and apply conformité européenne

marking in an accredited notified body. In the case of the United States, an establishment registration in Food and

Drug Administration should be required100 (Figure 2).

The great advances that are being made in the development of these models should have an impact on

international regulatory guidelines addressing regularities, scientific, and techniques changes. These changes will

stimulate the implementation of specific requirements for this type of innovative product. All of them will entail the

need to involve the regulatory agencies in the development of these models and to work together to define the

legal requirements that will be necessary to be authorized.

These models will become an integral part of the safety and efficacy evaluation processes either as a

commercial kit for in vitro studies or as devices for clinical use. On the one hand, the applications of these models in

preclinical studies will lead to accelerating the collection of safety and efficacy data, which will be able to support

clinical trial authorization applications of the evaluated drug. On the other hand, tumor/metastasis/multiorgan‐on‐

a‐chip models represent a breakthrough in the testing of new cancer drugs and in selecting the most suitable

therapy for each patient. In addition, the use of these models will allow designing new procedures for the study of

new active ingredients and medicines in the phase of preclinical research.

8 | FUTURE DIRECTIONS IN STANDARDIZATION AND SCALABLE
PRODUCTION

The tumor on‐a‐chip model is a promising and potent tool to study cancer progression and metastases. The

physiological, chemical and mechanical influence can be analyzed with the incorporation of heterogeneous

bioprinted tumor models on‐a‐chip52. Pharmaceutical companies and clinicians require high throughout the put

fabrication process to facilitate optimal differentiation, generate multiple tissues and organs, or multiorgan systems

to investigate new therapies and drug compounds. In this sense, future work needs multidisciplinary research on

modeling and simulation, bioengineering, bioprinting, biofabrication, and biomaterials. Although such biofabrication

technologies are expected to transform the diagnosis and treatment for a broad range of medical conditions, there

is a burning need to close the gap between the clinical needs and the continuing demand for the scientific gain of

knowledge, which slows down the translation of real solutions to the clinical arena.101

Establishing new protocols to control the use of multiple biomaterials and cells will be a key point to rebuild

complex tissue structures and interfaces. The amount of biomaterials available for biofabricating synthetic tissues is

currently very limited. In terms of manufacturing the key issue is to maintain good processability while minimizing

their impact on cell viability.102 New biomaterials development needs to evolve in parallel with bioprinting

technologies and with more effective reactive biomolecular components (e.g., growth factors) to better control and

influence cell activity. Such tasks will require overcoming the limitations of current biofabrication protocols, which

include better engineering of desired mechanical properties, and improving resolution and bioactivity with elasticity
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profiles. Establishing good manufacturing practices (GMP) and GLPs for biofabrication tumor/metastasis on‐a‐chip

at all process levels to ensure the abovementioned technical standards will ensure a rapid translation. Moreover, a

better comprehensive framework of biofabrication and biomanufacturing technologies is necessary to generate

market‐ready tissue models on‐a‐chip. This will improve repeatability, a critical point for standardization, and

multimaterial handling capabilities. Such novel technologies will also push the existing materials toward new

properties and capabilities. Innovative additive biofabrication hardware solutions (e.g., printheads, high‐resolution

stereolithography systems, microfluidics, bioreactors) generated as new devices will allow diversifying in choices of

biomaterials for new generation biofabricated products.103–105

In this sense, digital manufacturing has the potential to disrupt and transform medical device manufacturing

based on additive and subtractive processing of biomaterials and bio inks, while in a “GMP‐ready” environment.106

The challenge of efficiently realizing new treatment methodologies, and accelerating the introduction of more

complex and biocompatible medical devices, requires better insights into how materials and cells respond to each

other and to physical stimuli. This ambition depends on the future ability of scientists and engineers to exploit

scalable digital production of smart on‐a‐chip systems tailored to the needs of individuals in a future low cost,

advanced manufacturing environment.

The future vision of digital manufacturing to realize high throughput on‐a‐chip products is to integrate

functionalities attained for printed electronics in medical device technology. Printed flexible electronics have

realized capacitive touch sensors, organic light‐emitting diodes, thermal heaters, photovoltaics, smart windows, high

density interconnects, and many other sensors. This technology is ready to move to the biomedical sector with the

opportunity to span the following target areas: (i) realization of new bio‐diagnostics/microreactors based on

microfluidics; (ii) development of new tissue‐engineered structures for cell viability, therapeutic tests, and future

OoC applications; (iii) the tissue engineering activity is also relevant to wound care, wearables, smart implants with

wireless interfaces, passive energy sources, and drug delivery functionalities.

Systems based on smart polymers displaying photo‐responsive properties could benefit from the integration of

printable light‐emitting materials. Recently, drug delivery systems utilizing optically activated nanocarriers have also

received extensive attention. A directly relevant example to this vision is the Pilot‐line for Bio‐Microsystems at the

National University of Ireland, which aims to create additive and subtractive manufacturing testbed for creating next‐

generation electrically, optically, and thermally activated biomaterials.108 The integration of nanoparticle quantum dot

fluorescent labels with printed tissue scaffolds could use such as a source to assess local pH and O2 content in printed

tissue scaffolds.108,109 Microfluidic platforms exploiting incorporating a microheater have been designed for the study

of the metastatic potential of lung cells.110 Developing technologies for the study and control of cell behavior under

an applied electric field is another application for future biofabrication requirements. Previous results indicate that

such electrical stimulation can improve alignment, elongation, and proliferation of cells.111

The grade of innovation and the complexity, which is characteristic of biofabrication technologies and the

resulting novel devices and products generated with them, need to struggle with the natural opposition in some

sections of the market. Such classic skepticism underlines the importance of generating effective public

engagement protocols to get industry and end‐users involved first in understanding the need for such complexity

and, then, to help on pushing these technologies toward societal acceptance and use.112 In this direction, ethical

considerations need to focus on ensuring the sustainability of biomaterials, cell sourcing, and biofabrication of

tumor models and making sure the benefits are universally available.

