
Biomaterials 306 (2024) 122482

Available online 22 January 2024
0142-9612/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

On-chip recapitulation of the tumor microenvironment: A decade 
of progress 

S.M. Giannitelli a,1, V. Peluzzi b,1, S. Raniolo a, G. Roscilli c, M. Trombetta a, P. Mozetic d, 
A. Rainer b,e,* 

a Department of Science and Technology for Sustainable Development and One Health, Università Campus Bio-Medico di Roma, via Álvaro del Portillo, 21, 00128, Rome, 
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A B S T R A C T   

One of the hurdles to the development of new anticancer therapies is the lack of in vitro models which faithfully 
reproduce the in vivo tumor microenvironment (TME). Understanding the dynamic relationships between the 
components of the TME in a controllable, scalable, and reliable setting would indeed support the discovery of 
biological targets impacting cancer diagnosis and therapy. 

Cancer research is increasingly shifting from traditional two-dimensional (2D) cell culture toward three- 
dimensional (3D) culture models, which have been demonstrated to increase the significance and predictive 
value of in vitro data. In this scenario, microphysiological systems (also known as organs-on-chip) have emerged 
as a relevant technological platform enabling more predictive investigation of cell-cell and cell-ECM interplay in 
cancer, attracting a significant research effort in the last years. 

This review illustrates one decade of progress in the field of tumor-microenvironment-on-chip (TMOC) ap-
proaches, exploiting either cell-laden microfluidic chambers or microfluidic confined tumor spheroids to model 
the TME. TMOCs have been designed to recapitulate several aspects of the TME, including tumor cells, the tumor- 
associated stroma, the immune system, and the vascular component. Significantly, the last aspect has emerged 
for its pivotal role in orchestrating cellular interactions and modulating drug pharmacokinetics on-chip. A further 
advancement has been represented by integration of TMOCs into multi-organ microphysiological systems, with 
the final aim to follow the metastatic cascade to target organs and to study the effects of chemotherapies at a 
systemic level. 

We highlight that the increased degree of complexity achieved by the most advanced TMOC models has 
enabled scientists to shed new light on the role of microenvironmental factors in tumor progression, metastatic 
cascade, and response to drugs.   

1. Introduction 

The development of new cancer therapies has been hampered by the 
limitations of current non-clinical models to identify key molecular, 
cellular, and biophysical features of human cancer [1]. Although murine 
models enable the validation of treatments efficacy, they do not succeed 
in recapitulating the human tumor microenvironment (TME), which is 

critical for controlling cancer growth and progression [1]. 
The tumor microenvironment is a complex three-dimensional 

structure characterized by an altered and vascularized extracellular 
matrix (ECM) containing cancerous cells surrounded by different non- 
tumor cell types [2]. In particular, the non-tumoral component of 
TME consists of several cell types, including cancer-associated fibro-
blasts (CAFs), endothelial cells (ECs), immune cells (macrophages and 
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lymphocytes), and other tissue-resident cell types. Moreover, TME in-
cludes a non-cellular portion represented by the ECM components (e.g., 
collagen, fibronectin, laminin, and hyaluronan) and a complex network 
of soluble products, such as chemokines, cytokines, growth factors, en-
zymes, and extracellular vesicles, all of which contribute to tumor for-
mation and maintenance. The cellular and non-cellular components of 
the TME play a crucial role in the generation of the complex network of 
signals involved in tumor progression [3,4]. 

Recent studies [5] suggest that anticancer treatment efficacy may 
also be influenced by the composition of the TME: therefore, under-
standing the cellular and molecular mechanisms inside the TME is 
essential to discover biological targets for the development of new 
anticancer strategies. 

Microphysiological systems are in vitro miniaturized cell culture 
devices [6] which have emerged as a suitable tool to reproduce the 
complexity of the cellular microenvironment [1,7–11] with increased 
spatial and temporal control over the local cellular surroundings and to 
enable the controlled assembly and culture of cell clusters, down to 
single cells. 

