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Abstract
As the conversion rate of preclinical studies for cancer treatment is low, user-friendly models that mimic the pathological 
microenvironment and drug intake with high throughput are scarce. Animal models are key, but an alternative to reduce their 
use would be valuable. Vascularized tumor-on-chip models combine great versatility with scalable throughput and are easy 
to use. Several strategies to integrate both tumor and vascular compartments have been developed, but few have been used 
to assess drug delivery. Permeability, intra/extravasation, and free drug circulation are often evaluated, but imperfectly reca-
pitulate the processes at stake. Indeed, tumor targeting and chemoresistance bypass must be investigated to design promising 
cancer therapeutics. In vitro models that would help the development of drug delivery systems (DDS) are thus needed. They 
would allow selecting good candidates before animal studies based on rational criteria such as drug accumulation, diffu-
sion in the tumor, and potency, as well as absence of side damage. In this review, we focus on vascularized tumor models. 
First, we detail their fabrication, and especially the materials, cell types, and coculture used. Then, the different strategies of 
vascularization are described along with their classical applications in intra/extravasation or free drug assessment. Finally, 
current trends in DDS for cancer are discussed with an overview of the current efforts in the domain.
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Introduction

The array of strategies to address cancer continues to expand 
as shown by recent proof-of-concept achievements in CAR-T 
cell therapy or extracellular vesicles (EVs) treatment within 
tumoral models [1–3]. Yet, the translation rate from preclini-
cal studies to successful therapies remains low [4]. Besides, 
these studies are expensive, laborious, and rely on animal 
models that often present major limitations in faithfully 
reproducing the pathophysiology of the disease. Notably, 
cancer animal models have undergone significant advances 
in the last decades [5]. Among these models, mice have 
emerged as the predominant choice in cancer pre-clinical 
research owing to the high homology of their genome to 

the human genome, easy gene modifications and breed-
ing. Mouse models can be chemically induced, established 
through injection of cell lines or patient cells to generate 
xenografts, or genetically engineered. Injection of human 
cells to better mimic the human disease implies work-
ing with immunodeficient mice that fail to reproduce the 
immune response that has been proved to be a key factor in 
the evolution of the disease and response to drugs. However, 
the injection of human cells to better emulate human dis-
eases involves working with immunodeficient mice, which 
fail to replicate the immune response—a pivotal factor in 
disease progression and drug response. Genetically modi-
fied animal models, while capable of inducing orthotopic 
tumor formation in immunocompetent mice, often fall short 
in predicting tumor responses to drugs due to disparities in 
the immune systems between humans and rodents. In recent 
years, concerted efforts have been directed towards develop-
ing humanized models that replicate the tumor microenvi-
ronment and the patient's immune system. Although these 
models hold promise, their implementation is intricate, 
requires long times with an increased cost. Additionally, 
some cases may be prone to graft-versus-host disease [5]. 
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Concurrently, significant progress has been achieved on 3D 
models that can now integrate several types of cells, a tun-
able supportive matrix, and fluid compartments [6]. Their 
preclinical relevance and reliability have been assessed and 
confirmed [7, 8], laying the groundwork for potential scal-
ability within the industry. Besides, these in vitro models 
include dynamic interactions between the different com-
partments, most often by the perfusion of the liquid envi-
ronment, to constitute a vascularized tumor model (VTM) 
[9–11]. Indeed, the tumor vasculature plays a pivotal role in 
essential processes such as immune response, drug delivery 
[12], or metastasis mechanisms (notably through its influ-
ence on the epithelial-mesenchymal plasticity (EMP) [13]).

VTMs constitute an actively investigated domain for 
which cells, materials, and microfluidic setups are exten-
sively described. Some reviews focused on disease mecha-
nisms and progression events such as metastasis or intra- and 
extravasation [14, 15]. Limited attention has been dedicated 
to exploring the effect of drugs on these in vitro models [16], 
and this number further diminishes when considering drug 
delivery systems (DDS) [17]. Given that the final aim of 
in vitro models in tissue engineering is either implantation 
or use as a biomimetic drug assessment platform, it prompts 
the question of why so few models are used to investigate the 
efficacy of drug carriers.

DDS are engineered to carry a drug throughout the body 
to its intended target, by either passive or active targeting 
[18]. DDS comprise polymeric and lipid nanoparticles 
(NPs), EVs, and liposomes as the most classical carriers 
[19, 20], but also micelles [21], metal–organic frameworks 
[22], or microbubbles can be used [23]. These carriers can 
be of primary importance to bring sensitive contents within 
cells such as proteins or nucleic acids, which are otherwise 
rapidly degraded in vivo. Besides, they can also increase cell 
internalization, which is known to be the limiting factor for 
intracellular delivery and facilitate the targeting of a spe-
cific cell population. A growing interest arises for efficient 
drug carriers that can target specific tissues or cell types, 
modulate the drug release, or enhance immune stealthing 
and therefore improve their pharmacokinetic profile. Can-
didates that fulfill these requirements are likely to lead the 
innovation in the field, as testified by the FDA approval of 
anticancer treatment based on delivery platforms, such as 
Doxil or Abraxane in 1995 and 2005 respectively. The emer-
gence of NPs prepared from pro-drug polymers has made it 
possible to reduce what have been some of the major limita-
tions of nano-encapsulated drugs for decades, such as poor 
drug loading, burst release or uncontrolled biodegradation. 
To that extent, the contribution of Prof. Couvreur in this 
field deserves mention, and notably his recent works on self-
assembled lipid pro-drug NPs based on squalene [24].

Independently of their composition, NP formulation 
and targeting abilities are often optimized in vitro using 

classical 2D models before transitioning to animal models. 
This switch can introduce unpredictable differences in the 
outcomes, contributing to the failure of DDS evaluated in 
clinics as compared to the promising candidates observed in 
fundamental studies. This limitation was already highlighted 
by Prof. Couvreur, whose efforts in recent years have also 
been aimed at obtaining more relevant in vitro cancer mod-
els for the evaluation of DDS [25]. An example is the pio-
neer scaffold-free multicellular model of pancreatic cancer 
made of endothelial cells (ECs), pancreatic cancer cells and 
fibroblasts (FBs), developed by his team [26].

Thus, the goal of this review is to focus on the develop-
ment and use of VTMs as platforms to assess DDS. To that 
extent, principal characteristics of VTMs existing in the lit-
erature are first detailed including support matrix, cell types 
employed, and types of vascularized models (Fig. 1). Then, 
an in -depth study about the use of such VTMs to evaluate 
vascular permeability, foster cancer invasion, or assess DDS 
efficiency in vitro is provided.