Regulatory approval processes involving biomaterials, tumor on‐a‐chip, and tissue constructs, and related

protocols, are presently in a state of underdeveloped transition. The absence of suitable regulatory standards leads

to inconsistency in the application and format of quality control and good manufacturing protocols for

biofabricating tumors and metastasis on‐a‐chip. This is, in particular, crucial to the standardization protocols for

cell generation, material sourcing and synthesis, and tissue‐informed requisites for safety and efficacy.113

In summary, there are well‐defined gaps relative to the fundamentals of life science and the biofabrication

technologies, regulatory, standardization, and scalable biomanufacturing protocols for tumor/metastasis on‐a‐chip

1994 | NIETO ET AL.



model that need to be addressed. These gaps need to be resolved before a methodical approach based on human‐

centered design can be standardized, established, and translated to clinical trials (Figure 3).

ACKNOWLEDGMENT

This study was funded by Consejería de Salud y Familias de la Junta de Andalucía (project no. PIN‐0224‐2019), by

the Consejería de Economía, Conocimiento, Empresas y Universidad de la Junta de Andalucía (A‐CTS‐180‐UGR20,

P18‐FR‐2470, B‐CTS‐230‐UGR18, and SOMM17/6109/UGR, FEDER Funds), by the Ministerio de Ciencia e

F IGURE 3 Schematic for the cross‐disciplinary development of biofabrication tumor models on‐a‐chip for use
in clinical applications. [Color figure can be viewed at wileyonlinelibrary.com]

NIETO ET AL. | 1995

http://wileyonlinelibrary.com


Innovación, Instituto de Salud Carlos III (FEDER funds, Projects number PIE16/00045 and DTS19/00143), and from

the Chair "Doctors Galera‐Requena in cancer stem cell research" (CMC‐CTS963). G. J. acknowledges the

posdoctoral fellowship from Plan Andaluz de Investigación, Desarrollo e Innovación (PAIDI 2020—FEDER funds—

Ref: DOC_01574).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were created or analyzed in this study.

ORCID

Daniel Nieto https://orcid.org/0000-0002-0919-5110

Gema Jiménez https://orcid.org/0000-0002-9803-879X

Lorenzo Moroni https://orcid.org/0000-0003-1298-6025

Elena López‐Ruiz https://orcid.org/0000-0002-7863-0497

Patricia Gálvez‐Martín https://orcid.org/0000-0001-9724-8560

Juan Antonio Marchal https://orcid.org/0000-0002-4996-8261

REFERENCES

1. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. Science. 2011;331(6024):1559‐1564. doi:10.
1126/science.1203543

2. Hernández‐Camarero P, Jiménez G, López‐Ruiz E, Barungi S, Marchal JA, Perán M. Revisiting the dynamic cancer
stem cell model: importance of tumour edges. Crit Rev Oncol Hematol. 2018;131:13135‐13145. doi:10.1016/j.
critrevonc.2018.08.004

3. van Marion DMS, Domanska UM, Timmer‐Bosscha H, Walenkamp AME. Studying cancer metastasis: existing

models, challenges and future perspectives. Crit Rev Oncol Hematol. 2016;97:97107‐117. doi:10.1016/j.critrevonc.
2015.08.009

4. Celià‐Terrassa T, Kang Y. Metastatic niche functions and therapeutic opportunities. Nature Cell Biol. 2018;20(8):
868‐877. doi:10.1038/s41556-018-0145-9

5. Malandrino A, Kamm RD, Moeendarbary E. In vitro modeling of mechanics in cancer metastasis. ACS Biomater Sci

Eng. 2018;4(2):294‐301. doi:10.1021/acsbiomaterials.7b00041
6. Kashaninejad N, Nikmaneshi MR, Moghadas H, et al. Organ‐tumor‐on‐a‐chip for chemosensitivity assay: a critical

review. Micromachines. 2016;7(8):130. doi:10.3390/mi7080130
7. Trujillo‐de Santiago G, Flores‐Garza BG, Tavares‐Negrete JA, et al. The tumor‐on‐chip: recent advances in the

development of microfluidic systems to recapitulate the physiology of solid tumors. Materials. 2019;12(18):2945.
doi:10.3390/ma12182945

8. Derakhshanfar S, Mbeleck R, Xu K, Zhang X, Zhong W, Xing M. 3D bioprinting for biomedical devices and tissue
engineering: a review of recent trends and advances. Bioact Mater. 2018;3(2):144‐156. doi:10.1016/j.bioactmat.
2017.11.008

9. Verjans ET, Doijen J, Luyten W, Landuyt B, Schoofs L. Three‐dimensional cell culture models for anticancer drug
screening: worth the effort? J Cell Physiol. 2018;233(4):2993‐3003. doi:10.1002/jcp.26052

10. Huh D, Matthews BD, Mammoto A, Montoya‐Zavala M, Yuan Hsin H, Ingber DE. Reconstituting organ‐level lung
functions on a chip. Science. 2010;328(5986):1662‐1668. doi:10.1126/science.1188302

11. Beckwitt CH, Clark AM, Wheeler S, et al. Liver ‘organ on a chip'. Exp Cell Res. 2018;363(1):15‐25. doi:10.1016/j.
yexcr.2017.12.023

12. Kim HJ, Huh D, Hamilton G, Ingber DE. Human gut‐on‐a‐chip inhabited by microbial flora that experiences intestinal
peristalsis‐like motions and flow. Lab Chip. 2012;12(12):2165‐2174. doi:10.1039/c2lc40074j

13. Wilmer MJ, Ng CP, Lanz HL, Vulto P, Suter‐Dick L, Masereeuw R. Kidney‐on‐a‐chip technology for drug‐induced
nephrotoxicity screening. Trends Biotechnol. 2016;34(2):156‐170. doi:10.1016/j.tibtech.2015.11.001

14. Phan DTT, Bender RHF, Andrejecsk JW, et al. Blood–brain barrier‐on‐a‐chip: microphysiological systems that
capture the complexity of the blood–central nervous system interface. Exp Biol Med. 2017;242(17):1669‐1678.
doi:10.1177/1535370217694100