A clear example of these systems is represented by organs-on–chip 
(OoC), advanced in vitro tools capable of replicating the functional unit 
of an organ [12–14]. OoCs are an emerging technology for mimicking 
cell-cell and cell-ECM interactions with a higher degree of similarity to 
the pathophysiological conditions compared to classical in vitro models 
[15–18], while enabling experiment parallelization and compatibility to 
both standard biochemical techniques [13,19] and advanced 

microscopy tools [20]. Most of these devices are fabricated in poly-
dimethylsiloxane (PDMS) using the replica molding technique. PDMS 
owes its large application to its biocompatibility, good gas permeability, 
and optical transparency. Moreover, its elastic behavior has been 
exploited to apply mechanical cues associated to organ pathophysiology 
[21,22]. However, PDMS is an intrinsically hydrophobic polymer 
showing a high level of protein adsorption. For this reason, recent 
research trends have reported the use of alternative polymers, such as 
nonabsorbent elastomers and transparent polyesters, to produce 
increasingly sophisticated and reliable platforms [23]. It is also worth 
noting that the recent advances in additive manufacturing (3D printing) 
processes have made them an attractive alternative to soft lithography 
for the fabrication of microfluidic cell culture devices [24,25], widening 
the range of applicable materials. 

The organ-on-a-chip technology has been used to simulate a multi-
tude of organs, including the heart, lung, liver, kidney, and the blood- 
brain barrier [26–30]. A recent comprehensive bibliometric analysis 
over the 10-year span [31], underscored the ever-increasing relevance of 
this research field. Notably, the keyword “tumor microenvironment” 
ranks first as the biological domain associated to OoC research. OoCs 
have indeed emerged as an enabling technology in cancer research 
(Tumor-on-Chip), with applications ranging from disease modeling to 
drug screening [32–34]. Cancer research is therefore witnessing a pro-
found shift toward three-dimensional (3D) cell culture models, since the 
3D arrangement has higher pathophysiological relevance compared to 
two-dimensional (2D) cultures [35]. 3D models have the advantage of 

Table 1 
Representative examples of TMOCs, classified into 2D/3D cell-laden and spheroid-based platforms.  

Platform Cell Lines Matrices Case studies Drug Information 

2D/3D cell- 
laden 
platforms 

Non vascularized 
platforms  

• Immune Cells [56–58]  
• TCR-T cells [59]  
• Cancer-associated 

fibroblasts (CAFs) [49–51]  
• CAR-T [69]  
• Human monocytes [59]  
• A375 metastatic melanoma 

cells [58]  
• HBV-HCC [59]  
• Human mammary 

epithelial cells [41]  
• Breast [41,49–51], Ovarian 

[69] cancer cells  

• Collagen [49–51,56,59]  
• Matrigel [58]  
• Gelatin methacrylate [69]  

• Cell migratory capability [41, 
56–58]  

• Drug studies [41,50,58]  
• Tumor-stroma interactions 

[49,51]  
• Antitumor activity of TCR-T 

cells [59]  
• Cytotoxicity and infiltration 

of CAR-T cells in a hypoxic 
tumor [69]  

• Paclitaxel [41]  
• Tamoxifen [41]  
• Suberoylanilide 

hydroxamic acid [50]  
• Decitabine [58] 

Vascularized platforms  • Fibroblast [81,82,89,91]  
• Endothelial cells [81–85, 

89,91]  
• Colorectal [81,85], Breast 

[81–83,89], Melanoma 
[81], Liver [85], Lung [85] 
cancer cells  

• Patient-derived glioma 
stem cells [84]  

• Monocytes [91]  

• Fibrin [81,84,85,91]  
• Glycol chitosan and 

benzaldehyde-modified 
polyethylene glycol [82]  

• Collagen [82,83,89]  

• Drug studies [81–85]  
• Antibody-dependent cell- 

mediated cytotoxicity 
(ADCC) [89]  

• Role of monocytes on cancer 
cell extravasation [91]  