Components of vascularized tumor models: 
recreating the tumor microenvironment

The matrix

VTMs have benefited from recent progress in microfluid-
ics, biomaterials, and 3D imaging. As for 3D simpler mod-
els of cancer, a vital aspect is the possibility of precisely 
controlling the stiffness and geometry of the matrix, which 
can impact subsequent characterizations. The choice of the 
matrix is thus determined by technical constraints, but also 
by physiological relevance, availability, and ease of manipu-
lation. For these reasons, collagen I and fibrin matrices are, 
by a large margin, the most used compounds in the literature 
(Fig. 2A).

As it is the main component of the extracellular matrix 
(ECM), collagen I exhibits a physiologically relevant stiff-
ness range, and it allows cell degradation, which is key 
for angiogenesis and cancer invasion. Furthermore, cells 
can adhere to this matrix, thus avoiding the need for addi-
tional coating steps during material preparation. Collagen 
I has been widely used in in vitro models, for example to 
create micro-vessels supported by pericytes to study the 
angiogenic and thrombotic behavior of the system [27], to 
investigate the effect of the vessel network on cancer cell 
migration [28], or to assess the delivery of NPs in one of 
the first reported VTMs used for DDS in 2014 [29]. As its 
use became more standardized, its versatility was exploited 
across a spectrum of concentrations, ranging from 1.5 mg/
mL to 7 mg/mL [30–32]. Such variation impacted the stiff-
ness and thus migration properties of encapsulated cells. For 
example, Ozkan et al. reached compression modulus values 
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of 0.9–1.9 and 4–6 kPa by adjusting the concentration from 
4 mg/mL to 7 mg/mL, mimicking healthy and tumorigenic 
liver conditions respectively [32]. The mechanical proper-
ties of the collagen matrix have been shown to also depend 
on the acidic solvent used to rehydrate the collagen [33], 
which must therefore be detailed in all protocols. Along with 
hydrochloric acid, acetic acid is one of the most commonly 
used. The resulting collagen solution can be directly mixed 
with cells [30, 34], although in most models, cells are seeded 
after the complete gelation of their matrix [35, 36].

The other gold standard is fibrin, which is bio-sourced and 
highly tunable due to its two-component composition that 
offers great control over its gelation process and mechani-
cal properties. Fibrin requires a solution of fibrinogen and 

thrombin to be mixed to trigger the gelation process. The 
cell solution can be added to either thrombin [37] or fibrino-
gen [38, 39], homogenized, and finally the two solutions are 
combined, rapidly poured into the mold, and incubated for 
gelation. Notably, Park et al. first produced spheroids com-
posed of cancer cells, FBs, and ECs, and after maturation 
resuspended these spheroids in the thrombin solution [37]. 
In another model based on fibrin, the transport of antican-
cer drugs such as paclitaxel was shown to be hindered by 
the presence of leaky microvascular networks as opposed 
to a direct treatment of spheroids [40]. It was hypothesized 
that the density of cells and ECM components in their fibrin 
matrix containing stromal cells could have curbed the dif-
fusion of drugs, and therefore reduced the spheroid uptake.

Fig. 1  An advanced in vitro vascularized tumor model integrates bio-
mechanical, chemical, and biological features, to mimic the tumor 
microenvironment. These models can be perfused using differential 
pressures or microfluidic setups to investigate the efficiency of drug 

delivery systems for the treatment of cancer. Created with Biorender.
com. ECs: endothelial cells; VE-cadherin: vascular endothelial-cad-
herin; vWF: von Willebrand factor; ZO-1: zona occludens-1
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Other biomimetic biomaterials, such as Matrigel, have 
been reported in the literature. Although its biological fea-
tures support rapid growth of cancer cells such as ovarian, 
pancreatic, or breast cancer cells [41–44], Matrigel does not 
allow precise control of the matrix composition. Matrigel 
was one of the first materials of biological origin to func-
tionalize PDMS chips [42]. In a recent VTM, a PDMS chan-
nel coated with gelatin was seeded with ECs while the can-
cer chamber was filled with Matrigel and patient-derived 
organoids [43]. These are examples of classical systems that 
have the advantage of relying on techniques that are used for 
decades, enabling rapid production of microfluidic chips to 
assess anticancer drugs efficiency or drug carriers’ perfor-
mance. However, Kwak et al. showed that Matrigel leads to 
EC channels collapse after 1 day of culture [44]. Therefore, 
most recent systems try to find alternatives to PDMS, which 
is too stiff for the cells [45], and Matrigel, whose influence 
on cells is laboring to analyze due to a complex and often 
unpredictable composition.

Additionally, basement membrane extract (BME) and 
decellularized matrix have also been used to build VTMs 
[46]. A model designed by Liu et al. allowed the study of 
HUVEC angiogenic sprouting in a BME matrix and their 
promotion by cancer cytokines [47]. The cancer paracrine 
influence needs to be further investigated with a quantitative 
analysis, along with a study of the resulting gene regulation 
among HUVECs. Besides, limited details are provided con-
cerning their in vitro blood vessel, and notably no PDMS 
functionalization for EC culture is detailed. This raises ques-
tions about the phenotype and organization of HUVECs in 
the PDMS channel. Also, immunostaining of endothelial 
markers to characterize the monolayer is missing. In line with 
this, a “blood vessel” bio-printed with a coaxial nozzle to 
print core and shell layers was fully characterized, including 
immunostaining marking of CD31 and mRNA expression 
of endothelial tight junctions [48]. The sprouting of large 
metastatic cancer spheroids was observed when grown in 
close contact with the vascularization. The same team also 