1996 | NIETO ET AL.

https://orcid.org/0000-0002-0919-5110
https://orcid.org/0000-0002-9803-879X
https://orcid.org/0000-0003-1298-6025
https://orcid.org/0000-0002-7863-0497
https://orcid.org/0000-0001-9724-8560
https://orcid.org/0000-0002-4996-8261
https://doi.org/10.1126/science.1203543
https://doi.org/10.1126/science.1203543
https://doi.org/10.1016/j.critrevonc.2018.08.004
https://doi.org/10.1016/j.critrevonc.2018.08.004
https://doi.org/10.1016/j.critrevonc.2015.08.009
https://doi.org/10.1016/j.critrevonc.2015.08.009
https://doi.org/10.1038/s41556-018-0145-9
https://doi.org/10.1021/acsbiomaterials.7b00041
https://doi.org/10.3390/mi7080130
https://doi.org/10.3390/ma12182945
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1002/jcp.26052
https://doi.org/10.1126/science.1188302
https://doi.org/10.1016/j.yexcr.2017.12.023
https://doi.org/10.1016/j.yexcr.2017.12.023
https://doi.org/10.1039/c2lc40074j
https://doi.org/10.1016/j.tibtech.2015.11.001
https://doi.org/10.1177/1535370217694100


15. Huebsch N, Loskill P, Deveshwar N, et al. Miniaturized iPS‐cell‐derived cardiac muscles for physiologically relevant
drug response analyses. Sci Rep. 2016;6:624726. doi:10.1038/srep24726

16. Arrigoni C, Lopa S, Candrian C, Moretti M. Organs‐on‐a‐chip as model systems for multifactorial musculoskeletal
diseases. Curr Opin Biotechnol. 2020;63:6379‐88. doi:10.1016/j.copbio.2019.12.006

17. Hoch E, Tovar GEM, Borchers K. Bioprinting of artificial blood vessels: current approaches towards a demanding

goal. Eur J Cardiothorac Surg. 2014;46(5):767‐778. doi:10.1093/ejcts/ezu242
18. Owens CM, Marga F, Forgacs G, Heesch CM. Biofabrication and testing of a fully cellular nerve graft. Biofabrication.

2015;5(4):045007. doi:10.1088/1758-5082/5/4/045007
19. Zopf DA, Hollister SJ, Nelson ME, Ohye RG, Green GE. Bioresorbable airway splint created with a three‐dimensional

printer. N Engl J Med. 2013;368(21):2043‐2045. doi:10.1056/NEJMc1206319
20. Farina M, Di Donato A, Monti T, et al. Tomographic effects of near‐field microwave microscopy in the investigation

of muscle cells interacting with multi‐walled carbon nanotubes. Appl Phys Lett. 2012;101(20):203101. doi:10.1063/
1.4767518

21. Inzana JA, Olvera D, Fuller SM, et al. 3D printing of composite calcium phosphate and collagen scaffolds for bone

regeneration. Biomaterials. 2014;35(13):4026‐4034. doi:10.1016/j.biomaterials.2014.01.064
22. Gao G, Schilling AF, Hubbell K, et al. Improved properties of bone and cartilage tissue from 3D inkjet‐bioprinted

human mesenchymal stem cells by simultaneous deposition and photocrosslinking in PEG‐GelMA. Biotechnol Lett.
2015;37(11):2349‐2355. doi:10.1007/s10529-015-1921-2

23. Duan B, Kapetanovic E, Hockaday LA, Butcher JT. Three‐dimensional printed trileaflet valve conduits using

biological hydrogels and human valve interstitial cells. Acta Biomater. 2014;10(5):1836‐1846. doi:10.1016/j.actbio.
2013.12.005

24. Bulanova EA, Koudan EV, Degosserie J, et al. Bioprinting of a functional vascularized mouse thyroid gland construct.
Biofabrication. 2017;9(3):034105. doi:10.1088/1758-5090/aa7fdd

25. Zhang YS, Khademhosseini A. Seeking the right context for evaluating nanomedicine: from tissue models in Petri

dishes to microfluidic organs‐on‐a‐chip. Nanomedicine. 2015;10(5):685‐688. doi:10.2217/nnm.15.18
26. Xiao S, Coppeta JR, Rogers HB, et al. A microfluidic culture model of the human reproductive tract and 28‐day

menstrual cycle. Nat Commun. 2017;8:814584. doi:10.1038/ncomms14584
27. Miri AK, Nieto D, Iglesias L, et al. Microfluidics‐enabled multimaterial maskless stereolithographic bioprinting. Adv

Mater. 2018;30(27):e1800242. doi:10.1002/adma.201800242
28. Sontheimer‐Phelps A, Hassell BA, Ingber DE. Modelling cancer in microfluidic human organs‐on‐chips. Nat Rev

Cancer. 2019;19(2):65‐81. doi:10.1038/s41568-018-0104-6
29. Kim J, Chung M, Kim S, Jo DH, Kim JH, Jeon NL. Engineering of a biomimetic pericyte‐covered 3D microvascular

network. PLoS One. 2015;10(7):e0133880. doi:10.1371/journal.pone.0133880

30. Jeong SY, Lee JH, Shin Y, Chung S, Kuh HJ. Co‐culture of tumor spheroids and fibroblasts in a collagen matrix‐
incorporated microfluidic chip mimics reciprocal activation in solid tumor microenvironment. PLoS One.
2016;11(7):e0159013. doi:10.1371/journal.pone.0159013

31. Hsu TH, Kao YL, Lin WL, et al. The migration speed of cancer cells influenced by macrophages and myofibroblasts
co‐cultured in a microfluidic chip. Integr Biol. 2012;4(2):177‐182. doi:10.1039/c2ib00112h

32. Devarasetty M, Wang E, Soker S, Skardal A. Mesenchymal stem cells support growth and organization of host‐liver
colorectal‐tumor organoids and possibly resistance to chemotherapy. Biofabrication. 2017;9(2):021002. doi:10.
1088/1758-5090/aa7484