Fig. 2  Quantitative analyses of the different setups used for VTMs 
on 48 articles assessed (Table S1). A Materials used for the matrix, 
fibrin and collagen being the most common, along with derivatives of 
these two biomaterials (der.). B Type of ECs used for the vasculariza-
tion, HUVECs being the most used, followed by organ specific ECs, 
ECFCs, and iPs-ECs. C Use of supportive cells like FBs, MSCs, or 
pericytes (peri.). D Organotypic models usually focus on breast, lung, 
colorectal (colo.), liver, or ovarian (ova.) cancer. E These models use 
channels covered with ECs, vascular bed, or vascularized spheroids 
(spher.), as well as porous membranes (membr.) setups for their vas-
cularized part. F The drug delivery perspectives are evaluated either 
by a simple evaluation of the vascularization permeability (perm.), 
or by infusion of free drugs, DDS, or cell-based therapies. G The 48 
articles selected were published in 27 different journals, which topics 

have been summarized here. Most proficient journals are specialized 
on biochemistry (biochem.) and biomedical engineering (biomed. 
eng.), but also about biomaterials (biomat.), medicine (med.), bio-
technologies (biotech.), or pharmacology (pharm.). More transversal 
topics are also present, such as soft matter or mechanical engineering, 
and have been gathered in the category “others”. H Published articles 
were mostly written by research teams in the USA and Korea, but 
also from China, and The Netherlands. VTMs: vascularized tumor 
models, ECs: endothelial cells, HUVEC: human umbilical vein EC, 
ECFC: endothelial colony forming cells, iPS-EC: ECs derived from 
induced pluripotent stem cells, FBs: fibroblasts, MSCs: mesenchymal 
stromal cells. Methodology similar to the quantitative analysis real-
ized by Bouquerel et al. [50]
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demonstrated that vascular integrity and monocyte recruit-
ment were fostered by the presence of cancer cells, and that 
this effect was tuned by the distance between cancer sphe-
roids and endothelium [48]. This distance is thus of primary 
importance when designing a VTM where cancer modules 
are supposed to be perfused throughout the vascularization.

The supportive cells

Since the first organ-on-chip models a decade ago  
[49], tumor-on-chip models have quickly raised and  
been developed to study the inf luence of the tumor 
microenvironment (TME) on its development, drug  
sensitivity, or metastasis ability [50]. The simplest way to 
recreate this particular environment is to supplement cells 
with factors to stimulate vasculogenesis. Indeed, in most 
studies involving VTM, EC culture medium is enriched 
with VEGF, bFGF, EGF, and/or ANG1. Recent progress 
in mechanobiology sheds light on the mechanical stress 
that the ECM exerts on tumor cells, triggering metastatic 
behaviors or increasing chemoresistance [51]. The interplays 
between cancer and supportive cell types that surround them 
have also been investigated. Notably, stromal cells such as 
FBs and especially cancer-associated fibroblasts (CAFs) 
are known to modify the fate of tumors nearby [37, 52]. 
Recent progress in microfabrication and microfluidics 
have allowed coculture with spatial control over the different 
cell populations to explore these interplays. For example, FBs 
have been shown to have a synergistic effect with flow on 
the sprouting of ECs [53].The shear stress induced by the 
interstitial flow was shown to stimulate single cell migration 
against its direction, while FBs’ cytokines induced the 
formation of continuous capillaries. Interstitial flow and 
FBs combined were thus leading to the formation of sprouting 
against the direction of the flow that showed no leakage 
when perfused with fluorescent dextran. Besides, this 
study pinpoints the importance of using organotypiccells 
instead of generic lineages, as they used primary human 
lung FB and cancer cells. Other teams henceforth used 
human lung FB when working on lung-on-chip models [40,  
54]. VTMs with tissue specific-ECs such as human breast 
tumor associated ECs (HBTEACs) have been reported to 
mimic in vivo interplays between ECs and cancer cells [42, 
55]. This was supported by another study that compared 
the vascular networks formed by both organ-specific and 
generic ECs in presence of associated cancer cells [8t, 34] 
(Fig. 2B).

Most vessel-on-chip models including VTMs aim at 
refining the vascularized compartment of the model. To this 
extent, recent studies suggest that ECs alone have limited 
angiogenic power, and that the vascularized network quickly 
retracts without further stimuli [56]. To better mimic the 

in vivo situation, a coculture with FBs, mesenchymal stromal 
cells (MSCs), or pericytes is thus preferable. For example, 
significant differences in angiogenesis were highlighted for a 
vascular network alone or supported by pericytes [27]. Add-
ing pericytes to improve the vascular development has also 
been reported in a perfused glioblastoma model previously 
established by Jung et al. that used primary cells, and by 
Salmon et al., that preferred induced pluripotent stem cells 
(iPSCs) derived-pericytes [57–59]. Likewise, recent studies 
in which mature spheroids were integrated to a vascular bed 
most often used a coculture of FBs, ECs, and cancer cells to 
foster the connection of the spheroid to the vascular network 
[37, 54, 56, 60, 61]. Of note, a study established that with 
thrice the quantity of cancer cells as compared to ECs and 
FBs, spheroids were seamlessly integrated with the vascu-
lar network and exhibited robust growth and viability [60]. 
In addition to investigating cell ratios, the 3D organization 
of cells within spheroids has also been examined. A study 
showed that FBs rapidly reorganized to go in the bulk while 
cancer cells enriched the shell, which was interpreted as the 
result of a competition between the different cell adhesion 
molecules [61]. Such triculture of FBs, ECs and cancer cells 
have shown the best results in terms of subsequent binding 
to the vascular network. By using RFP-labeled ECs embed-
ded in the spheroid and GFP-labeled ECs for the vascular 
bed, Park et al. showed how intertwined the red and green 
networks were after maturation, with heterotypic spheroids 
showing improved penetration of both nutrients and chemo-
therapies [37]. Finally, efforts to integrate CAFs instead of 
generic FB lineages might be beneficial as they are known 
to tune metastasis and inflammation. For example, a VTM 
included them along with immune cells to witness the cel-
lular interactions in absence or presence of drugs [52].

In addition to the aforementioned support cells, other 
types of cells are occasionally integrated in VTMs (Fig. 2C). 
Notably, Saha et al. evaluated the extravasation process of 
activated platelets under the action of cytokines such as IL6, 
IL8, CCL2, and TNFα, that were overexpressed by ovarian 
cancer cells [62]. By doing so, the therapeutic potential of 
statins was evidenced. Statins contributed to preserve the 
endothelial adherens junctions, thus impairing the plate-
lets extravasation and reducing subsequent metastasis. The 
model was later refined by replacing HUVECs with ovar-
ian ECs to extend the study to the influence of platelets 
in cancer development and metastasis [35]. Human MSCs 
are also present in the TME and have therefore been inte-
grated in a microfluidic model with breast cancer cells and 
HUVECs [63]. A significant increase in the development 
of a robust vascular network was witnessed with this cocul-
ture in neutral, bone-, and muscle-mimicking environments. 
Three years before, the same team had also evaluated the 
influence of macrophages on the extravasation of cancer 
cells throughout the secretion of cytokines such as TNFα 
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(Fig. S1B) [64]. This is one of the few studies that included 
immune cells, although these cells are known to be predomi-
nant around an active tumor [65]. Finally, smooth muscle 
cells are overlooked despite being valuable candidates to 
encompass the blood vessel complexity. As far as we know, 
no VTMs include this type of cell so far.

The tumor compartment

To mimic the tumor, most models are based on immortal-
ized cancer cell lines, broadly available and of well-known 
genetic origins. Such lineages might not fully recapitulate 
the in vivo situation, and some models try to include organ 
specific or even primary cells. For example, primary human 
MSCs have been used in a breast cancer model to study 
cancer metastasis [63]. Silvestri et al. compared the vascu-
larization of both human and murine primary breast can-
cer organoids and reported that cancer cells intravasate and 
perturb the endothelial integrity more frequently in the bulk 
of organoids as compared to edges [66]. They mention that 
they obtained these results with HUVECs and that com-
plementary experiments with primary breast ECs would be 
required. Of note, breast is the most studied system, with a 
wide range of cells and matrices used [31, 36, 52, 55, 67–69] 
(Fig. 2D).

Primary cells from colorectal cancer have been used in a 
quite simplistic model to study the heterogeneities in drug 
treatment response [70, 71]. Other teams had also developed 
similar models using colorectal cancer cells and EC lines 
[34, 38, 47]. On the other hand, using primary cells allowed 
building a VTM that closely recapitulated the physio-path-
ological conditions to decipher disease’s progression and 
outcome, as underlined in a recent lung model [57]. Other 
teams decided to focus their lung models on its mechanical 
function to reproduce at best the in vivo situation [46, 53], 
whereas more simplified models have been used to study 
the influence of DDS [72] or to increase the throughput for 
example [40, 73].

The brain is a highly vascularized organ, and its associ-
ated diseases are likely influenced by the state of its inner 
vascularized system. Thus, brain tumors are interesting can-
didates for VTMs [27, 58, 59]. Other organs with a pecu-
liar organization and function require a balance between 
simplifying the system and keeping its most relevant char-
acteristics. It is notably the case of the ovaries, where the 
liquid TME often triggers aggressive behaviors [40, 41, 62, 
74]. Concluding, with the development of microfluidics, 
the serial branching of several organ-on-chip to constitute a 
“body-on-chip” has been realized to explore the interplays 
between interconnected organs both in healthy and tumoral 
conditions [75–77]. For such applications, elastomeric 
tubing in PDMS that can be covered with ECs to mimic a 

vascular network have been published few years ago and 
potentially represent a great improvement [78].

Characterization

Current trends in VTMs notably consist in complexify-
ing the TME by playing with either the cellular or ECM 
compartment. Concerning the cellular compartment, an 
increasing variety of cell types are used, which requires 
characterizing the stakeholders. For that, the most straight-
forward technique consists in imaging samples using 
immunofluorescence in both static and dynamic setups. 
However, 3D constructs often require building thick sam-
ples in which cancer cells, and blood vessels are embed-
ded. Confocal imaging, which is still the most widely 
used technique for characterization and analysis, only has 
a penetration depth of about 200 µm due to absorption and 
scattering [79]. Although imaging techniques have greatly 
improved in the last decade, and two-photon or light-sheet 
microscopes are becoming more popular, this technical 
issue remains a challenge for 3D tissue models develop-
ment [80]. After cell recovery by scaffold digestion or 
chip opening, flow cytometry and FACS can be used to 
study the different cellular phenotypes [52], which can be 
combined with single cell analyses, such as scRNAseq 
or velocity monitoring, to get a comprehensive view of 
the cellular interactions at play [52, 65]. In combination 
with genomic tools, it can be used to decipher the genetic 
changes caused by coculture for example [81]. In the EC 
subpopulation, permeability assays are key to assess the 
cohesiveness of the endothelial layer and can be associ-
ated with qualitative evidence of cellular junctions, such as 
VE-cadherin and zona occludens-1 (ZO-1). Besides, quan-
titative assessment of sprouting length and diameter com-
pletes the characterization of the newly formed vascular 
network [53, 81, 82]. For the tumor compartment, adapting 
protocols from in vivo studies to 3D models by assess-
ing the tumor size and growth under treatment in vitro 
shows the versatility of VTMs and can ease comparisons 
between in vitro and in vivo [53]. Finally, analyses of the 
circulating factors using immunoassays give insights on 
synergistic or antagonist effects of proteins secreted by  
the different cell types [34, 37, 83]. 

Besides the cellular compartment, the matrix itself must 
be characterized to ensure a comprehensive description 
of the TME. This is key for 3D printing setups, where the 
mechanical properties of the bioink must be assessed and 
optimized [48, 84]. Yet, bulk properties of the materials  
used in the capillary bed process are of importance, with 
Pradhan et al. demonstration of the increase of a PEG-
fibrinogen Young’s moduli by parallel-plate compres- 
sion testing when adding fibroblasts for example [55]. 
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Screening of the matrix composition can also be realized 
when combining several components as it can impact the 
performance of cancer cells and ECs [81]. Finally, immu-
nostaining of the different ECM components including  
collagens I and IV, laminin, and fibronectin can be real 
ized. Of note, second-harmonic generation is a powerful 
modality that eases the detection of fibrillar collagen and 
can help distinguish it from exogenous collagen used for 
the matrix [43].

Vascularized tumor models: types 
and applications

Strategies of vascularization

VTMs benefit from microfabrication and microfluidics out-
breaks to integrate a vascular network to the initial cancer 
model, to perfuse nutrients or drugs to the system. For that, 
first VTMs used two superimposed PDMS channels sepa-
rated by a porous membrane [49] (Table 1). One of the chan-
nels was coated with fibronectin and layered with ECs to 
form a tubular structure after maturation, while the other was 
most often loaded with a solution of hydrogel and cancer 
cells, potentially supported by stromal cells as discussed pre-
viously. The formation of the endothelial interface was then 
evaluated by immunofluorescence and permeability assays, 
and drugs were perfused (Fig. 3A). Such pioneer models 
relied on stiff PDMS chips, lacked a real 3D organization, 
and prevented any cell–cell direct interaction because of the 
presence of a physical barrier between the two cell compart-
ments. Some studies similarly used simple setups to focus 
on the cellular complexity of the TME [36, 62, 64], or on 
their application for DDS instead [42, 85]. Apart from that, 
three different strategies of vascularization can be identified, 
based on vascular beds, spheroids, or channels covered with 
ECs (Fig. 2E).