33. Belair DG, Whisler JA, Valdez J, et al. Human vascular tissue models formed from human induced pluripotent stem
cell derived endothelial cells. Stem Cell Rev Reports. 2015;11(3):511‐525. doi:10.1007/s12015-014-9549-5

34. Wan L, Skoko J, Yu J, Leduc PR, Neumann CA. Mimicking embedded vasculature structure for 3D cancer on a chip
approaches through micromilling. Sci Rep. 2017;7(1):16724. doi:10.1038/s41598-017-16458-3

35. Zhu W, Qu X, Zhu J, et al. Direct 3D bioprinting of prevascularized tissue constructs with complex microarchitecture.
Biomaterials. 2017:0, 124106‐115. doi:10.1016/j.biomaterials.2017.01.042

36. Miri AK, Mirzaee I, Hassan S, et al. Effective bioprinting resolution in tissue model fabrication. Lab Chip. 2019;19(11):

2019‐2037. doi:10.1039/c8lc01037d
37. Antoshin AA, Churbanov SN, Minaev NV, et al. LIFT‐bioprinting, is it worth it? Biofabrication. 2019;15:e00052.
38. Derby B. Bioprinting: inkjet printing proteins and hybrid cell‐containing materials and structures. J Mater Chem.

2008;18(47):5717‐5721. doi:10.1039/B807560C
39. Ozbolat IT, Hospodiuk M. Current advances and future perspectives in extrusion‐based bioprinting. Biomaterials.

2016;76:76321‐343. doi:10.1016/j.biomaterials.2015.10.076
40. Lim KS, Schon BS, Mekhileri NV, et al. New visible‐light photoinitiating system for improved print fidelity in gelatin‐

based bioinks. ACS Biomater Sci Eng. 2016;2(10):1752‐1762. doi:10.1021/acsbiomaterials.6b00149

NIETO ET AL. | 1997

https://doi.org/10.1038/srep24726
https://doi.org/10.1016/j.copbio.2019.12.006
https://doi.org/10.1093/ejcts/ezu242
https://doi.org/10.1088/1758-5082/5/4/045007
https://doi.org/10.1056/NEJMc1206319
https://doi.org/10.1063/1.4767518
https://doi.org/10.1063/1.4767518
https://doi.org/10.1016/j.biomaterials.2014.01.064
https://doi.org/10.1007/s10529-015-1921-2
https://doi.org/10.1016/j.actbio.2013.12.005
https://doi.org/10.1016/j.actbio.2013.12.005
https://doi.org/10.1088/1758-5090/aa7fdd
https://doi.org/10.2217/nnm.15.18
https://doi.org/10.1038/ncomms14584
https://doi.org/10.1002/adma.201800242
https://doi.org/10.1038/s41568-018-0104-6
https://doi.org/10.1371/journal.pone.0133880
https://doi.org/10.1371/journal.pone.0159013
https://doi.org/10.1039/c2ib00112h
https://doi.org/10.1088/1758-5090/aa7484
https://doi.org/10.1088/1758-5090/aa7484
https://doi.org/10.1007/s12015-014-9549-5
https://doi.org/10.1038/s41598-017-16458-3
https://doi.org/10.1016/j.biomaterials.2017.01.042
https://doi.org/10.1039/c8lc01037d
https://doi.org/10.1039/B807560C
https://doi.org/10.1016/j.biomaterials.2015.10.076
https://doi.org/10.1021/acsbiomaterials.6b00149


41. Friedl P, Alexander S. Cancer invasion and the microenvironment: plasticity and reciprocity. Cell. 2011;147(5):
992‐1009. doi:10.1016/j.cell.2011.11.016

42. Gioiella F, Urciuolo F, Imparato G, Brancato V, Netti PA. An engineered breast cancer model on a chip to replicate
ECM‐activation in vitro during tumor progression. Adv Healthc Mater. 2016;5(23):3074‐3084. doi:10.1002/adhm.
201600772

43. Aung A, Kumar V, Theprungsirikul J, Davey SK, Varghese S. An engineered tumor‐on‐a‐chip device with breast
cancer–immune cell interactions for assessing t‐cell recruitment. Cancer Res. 2020;80(2):263‐275. doi:10.1158/
0008-5472.CAN-19-0342

44. Carvalho MR, Barata D, Teixeira LM, et al. Colorectal tumor‐on‐a‐chip system: a 3D tool for precision onco‐
nanomedicine. Sci Adv. 2019;5(5):eaaw1317. doi:10.1126/sciadv.aaw1317

45. Hoshiba T. Decellularized extracellular matrix for cancer research. Materials. 2019;12(8):1311. doi:10.3390/
ma12081311

46. Ferreira LP, Gaspar VM, Mano JF. Decellularized extracellular matrix for bioengineering physiomimetic 3D in vitro
tumor models. Trends Biotechnol. 2020;38(12):1397‐1414. doi:10.1016/j.tibtech.2020.04.006

47. D'angelo E, Natarajan D, Sensi F, et al. Patient‐derived scaffolds of colorectal cancer metastases as an organotypic
3D model of the liver metastatic microenvironment. Cancers. 2020;12(2):364‐384. doi:10.3390/cancers12020364

48. Lu S, Cuzzucoli F, Jiang J, et al. Development of a biomimetic liver tumor‐on‐a‐chip model based on decellularized
liver matrix for toxicity testing. Lab Chip. 2018;18(22):3379‐3392. doi:10.1039/c8lc00852c

49. Palacio‐Castañeda V, Kooijman L, Venzac B, Verdurmen WPR, Gac SL. Metabolic switching of tumor cells under

hypoxic conditions in a tumor‐on‐a‐chip model. Micromachines. 2020;11(4):382‐394. doi:10.3390/mi11040382
50. Mi S, Du Z, Xu Y, et al. Microfluidic co‐culture system for cancer migratory analysis and anti‐metastatic drugs

screening. Sci Rep. 2016;6:635544. doi:10.1038/srep35544
51. Du Z, Mi S, Yi X, Xu Y, Sun W. Microfluidic system for modelling 3D tumour invasion into surrounding stroma and

drug screening. Biofabrication. 2018;10(3):034102. doi:10.1088/1758-5090/aac70c

52. Ruiz‐Espigares J, Nieto D, Moroni L, Jiménez G, Marchal JA. Evolution of metastasis study models toward
metastasis‐on‐a‐chip: the ultimate model? Small. 2021;17(14):e2006009. doi:10.1002/smll.202006009

53. Kim BJ, Hannanta‐anan P, Chau M, Kim YS, Swartz MA, Wu M. Cooperative roles of SDF‐1α and EGF gradients on
tumor cell migration revealed by a robust 3D microfluidic model. PLoS One. 2013;8(7):e68422. doi:10.1371/journal.

pone.0068422
54. Bersini S, Miermont A, Pavesi A, et al. A combined microfluidic‐transcriptomic approach to characterize the

extravasation potential of cancer cells. Oncotarget. 2018;9(90):36110‐36125. doi:10.18632/oncotarget.26306
55. Hao S, Ha L, Cheng G, et al. A spontaneous 3D bone‐on‐a‐chip for bone metastasis study of breast cancer cells.

Small. 2018;14(12):e1702787. doi:10.1002/smll.201702787

56. Azimi T, Loizidou M, Dwek MV. Cancer cells grown in 3D under fluid flow exhibit an aggressive phenotype and
reduced responsiveness to the anti‐cancer treatment doxorubicin. Sci Rep. 2020;10(1):12020. doi:10.1038/s41598-
020-68999-9

57. Wang Y, Wu D, Wu G, et al. Metastasis‐on‐a‐chip mimicking the progression of kidney cancer in the liver for
predicting treatment efficacy. Theranostics. 2020;10(1):300‐311. doi:10.7150/thno.38736

58. Yi HG, Jeong YH, Kim Y, et al. A bioprinted human‐glioblastoma‐on‐a‐chip for the identification of patient‐specific
responses to chemoradiotherapy. Nat Biomed Eng. 2019;3(7):509‐519. doi:10.1038/s41551-019-0363-x

59. Cao X, Ashfaq R, Cheng F, et al. A tumor‐on‐a‐chip system with bioprinted blood and lymphatic vessel pair. Adv
Funct Mater. 2019;29(31):1807173. doi:10.1002/adfm.201807173

60. Sharifi F, Yesil‐Celiktas O, Kazan A, et al. A hepatocellular carcinoma–bone metastasis‐on‐a‐chip model for studying

thymoquinone‐loaded anticancer nanoparticles. Bio‐Design Manuf. 2020;3(3):189‐202. doi:10.1007/s42242-020-00074-8
61. Skardal A, Devarasetty M, Forsythe S, Atala A, Soker S. A reductionist metastasis‐on‐a‐chip platform for in vitro

tumor progression modeling and drug screening. Biotechnol Bioeng. 2016;113(9):2020‐2032. doi:10.1002/bit.25950
62. Xu Z, Li E, Guo Z, et al. Design and construction of a multi‐organ microfluidic chip mimicking the in vivo

microenvironment of lung cancer metastasis. ACS Appl Mater Interfaces. 2016;8(39):25840‐25847. doi:10.1021/
acsami.6b08746

63. Aleman J, Skardal A. A multi‐site metastasis‐on‐a‐chip microphysiological system for assessing metastatic preference
of cancer cells. Biotechnol Bioeng. 2019;116(4):936‐944. doi:10.1002/bit.26871

64. Skardal A, Aleman J, Forsythe S, et al. Drug compound screening in single and integrated multi‐organoid body‐on‐a‐
chip systems. Biofabrication. 2020;12(2):025017. doi:10.1088/1758-5090/ab6d36

65. Sreepadmanabh M, Toley BJ. Investigations into the cancer stem cell niche using in‐vitro 3‐D tumor models and
microfluidics. Biotech Adv. 2018;36(4):1094‐1110. doi:10.1016/j.biotechadv.2018.03.009

66. Dai X, Ma C, Lan Q, Xu T. 3D bioprinted glioma stem cells for brain tumor model and applications of drug
susceptibility. Biofabrication. 2016;8(4):045005. doi:10.1088/1758-5090/8/4/045005

1998 | NIETO ET AL.

https://doi.org/10.1016/j.cell.2011.11.016
https://doi.org/10.1002/adhm.201600772
https://doi.org/10.1002/adhm.201600772
https://doi.org/10.1158/0008-5472.CAN-19-0342
https://doi.org/10.1158/0008-5472.CAN-19-0342
https://doi.org/10.1126/sciadv.aaw1317
https://doi.org/10.3390/ma12081311
https://doi.org/10.3390/ma12081311
https://doi.org/10.1016/j.tibtech.2020.04.006
https://doi.org/10.3390/cancers12020364
https://doi.org/10.1039/c8lc00852c
https://doi.org/10.3390/mi11040382
https://doi.org/10.1038/srep35544
https://doi.org/10.1088/1758-5090/aac70c
https://doi.org/10.1002/smll.202006009
https://doi.org/10.1371/journal.pone.0068422
https://doi.org/10.1371/journal.pone.0068422
https://doi.org/10.18632/oncotarget.26306
https://doi.org/10.1002/smll.201702787
https://doi.org/10.1038/s41598-020-68999-9
https://doi.org/10.1038/s41598-020-68999-9
https://doi.org/10.7150/thno.38736
https://doi.org/10.1038/s41551-019-0363-x
https://doi.org/10.1002/adfm.201807173
https://doi.org/10.1007/s42242-020-00074-8
https://doi.org/10.1002/bit.25950
https://doi.org/10.1021/acsami.6b08746
https://doi.org/10.1021/acsami.6b08746
https://doi.org/10.1002/bit.26871
https://doi.org/10.1088/1758-5090/ab6d36
https://doi.org/10.1016/j.biotechadv.2018.03.009
https://doi.org/10.1088/1758-5090/8/4/045005