Vascular beds

A first approach relies on vasculogenesis to produce a vas-
cular bed (Fig. 3B & Table 2). By mixing ECs with the 
hydrogel solution before gelation, this technique ensures 
good homogenization and spontaneous formation of micro-
vessels with diameters of 10–50  µm on average [54],  
which would be very challenging to reach by bioprinting 
or microfabrication. Additionally, the gel solution can also 
harbor supportive cells to enrich the TME, which consti-
tutes a straightforward protocol to coculture CAFs, MSCs 
or immune cells for example. In such VTMs, cancer cells 
can be pre-matured in spheroid elsewhere, or added to the 
gel solution before crosslinking, which gives a completely 

random cell repartition where vascularization and tumors 
develop in parallel [38] (Fig. 3C). On the other hand, grow-
ing a disorganized vascular network for too long without 
flow nor cancer cells lead to vessel retractation, as high-
lighted by Bonanini et al. [56]. This technique can also be 
combined with pre-vascularized cancer spheroids to help 
its integration into the vascular bed and ease its perfusion.

Spheroids

Spheroids have been extensively used in cancer models 
because of their good biological relevance, possibility of 
high throughput production, and relative ease of manipu-
lation for further experiments or analyses [82] (Table 3). 
Tumor spheroids have been refined to integrate more cell 
types, such as CAFs and ECs, which allows them to better 
recapitulate the TME [26, 83]. For example, Ahn et al. evi-
denced that spheroids composed of HepG2 and HUVECs 
showed more expression of EMP-associated proteins than 
homotypic spheroids, which correlates with an increased 
aggressiveness [86]. Usually produced using ultralow attach-
ment plates [60] or hanging droplets [82], they are then 
transferred to a matrix potentially preloaded with vascular 
cells. Cancer cells can spread and migrate in this new matrix 
[54, 87], while the preexisting vascular network can thrive 
and connect to the microcapillaries inside the spheroid bulk 
[37]. Alternatively, vascularized spheroids can be studied 
without any vascularized bed to work on how cells spread 
on an avascular substrate [81], or how the 3D organization 
affects their survival [88]. Thus, this strategy focuses on the 
establishment of a controlled intra-tumoral organization that 
is then challenged as soon as the spheroids are transferred 
to the hydrogel compartment. Of note, this strategy is not 
intrinsically compatible with perfusion and requires another 
vascularization technique for DDS evaluation.

Engineered channels

For this reason, some studies give particular attention to the 
patterning of the vascular network, most commonly by 3D 
printing or soft lithography, and disseminate cancer cells 
and eventual supportive cells in the matrix [53, 89]. The for-
mation of manufactured blood vessels leads to better control 
of the shape and properties of the vascular network, as well 
as easier perfusion capability (Fig. 3D & Table 4). Although 
such studies remain quite rare, bioprinting is becoming now 
an established technique with promising results that sup-
port the high potential of the technology [27, 90]. Numer-
ous strategies to pre-form channels within biomaterials  
have been investigated [6]. Cheng et al. used bioprinting 
to build a scaffold with a sacrificial ink that is then removed to  
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unveil hollow channels [91]. It allowed them to create a bat-
tery of network architectures that can be used to reproduce 
difficult organ vascular organization for example. Interest-
ingly, they used bacterial cellulose to engineer their matrix, 
obtaining a unique material behavior with intertwined fibers 
that metastatic cells are very likely to sense. Their work 
has been realized with MCF7, and it would be interesting 
to study if a different outcome is observed with the higher 
metastatic MDA-MB-231 line, for example. Another team 
evidenced that the use of very common stereolithography 
protocols to obtain sinuous geometries was feasible to pro-
duce channels of 100 µm [55], a resolution that allows deep-
ening our understanding of ECs evolution when the network 
is not linear, causing the shear stress to vary much more. 
Such small constructs have also been obtained in another 
study [84], where they printed half-channels matched 
very precisely to obtain channels with diameters ranging 
from 10 to 500 µm. Other teams used needles of different 
diameters to produce channels that undergo different shear 
stress [32, 46, 92]. Thanks to this setup, Ozkan et al. were 
able to compare the evolution of an endothelial monolayer  

in two different environments: “control”, where the support 
ECM is composed of 4 mg/mL collagen I, with a diameter 
of 430 µm, and “tumorigenic”, with a stiffer matrix com-
posed of 7 mg/mL collagen and a bigger diameter, around 
730 µm [32]. Therefore, shear stress goes from 4 dyn/
cm2 to 1 dyn/cm2 between healthy and tumorigenic livers, 
which accounts for the observed loss of integrity of the EC 
monolayer nearby tumors (Fig. 4A). This effect was fur-
ther amplified by the addition of TNF-α, or by the loading 
of cancer cells in the surrounding matrix. The VTM was 
then combined with a healthy liver model to show the huge 
decrease in NPs accumulation when first perfused through-
out the liver. They supported this finding by underlining the 
liver targeting-effect of PEGylation on NPs, which might 
therefore be detrimental for efficient cancer targeting. For 
comparison, Gadde et al. used a similar technique to obtain 
a diameter of 720 µm for their channel, giving a physiologi-
cal shear stress of 0.01–0.1 dyn/cm2 with their parameters 
[67]. Finally, some teams also used retaining rods to create 
their lumen, using PDMS or other non-adhesive materials 
[34, 93, 94].

Fig. 3  Different strategies of vascularization. A  Two channels are 
superimposed and separated by a porous membrane, on which ECs 
are seeded. Cancer cells are resuspended in a gel phase in the other 
channel to study the exchanges between the two channels. [62]. B A 
vascular bed composed of ECs homogenized in collagen is formed, 
and a preformed tumor spheroid is then added on top [54]. C Here, 

cancer cells and ECs are mixed in fibrin to investigate the simulta-
neous growth of tumors and vascular network [38]. D  A channel is 
molded with a needle, which is then removed to enable the vasculari-
zation of the channel. After 4 days, ECs have already begun to sprout 
in the matrix [67]. EC: endothelial cell
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Tumor‑vasculature interactions

Once cancer cells and ECs are in contact in VTMs, the recip-
rocal influence they exert on each other can be deciphered. 
They obviously interact throughout the cohort of chemokines 
that they release, as extensively displayed in the literature. 
Notably, tumor-conditioned media led to substantial increase 
in vessel permeability in a breast model designed by Tang 
et al. [42] (Fig. 4B). By comparing the effects of highly 
metastatic MDA-MB-231 and poorly metastatic MCF7, they 
showed that the extravasation of fluorescent dextran, as well 
as loaded liposomes was more important in the first case. 
The same effect is observed when cancer cells are directly 
put in contact with ECs. Besides, another team demonstrated 
that tumor secretion also improved immune escape, and 
vascular development [95]. These findings are supported 
by a third study that highlights the effect of growth factors 
on both cancer invasion and angiogenesis [96]. Although 
their proof-of-concept was done using capsules that released 
growth factors over time, the effects of secreted factors can 
be extrapolated, as coculture of FBs and cancer cells are 
known to produce abnormally high quantities of VEGF 
among others.

To study the effect of tumor secretions during cancer 
inflammation, Gadde et al. used an channel covered with 
ECs, and cancer cells suspended in the surrounding matrix 
[67]. First, they highlighted an increased porosity, especially 
in metastatic conditions, along with the release of inflam-
matory and angiogenic factors, such as ANG2, VEGF-A, 
PDGF-bb, IL6, IL8, and MMP2. Besides, they showed a 
quantitative increase of the number and length of sprouting 
in the coculture. Their data thus validate the pro-angiogenic 
and pro-inflammatory effects of cancer cells, as well as an 
increased leakiness of the vessels [97, 98]. On the other 
hand, upregulation of angiogenic genes like VEGF and vWF 
in ECs and of genes associated with cell proliferation and 
migration like VIM, LAMB3, and IGFBP5 in cancer cells 
have been demonstrated [86] (Fig. 4C). Yet, proinflamma-
tory factors could also lead to vascular degradation [53]. By 
growing cancer cells and a developing vascular network at 
the same time, tumors seemed very likely to impair vessel 
formation, which ended up in its retraction after a few days, 
especially without flow.

The presence of tumors around vascularization can also 
lead to endothelial reorganization and trigger the formation 
of mosaic vessels. Although their origin is still discussed, a 
team managed to recreate in vitro a setup where they observed 
their formation, along with other rare events, such as vessel 
constriction or pull [66]. Indeed, cancer spheroids as close 
as 5 µm from the vessel could insert in the endothelial mon-
olayer to form a mosaic vessel, then giving an easy starting 
point for cancer extravasation and metastasis. They were also 
shown to impair the vessels’ function by creating dead-ends Ta
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or ramifications. Such findings are supported by similar con-
clusions using primary cells [92]. Such systems could also be 
coupled with DDS to study the transport of drugs in actively 
remodeling vessels and their possible outcome.

Process mediated by tumor vasculature

Developing a VTM aims at understanding the interactions 
that occur when cancer cells, ECs, and eventual stromal 
cells converge in a dynamic environment. In most stud-
ies, the integrity of the model is first assessed, usually by 
immunofluorescent imaging of endothelial markers like VE-
cadherin, vWF, CD31, and ZO-1. The permeability of the 
endothelium is then evaluated both in normal and cancer 
coculture conditions by perfusing the system with fluores-
cent beads, or FITC-dextran of different molecular weights 
(classically, 3 kDa and 70 kDa). This is either done using 
live microscopy or regular confocal acquisitions, depending 
on the setup (Fig. 2F).

Numerous articles focus on metastasis and therefore 
assess the intra- and extravasation potential of cancer cells 
in their circulating environment. For that, some teams cre-
ated a vascularized environment in which circulating can-
cer cells were added [99] while others suspended them in a 
gel [100]. With this latter model, Lee et al. highlighted the 
modulatory effect of VEGF on cancer angiogenesis, and of 
TNF-α on intravasation. Similarly, a bone-mimicking setup 
with cancer cells embedded in a fibrin matrix was developed 
to investigate the activation of Snail by osteo-generated fac-
tors like CXCL5 [36]. Due to the relative simplicity of these 
setups, numerous studies using a similar approach have been 
published for almost a decade. To increase the relevance of 
the system, Aleman. et al. used microfluidics to generate a 

multi-organ platform and studied the preferential metasta-
sis sites of colorectal cancer cells in circulation [76]. This 
model encompasses a global overview of the metastatic pro-
cess, yet it overlooks the TME in contact with the metasta-
sizing cells. Thus, the process itself can be scrutinized, by 
looking at the intravasation of cancer cells suspended in a 
matrix throughout an endothelium, for example by bioprint-
ing cancer spheroids near blood vessels [53]. Alternatively, 
the extravasation can also be studied by loading cancer cells 
in the lumen of channels previously layered with ECs, as 
done in a breast cancer model using an ingenious channel 
production technique with preproduced sacrificial PDMS 
rods, called LumeNEXT [97, 101]. Finally, Ozkan et al. 
modeled the whole process by using two successive chips 
representing a breast tumor with a healthy liver and studied 
the extravasation of cancer cells from the breast cancer chip 
to its lumen, and then their intravasation in the liver chip 
under flow [32].

The above-mentioned systems have also been used to per-
fuse free growth factors, drugs, or nucleic acid-based thera-
peutics (Fig. 2F). Although this is out of the scope of this 
review, it is noteworthy pointing up that several recent works 
also reported perfusion with immune or CAR-T cells [54, 61, 
102]. Indeed, using VTMs as therapy screening platforms 
is of great relevance as the TME and notably its dynamic 
aspect is known to affect therapeutics penetration and effi-
ciency [70, 103]. Significant discrepancies between tumor 
spheroids and VTM drug sensitivity were evidenced by 
perfusing patient-derived xenografts in a colorectal model 
with the gold standard treatment FOLFOX, along with the 
promising TGF-β inhibitor galunisertib [71]. Direct applica-
tions of anticancer treatment for evaluation of their potency 
has also been realized and pinpointed vessel resorption after 

Fig. 4  Effects of EC and cancer cell coculture. A When cultured with 
tumor-conditioned medium (control +) or with cancer cells, EC mon-
olayers tend to lose integrity and therefore the permeability of vascu-
larized channels is increased [32]. B  This can notably be explained 
by the downregulation of VE-cadherin, especially when grown with 

aggressive cancer cells like MDA-MB-231. MCF7 have little influ-
ence on VE-cadherin expression [42]. C After 6 days of culture, the 
integration of a cancer spheroid within its vascular bed and its perfu-
sion with fluorescent beads could be observed [86]. EC: endothelial 
cell
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paclitaxel treatment both for cell lines and patient-derived 
cells [39]. Assays have also been routinely conducted by 
Phan et al. for numerous anticancer drugs to establish the 
relevance of their high-throughput platform for drug screen-
ing [104]. Another team used a very different setup to focus 
on MMP9 in cancer spheroids [73]. Treatment efficacy 
could be established by quantifying the decrease of the vas-
cularized volume for antiangiogenic drugs such as bevaci-
zumab [105], or thanks to the evolution of the tumor volume, 
which is commonly assessed in vivo and was adapted here 
for this pancreatic VTM [106].