67. Wang X, Li X, Dai X, et al. Bioprinting of glioma stem cells improves their endotheliogenic potential. Colloids Surf

B Biointerfaces. 2018;171:171629‐171637. doi:10.1016/j.colsurfb.2018.08.006.
68. Wang X, Dai X, Zhang X, et al. 3D bioprinted glioma cell‐laden scaffolds enriching glioma stem cells via

epithelial–mesenchymal transition. J Biomed Mater Res A. 2019;107(2):383‐391. doi:10.1002/jbm.a.36549
69. Lin D, Chen X, Liu Y, et al. Microgel Single‐Cell culture arrays on a microfluidic chip for selective expansion and

recovery of colorectal cancer stem cells. Anal Chem. 2021;93(37):12628‐12638. doi:10.1021/acs.analchem.1c02335
70. Sleeboom JJF, DenToonder JMJ, Sahlgren CM. MDA‐MB‐231 breast cancer cells and their CSC population migrate

towards low oxygen in a microfluidic gradient device. Int J Mol Sci. 2018;19(10):3047. doi:10.3390/ijms19103047
71. Yahara D, Yoshida T, Enokida Y, Takahashi E. Directional migration of MDA‐MB‐231 cells under oxygen

concentration gradients. Adv Exp Med Biol. 2016;923:129‐134. doi:10.1007/978-3-319-38810-6_17
72. Zou H, Yue W, Yu WK, et al. Microfluidic platform for studying chemotaxis of adhesive cells revealed a gradient‐

dependent migration and acceleration of cancer stem cells. Anal Chem. 2015;87(14):7098‐7108. doi:10.1021/acs.
analchem.5b00873

73. Lin D, Li P, Feng J, et al. Screening therapeutic agents specific to breast cancer stem cells using a microfluidic single‐
cell clone‐forming inhibition assay. Small. 2020;16(9):e1901001. doi:10.1002/smll.201901001

74. Lin Z, Luo G, Du W, Kong T, Liu C, Liu Z. Recent advances in microfluidic platforms applied in cancer metastasis:
circulating tumor cells' (CTCs) isolation and tumor‐on‐a‐chip. Small. 2020;16(9):e1903899. doi:10.1002/smll.201903899

75. Alix‐Panabières C, Pantel K. Clinical applications of circulating tumor cells and circulating tumor DNA as liquid
biopsy. Cancer Discovery. 2016;6(5):479‐491. doi:10.1158/2159-8290.CD-15-1483

76. Wan S, Kim TH, Smith KJ, et al. New labyrinth microfluidic device detects circulating tumor cells expressing cancer
stem cell marker and circulating tumor microemboli in hepatocellular carcinoma. Sci Rep. 2019;9(1):18575. doi:10.
1038/s41598-019-54960-y

77. Watanabe M, Kenmotsu H, Ko R, et al. Isolation and molecular analysis of circulating tumor cells from lung cancer
patients using a microfluidic chip type cell sorter. Cancer Sci. 2018;109(8):2539‐2548. doi:10.1111/cas.13692

78. Hasegawa N, Takeda Nakamura I, Ueno T, et al. Detection of circulating sarcoma tumor cells using a microfluidic

chip‐type cell sorter. Sci Rep. 2019;9(1):20047. doi:10.1038/s41598-019-56377-z
79. Fukumura D, Jain RK. Tumor microenvironment abnormalities: causes, consequences, and strategies to normalize.

J Cell Biochem. 2007;101(4):937‐949. doi:10.1002/jcb.21187
80. Weis SM, Cheresh DA. Tumor angiogenesis: molecular pathways and therapeutic targets. Nat Med. 2011;17(11):

1359‐1370. doi:10.1038/nm.2537
81. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis. Nature. 2011;473(7347):

298‐307. doi:10.1038/nature10144
82. Chen MB, Whisler JA, Fröse J, Yu C, Shin Y, Kamm RD. On‐chip human microvasculature assay for visualization and

quantification of tumor cell extravasation dynamics. Nat Protoc. 2017;12(5):865‐880. doi:10.1038/nprot.2017.018
83. Lee SH, Choi N, Sung JH. Pharmacokinetic and pharmacodynamic insights from microfluidic intestine‐on‐a‐chip

models. Expert Opin Drug Metab Toxicol. 2019;15(12):1005‐1019. doi:10.1080/17425255.2019.1700950
84. Rajan SAP, Aleman J, WanMM, et al. Probing prodrug metabolism and reciprocal toxicity with an integrated and humanized

multi‐tissue organ‐on‐a‐chip platform. Acta Biomater. 2020;106:106124‐135. doi:10.1016/j.actbio.2020.02.015
85. Zhao Y, Kankala RK, Wang SBin, Chen AZ. Multi‐organs‐on‐chips: towards long‐term biomedical investigations.

Molecules. 2019;24(4):675. doi:10.3390/molecules24040675
86. Sung JH, Kam C, Shuler ML. A microfluidic device for a pharmacokinetic‐pharmacodynamic (PK‐PD) model on a chip.

Lab Chip. 2010;10(4):446‐455. doi:10.1039/b917763a
87. Zheng L,Wang B, Sun Y, et al. An oxygen‐concentration‐controllable multiorgan microfluidic platform for studying hypoxia‐

induced lung cancer‐liver metastasis and screening drugs. ACS Sens. 2021;6(3):823‐832. doi:10.1021/acssensors.0c01846
88. Krzyszczyk P, Acevedo A, Davidoff EJ, et al. The growing role of precision and personalized medicine for cancer

treatment. Technology. 2018;06(03n04):79‐100. doi:10.1142/S2339547818300020
89. Karolak A, Markov DA, McCawley LJ, Rejniak KA. Towards personalized computational oncology: from spatial models

of tumour spheroids, to organoids, to tissues. J R Soc Interface. 2018;15(138):20170703. doi:10.1098/rsif.2017.0703

90. Hunter DJ, Losina E, Guermazi A, Burstein DN, Lassere M, Kraus V. A pathway and approach to biomarker validation
and qualification for osteoarthritis clinical trials. Curr Drug Targets. 2010;11(5):536‐545. doi:10.2174/
138945010791011947

91. European Communities (EC). Directive 2004/9/EC of the European Parliament and of the Council of 11 February

2004 on the inspection and verification of good laboratory practice (GLP). Off J Eur Commun. 2004;2004:L
0500028–0043.