Drug delivery development based 
on vascularized tumor models

The development of DDS relies on costly and laborious 
in vivo pharmacokinetic/pharmacodynamic evaluations of 
few candidates that have been selected after formulation opti-
mization. The use of VTMs to assess the integrity of drug 
carriers, their behavior during perfusion, or their targeting 
ability could greatly reduce the costs and accelerate DDS 
commercialization. Besides, studies can be conducted at dif-
ferent scales to decipher DDS fate at the level of the tumor 
microvasculature and in the ECM. To understand better how 
drugs penetrate within compact tumors and how the TME 
affects the cell sensitivity, in vitro 3D models are paving the 
way for translational studies. In our opinion, the evaluation 
of anticancer drug carriers in vascularized models should 
be more ambitious and include more innovant DDS strate-
gies currently proposed in the literature. In this section, the 
studies in which VTMs are used to evaluate DDS, mainly 
nanoformulations, are discussed (Table 5). In the coming 
years, VTMs should be applied to other systems for which 
understanding how they cross the endothelium and navigate 
within the tumor mass to reach their target is essential to 
evaluate their potential clinical efficacy, such as plant-based 
formulations, nanocrystals, extracellular vesicles, carbon 
nanotubes, dendrimers, micelles etc.

Liposomes

Liposomes have been used as DDS for thirty years, with 
the FDA approval of Doxil in 1995 or paclitaxel liposomes 
in 2003. They are still much used today as they hold great 
advantages such as the ability of shuttling hydrophilic and 
hydrophobic drugs at the same time by playing with their 
lipid bilayer, as well as their great versatility for precise 
targeting. To validate their 3D vascular model, Paek et al. 
designed liposomes coated with anti-ICAM1 antibodies to 
target the activated ECs [107]. They showed a good liposo-
mal targeting after perfusion of the vasculature with TNFα 

to trigger ICAM1 overexpression. To try to better depict the 
gradients of inflammatory factors as observed in vivo, they 
used lipopolysaccharides beads to foster a local inflamma-
tion of their vascular bed. Their liposomes were concen-
trated in the activated zone, validating a successful target-
ing of ICAM-1. Similarly, another study showed substantial 
increases in both adhesion to the vascular compartment and 
subsequent extravasation to the cancer area by perfusing 
their VTM with liposomes decorated with anti-E-selectin 
antibodies (Fig. 4B). Yet, dual targeting focusing E-selectin 
and ECAM1 showed no improvements as compared to single 
targeted liposomes [42]. Straehla et al. used an angiopep-2 
peptide to increase blood–brain barrier (BBB) permeability 
and thus the delivery of cisplatin by their liposomal shuttles 
in a model of vascularized glioblastoma [59]. No signifi-
cant effect of the targeting was evidenced both in vitro and 
in vivo, leading them to conclude that their model was a 
relevant mimic of the in vivo situation and could permit 
drug testing prior to or instead murine studies. Perspectives 
for refining their model include addition of flow as well as 
immune cells, along with the coupling with another organ-
on-chip device to assess DDS pharmacokinetics through-
out the BBB. Interestingly, it was also suggested that stiffer 
materials seem to be internalized less efficiently when com-
paring polystyrene and liposomal NPs, although the oppo-
site was asserted for PEG-PLGA NPs as compared to soft 
PEG-liposomes [41]. This may be caused by the activation 
of different internalization pathways depending on NP stiff-
ness [108].

Lipid nanoparticles

Besides liposomes, lipid NPs have hooked huge interest 
recently and became one of the most used DDS nowa-
days [31]. Other types of NPs are also widely studied, 
including polymer-based, graphene oxide-based, or metal 
compositions. For example, B. Han and colleagues deco-
rated hyaluronic acid NPs with doxorubicin to compare 
with free drugs and showed that it labored to penetrate 
in poorly vascularized tumors [109, 110]. The two differ-
ent pharmacokinetic profiles observed in the study may 
originate from lengthened circulation time of NPs instead 
of sustained targeting. This can be explained by a slower 
diffusion of NPs as compared to free drug, as highlighted 
in a FB/EC/cancer coculture setup using PEG-PPMT poly-
meric NPs loaded with docetaxel [111]. Yet, this remark 
concerns in vitro setups with little to no flow and no tar-
geting. This is likely to be different for more complex 
models that better depict the in vivo situation, with for 
example the stealthing brought by DDS to avoid immedi-
ate degradation of therapeutics. Yet, circulation of NPs 
without targeting can be quite long, with liquid metal NPs 
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loaded with doxorubicin showing an effective decrease of 
the tumor only 3 days after the initial perfusion throughout 
their vascular network for example [53] (Fig. 5A). Finally, 
dendrimer NPs loaded with gemcitabine showed a suc-
cessful release of the drug in a VTM and pinpointed a 
possible threshold in drug efficacy, giving a stark increase 
in cell viability after the first hundreds of micrometers of 
NPs diffusion in the vessel [85].

Others

Some other strategies stand out, such as the use of EVs or 
microbubbles to carry drugs or oligonucleotides. Jeong 
et al. used exosomes to deliver microRNA to both HUVECs 
and cancer cells in a quite simplistic VTM [72] (Fig. 5B). 
They showed that this microRNA substantially curbed 
cancer migration, as well as angiogenesis by suppressing 
VEGF-A and VEGFR2 expression. An ingenious DDS 
used microbubbles to deliver loaded liposomes at the tumor 
site, combined with ultrasound both to permeabilize cell 
membranes and to make microbubbles collapse to release 
their content [112] (Fig. 5C). They also showed that inte-
grin αvβ3 was upregulated in HUVECs and FBs following 
tumor conditioned media treatment, and thus they deco-
rated their liposomes with anti-αvβ3 antibodies to target the 

TME. Increased liposomes accumulation near the tumor was 
shown, with a significant effect of the ultrasound bursting.