92. European Communities (EC). Directive 2004/10/EC of the European Parliament and of the Council of 11 February
2004 on the harmonisation of laws, regulations and administrative provisions relating to the application of the
principles of good laboratory. Off J Eur Commun. 2004;2004:L 0500044‐0500059.

NIETO ET AL. | 1999

https://doi.org/10.1016/j.colsurfb.2018.08.006
https://doi.org/10.1002/jbm.a.36549
https://doi.org/10.1021/acs.analchem.1c02335
https://doi.org/10.3390/ijms19103047
https://doi.org/10.1007/978-3-319-38810-6_17
https://doi.org/10.1021/acs.analchem.5b00873
https://doi.org/10.1021/acs.analchem.5b00873
https://doi.org/10.1002/smll.201901001
https://doi.org/10.1002/smll.201903899
https://doi.org/10.1158/2159-8290.CD-15-1483
https://doi.org/10.1038/s41598-019-54960-y
https://doi.org/10.1038/s41598-019-54960-y
https://doi.org/10.1111/cas.13692
https://doi.org/10.1038/s41598-019-56377-z
https://doi.org/10.1002/jcb.21187
https://doi.org/10.1038/nm.2537
https://doi.org/10.1038/nature10144
https://doi.org/10.1038/nprot.2017.018
https://doi.org/10.1080/17425255.2019.1700950
https://doi.org/10.1016/j.actbio.2020.02.015
https://doi.org/10.3390/molecules24040675
https://doi.org/10.1039/b917763a
https://doi.org/10.1021/acssensors.0c01846
https://doi.org/10.1142/S2339547818300020
https://doi.org/10.1098/rsif.2017.0703
https://doi.org/10.2174/138945010791011947
https://doi.org/10.2174/138945010791011947


93. Bernabe RDLC, VanThiel GJMW, Van Delden JJM. What do international ethics guidelines say in terms of the scope
of medical research ethics? BMC Med Ethics. 2016;17(1):23‐40. doi:10.1186/s12910-016-0106-4

94. World Medical Association. World Medical Association declaration of Helsinki: ethical principles for medical
research involving human subjects. JAMA. 2013;310(20):2191‐2194.

95. Council for International Organizations of Medical Sciences (CIOMS). International Ethical Guidelines for Biomedical

Research Involving Human Subjects. CIOMS; 2002:1‐60.
96. Coppola L, Cianflone A, Grimaldi AM, et al. Biobanking in health care: evolution and future directions. J Transl Med.

2019;17(1):172‐189. doi:10.1186/s12967-019-1922-3
97. Regulation 2004/726—Community procedures for the authorisation and supervision of medicinal products for

human and veterinary use and establishing a European Medicines Agency. Off J Eur Communities. 2004;L
1360001–0033.

98. Regulation EC. No. 1394/2007 of the European Parliament and of the Council of 13 November 2007 on advanced
therapy medicinal products and amending directive 2001/83/EC and regulation (EC) no 726/2004. J Eur
Union. 2007;L 324121–37.

99. Galgon RE. Understanding medical device regulation. Curr Opin Anaesthesiol. 2016;29(6):703‐710. doi:10.1097/
ACO.0000000000000391

100. López‐Beas J, Guadix JA, Clares B, Soriano‐Ruiz JL, Zugaza JL, Gálvez‐Martín P. An overview of international
regulatory frameworks for mesenchymal stromal cell‐based medicinal products: from laboratory to patient. Med Res

Rev. 2020;40(4):1315‐1334. doi:10.1002/med.21659

101. Sleeboom JJF, Amirabadi HE, Nair P, Sahlgren CM, Den Toonder JMJ. Metastasis in context: modeling the tumor
microenvironment with cancer‐on‐a‐chip approaches.Dis Model Mech. 2018;11(3):dmm033100. doi:10.1242/dmm.033100

102. Jammalamadaka U, Tappa K. Recent advances in biomaterials for 3D printing and tissue engineering. J Funct

Biomater. 2018;9(1):22‐35. doi:10.3390/jfb9010022
103. Datta P, Dey M, Ataie Z, Unutmaz D, Ozbolat IT. 3D bioprinting for reconstituting the cancer microenvironment. npj

Precis Oncol. 2020;4:18. doi:10.1038/s41698-020-0121-2
104. Knowlton S, Onal S, Yu CH, Zhao JJ, Tasoglu S. Bioprinting for cancer research. Trends Biotechnol. 2015;33(9):

504‐513. doi:10.1016/j.tibtech.2015.06.007
105. Knowlton S, Joshi A, Yenilmez B, et al. Advancing cancer research using bioprinting for tumor‐on‐a‐chip platforms.

Int J Bioprinting. 2016;2(2):3‐8. doi:10.18063/IJB.2016.02.003
106. Mota C, Puppi D, Chiellini F, Chiellini E. Additive manufacturing techniques for the production of tissue engineering

constructs. J Tissue Eng Regener Med. 2015;9(3):174‐190. doi:10.1002/term.1635
107. Dennis AM, Rhee WJ, Sotto D, Dublin SN, Bao G. Quantum dot‐fluorescent protein fret probes for sensing

intracellular pH. ACS Nano. 2012;6(4):2917‐2924. doi:10.1021/nn2038077
108. Petryayeva E, Algar WR, Medintz IL. Quantum dots in bioanalysis: a review of applications across various platforms

for fluorescence spectroscopy and imaging. Appl Spectrosc. 2013;67(3):215‐252. doi:10.1366/12-06948
109. Ruzycka M, Cimpan MR, Rios‐Mondragon I, Grudzinski IP. Microfluidics for studying metastatic patterns of lung

cancer. J Nanobiotechnology. 2019;17(1):71‐100. doi:10.1186/s12951-019-0492-0
110. Chen C, Bai X, Ding Y, Lee IS. Electrical stimulation as a novel tool for regulating cell behavior in tissue engineering.