Deriving insights from interconnected fields

The modeling of vascularized tissues necessitates a multi-
disciplinary approach (Fig. 2G), and strategies developed for 
other tissues, both healthy and diseased, can significantly 
contribute to advancing research on VTMs. The liver plays a 
pivotal role in drug metabolism, making the development of 
3D in vitro hepatic models essential for drug development. 
This area is of particular interest for the pharmaceutical 
industry, which invests significantly in research, especially 
leveraging microfluidic and 3D bioprinting technologies 
[113, 114]. The latter has been employed to generate liver 
organoids from patient-derived cells in recent scientific 
investigations, in collaboration with pharmaceutical indus-
tries. The liver VTM employed in these studies comprised 
a tricellular composition, meticulously organized to mimic 
an in vivo architecture, thereby providing a representative 
platform for studying drug-induced liver injury (DILI). Fol-
lowing exposure to various pharmaceutical compounds, 
this model demonstrated superior fidelity in replicating the 
human response to drugs at the tissue level when compared 
to conventional culture methods [115]. Another example is 

Fig. 5  Drug delivery in VTMs. A  Liquid metal NPs loaded with 
doxorubicin were injected within the vascularization and successfully 
circulated through capillaries and around the tumor in 3 days without 
targeting  [53]. B  A549 and HUVECs were seeded in side channels 
while collagen I was loaded in the middle. The treatment of exosomes 

carrying microRNA showed decreased cancer cell invasion (white 
arrows) as well as inhibition of the endothelial reorganization into 
tubular constructs [72]. C  Liposomes were loaded in microbubbles 
that were collapsed using inertial cavitation induced by ultrasound in 
the vascular bed, enabling the deposition of the liposomes [112]
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the Emulate Liver-Chip, made of hepatocytes, Kupffer cells, 
stellate cells, and ECs lining the vascular channel. Utilizing 
data from this system in pharmaceutical decision-making 
processes has been proposed as a strategy to mitigate the 
occurrence of clinical trial failures associated with DILI 
[116]. An investigational model is also vLAMPS, a biomi-
metic human liver encompassing the same four cell types, 
including liver sinusoidal ECs lining the vascular channel, 
with applications in drug delivery [117]. This device enables 
the establishment of continuous oxygen zonation, offering 
significant insights into its role in toxicology and disease 
progression. Such strategies might be adapted to cancer 
models to better understand oxygen gradients within tumor 
masses, influencing drug delivery efficiency. Moreover, the 
versatility of 3D liver models extends to replicating mechan-
ical properties and biochemical stimuli during fibrosis, as 
detailed in this comprehensive review [118]. Applying this 
technology to cancer models, where ECM modifications are 
pivotal for drug delivery, holds promise for enhancing the 
efficacy of antitumoral DDS.

Inspiration for optimizing VTMs can be drawn from other 
tissue models where the vascular component plays a crucial 
role. Notably, the BBB has undergone numerous advance-
ments, with some currently available as commercial products 
such as SynVivo and Mimetas [119]. These models typically 
incorporate various cell types, including astrocytes, vascular 
ECs, and pericytes, and are often integrated with Transen-
dothelial Electrical Resistance (TEER) monitoring sys-
tems to assess barrier integrity and permeability. Extensive 
research with these models has emphasized the superiority 
of humanized models over rodent models. The use of ECs 
derived from patients allows for a more accurate recapitu-
lation of in vivo scenarios, especially in dynamic models 
that provide better predictions of drug passage compared to 
static models [120]. A particularly intriguing prospect is the 
adaptation of these BBB models to incorporate the tumor 
fraction, facilitating the evaluation of DDS for the treatment 
of brain tumors. Ideally, the development of models capable 
of replicating distinct disruptions in the BBB based on the 
tumor type would be highly advantageous [121].

To conclude, progress in vascularized models of other 
tissues, particularly in BBB and liver, should inspire more 
physiological VTM. Besides, the emergence of liver models 
for industrial drug development shows the path to convert 
basic research in VTM into clinical benefits. In the next sec-
tion, some of the challenges to this transfer are addressed.

Perspectives for translational research

The application of vascularized in  vitro models in 
drug development presents numerous advantages over 
conventional 2D models, particularly within the field of 

oncology, where it introduces a pivotal therapeutic factor: 
the passage through the vascular network and penetration 
into tumors—a prerequisite for treatment success. Despite 
the escalating number of vascularized 3D models in research, 
their transition into pharmaceutical industry applications 
faces several challenges. The substitution of well-established 
2D models, with extensively demonstrated limitations, for 
3D models necessitates not only relevance for the intended 
application but also ease of implementation, reproducibility, 
reliability, and cost-efficiency.

In this context, the complexity of a model in terms of 
3D organization, utilization of various cell types, incor-
poration of primary cells or iPSCs derived from patients, 
and the application of flow, poses challenges in terms of 
implementation, standardization, and significantly increased 
costs [122]. Replicating complex models with a vascular 
component remains a formidable challenge. The reliability 
of these models is also compromised, demanding thorough 
validation before their industrial use. However, a consen-
sus within the scientific community regarding who should 
assess these models and how they should be evaluated is 
lacking, as concluded by the European Commission's Joint 
Research Center based on a 2021 survey by the EU Refer-
ence Laboratory for alternatives to animal testing [123].

Furthermore, for drug discovery applications, a crucial 
scale-up step is absent in most researched models to enable 
high-throughput screening, using, for example, 384-well 
plates and systems compatible with standard assays and 
rapid readouts. Challenges persist in real-time 3D imaging, 
efficient supernatant collection, and the ability to retrieve 
cells for further analysis, especially when the therapy  
under investigation is drug delivery-based: the complexity 
is even greater in such cases.

Certain biotech companies are actively working to 
bridge this gap and expedite the integration of complex 
3D models into the pharmaceutical industry (Fig. 2H). For 
example, MIMETAS OrganoPlate® has been specifically 
designed to incorporate tubules that can be cellularized to 
mimic blood vessels [124]. Their setup enables co-culture 
with various cell types without resorting to artificial mem-
branes for assessing cell–cell interactions. More recently, 
OrganoPlate® Graft has been proposed to position tissue 
within a microvascular bed, achieving in vitro vasculariza-
tion for drug administration through the vessel wall [125]. 
Aimbiotech's organiX Plate also facilitates 3D co-culture, 
including perfusable vasculature to mimic the TME [126]. 
While these systems are commercially available and uti-
lized in research, sometimes in collaboration with phar-
maceutical companies, they are yet to replace traditional 
2D in vitro drug-testing assays.

In summary, progress toward the commercialization 
of vascularized 3D models remains markedly limited. To 
pave the way for imminent industrial applications, research 
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should not only focus on enhancing the physiological rel-
evance of these models but also consider their applica-
bility in the industry. Striking a balance between system 
complexity and industrial utility is essential for achieving 
meaningful progress in this arena.
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