Biomater Res. 2019;23(1):25‐36. doi:10.1186/s40824-019-0176-8
111. Sanicola HW, Stewart CE, Mueller M, et al. Guidelines for establishing a 3‐D printing biofabrication laboratory.

Biotech Adv. 2020;45:45107652. doi:10.1016/j.biotechadv.2020.107652
112. Mironov V, Trusk T, Kasyanov V, Little S, Swaja R, Markwald R. Biofabrication: a 21st century manufacturing

paradigm. Biofabrication. 2009;1(2):022001. doi:10.1088/1758-5082/1/2/022001

AUTHOR BIOGRAPHIES

Daniel Nieto is an assistant professor on biofabrication at MERL Institute, Complex Tissue Regeneration

Division of the Faculty of Health, Medicine and Life Sciences at Maastricht University and a member of the

"Differentiation, regeneration and cancer research group" at the University of Granada. His research is focused

on developing light‐based and high‐resolution biofabrication and 3D bioprinting technologies for tissue

engineering and regenerative medicine. In particular, he aims to develop cell‐based technologies that will allow

engineering vascularized tissues to replicate functional multiorgans‐on‐chip and for recreating tumor

microenviroments on‐a‐chip with stage‐matched vascularization.

2000 | NIETO ET AL.

https://doi.org/10.1186/s12910-016-0106-4
https://doi.org/10.1186/s12967-019-1922-3
https://doi.org/10.1097/ACO.0000000000000391
https://doi.org/10.1097/ACO.0000000000000391
https://doi.org/10.1002/med.21659
https://doi.org/10.1242/dmm.033100
https://doi.org/10.3390/jfb9010022
https://doi.org/10.1038/s41698-020-0121-2
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.18063/IJB.2016.02.003
https://doi.org/10.1002/term.1635
https://doi.org/10.1021/nn2038077
https://doi.org/10.1366/12-06948
https://doi.org/10.1186/s12951-019-0492-0
https://doi.org/10.1186/s40824-019-0176-8
https://doi.org/10.1016/j.biotechadv.2020.107652
https://doi.org/10.1088/1758-5082/1/2/022001


Gema Jiménez is a postdoctoral researcher in the Department of Human Anatomy and Embryology (Faculty of

Medicine) at the University of Granada (UGR), Spain. She graduated with an international PhD in Biomedicine.

Previously, she did a stay at the University of Minho (Portugal) at Biomaterials, Biodegradable and Biomedical

Research Group (3B's). Her research focuses on multidisciplinary projects in the field of regenerative

biomedicine for pathological processes and in the development of biomimetic tumor models for personalized

medicine, based both on 3D bioprinting and bio‐inks development to more accurately mimic the cellular

microenvironment.

Lorenzo Moroni is a Full Professor in Biofabrication for Regenerative Medicine at the MERLN Institute for

Technology‐Inspired Regenerative Medicine of Maastricht University. Also, he is chair of the Complex Tissue

Regeneration department and vice‐director of MERLN, a board member of the International Society for

Biofabrication, a council member of the European chapter of TERMIS, and a board member of the governing

board of global TERMIS. His research interests aim at developing new biofabrication technologies to generate

libraries of 3D scaffolds able to control cell fate. This passes through the design of biomaterials, 3D scaffolds,

physicochemical, mechanical, and surface properties to better understand cell‐material interactions.

Elena López‐Ruiz (PhD) is an Associate Professor at the Department of Health Sciences at the University of Jaén,

Spain. Her research is focused on stem cells, regenerative medicine, and cancer. She has expertise in the study of

novel therapies for targeting CSCs at their microenvironment, and in the study of biomaterials with application in

regenerative medicine. She is particularly interested in the application of novel tissue engineering strategies, such as

3D cultures, cell sprays, bioreactors, and 3D bioprinting for the repair of damaged tissues. Her current research

centers on the development of bioinks from decellularized matrices for the regeneration of cartilage and bone tissue.

Patricia Gálvez‐Martín graduated in Pharmacy from the University of Granada (Spain) in 2003 and obtained her

PhD in Pharmacy from the University of Granada (Spain) in 2014. Since 2003, she has worked in various

pharmaceutical companies. From 2008 to 2013, she worked as the Director of the Unit for cellular production and

clinical trials of the Andalusian Center of Molecular Biology and Regenerative Medicine (CABIMER). During that time,

she combined her professional activity with her predoctoral research. Since 2013, she has held the position of

Advanced Therapies Director at Bioibérica S.A.U. (Barcelona). She specializes in the development of new cell‐ and

tissue‐based drugs for various pathologies in humans and animals. She has extensive experience in the pharmaceutical

industry, as a Qualified Person and Quality Control Manager. Also, since 2014, she has collaborated as a postdoctoral

researcher in the Department of Pharmacy and Pharmaceutical Technology at the University of Granada.

Juan Antonio Marchal (MD, PhD) is a Full Professor at Department of Human Anatomy and Embryology (Faculty

of Medicine) at the University of Granada (UGR), Spain. Currently, he leads the “Advanced Therapies:

differentiation, regeneration and cancer” Group at the Centre of Biomedical Research (CIBM) and is the Head of

the Chair "Doctors Galera‐Requena in cancer stem cell research," both at UGR. His research is focused in the

development of novel metastasis‐on‐a‐chip medical devices by 3D bioprinting and the development of new

bioinks and 3D scaffolds for regenerative medicine applications. Moreover, he has expertise in the

implementation of smart cancer stem cells targeted nanoparticles based on olive oil and in biomimetic nanoghost.

How to cite this article: Nieto D, Jiménez G, Moroni L, López‐Ruiz E, Gálvez‐Martín P, Marchal JA.

Biofabrication approaches and regulatory framework of metastatic tumor‐on‐a‐chip models for precision

oncology. Med Res Rev. 2022;42:1978‐2001. doi:10.1002/med.21914

NIETO ET AL. | 2001

https://doi.org/10.1002/med.21914