• Pazopanib [81]  
• Paclitaxel [81]  
• Doxorubicin [82,83]  
• Plerixafor [84]  
• Sunitinib [85] 

Spheroid- 
based 
platforms 

Spheroid-based 3D tumor 
model  

• CAFs [115]  
• Pancreatic stellate cells 

[116,117]  
• M2 THP-1 [117]  
• Immune cells [121]  
• NK92-CD16 cells [121]  
• Colorectal [115,118], 

Pancreatic [116,117,121], 
Breast [120,121] cancer 
cells  

• Collagen [115–117,120]  
• Matrigel [118,120,121]  

• Drug screening [115–118, 
120]  

• Epithelial-to-mesenchymal 
transition [116,117]  

• Hypoxic tumor model [120]  
• ADCC [121]  

• Paclitaxel [115–117]  
• Gemcitabine [116,117]  
• 5-fluorouracyl [117]  
• Oxaliplatin [117]  
• Irinotecan [118]  
• AZD0156 [118]  
• Doxorubicin [120] 

Spheroid-based 
vascularized model 
microenvironment  

• Fibroblast [75,129,133, 
137,138]  

• Endothelial cells [75,129, 
133,134,137,138]  

• Ovarian [134], Lung [129, 
134,137] cancer cells  

• Esophageal carcinoma cells 
[138]  

• ASPS cells [133]  

• Collagen [75,129,133]  
• Fibrin [75,129,133,134, 

138]  
• Hydrogel based on 

decellularized lung ECM 
mixed with collagen 
[137]  

• Tumor behavior under 
intraluminal flow [75]  

• Drug studies [75,129,134, 
137,138]  

• Neovascularization 
mechanism [133]  

• Paclitaxel [75,134,138]  
• Doxorubicin [129,137]  
• Dimethyloxalylglycine 

[138]  
• Cisplatin [138]  
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precisely mimicking the organization of tissues in which cells grow [36]. 
By integrating 3D cultures within microfluidic devices, either as 
cell-laden hydrogels or cell spheroids/organoids, scientists have ach-
ieved an accurate monitoring of key signaling pathways involved in 
cell-cell and cell-ECM communications occurring in the TME [37] in a 
fashion closer to the in vivo settings. 

This review illustrates one decade of progress in the field of tumor- 
microenvironment-on-chip (TMOC) models to gain insights into the 
pathophysiology of human cancer (Table 1). We will start from 
analyzing 2D/3D in vitro tumor models, and we will proceed to more 
sophisticated approaches highlighting the advantages of integrating the 
vascular component into 3D tumor models (Section 2). We will highlight 
how the increased degree of biomimicry offered by the most advanced 
TMOCs based on tumor spheroids (Section 3) has enabled scientists to 
investigate the role of microenvironmental factors and cellular in-
teractions in tumor progression, invasion, and response to drug thera-
pies. We will then overview the recent trend of integrating TMOCs into 
multi-organ systems (Section 4), with the final aim to follow the meta-
static cascade to target organs and to investigate the effect of chemo-
therapeutic drugs from a systemic perspective. Lastly (Section 5), we 
will forecast forthcoming research trends in the field with a focus on 
technological and regulatory frameworks. 

2. 2D/3D models 

Several in vitro models have been developed to reproduce the 
complexity of the tumor microenvironment, exploiting microfabrication 
as an enabling technology. TMOC platforms mimic fundamental struc-
tural and functional characteristics of the TME by reproducing key 
specific aspects, such as biochemical gradients and dynamic cell-cell/ 
cell-matrix interactions. Indeed, the TME is characterized by human- 
specific biophysical and biochemical factors that are difficult to repro-
duce in traditional in vitro and animal models. TMOCs enable simulating 
tumor growth and expansion [1], angiogenesis [37], and progression 
from early to advanced lesions involving epithelial-to-mesenchymal 
transition, tumor cell invasion, and metastasis [38]. 

In this section, we will analyze salient TMOC applications in which 
cells are inserted into microfluidic chambers either in 2D or encapsu-
lated in ECM-mimicking hydrogels to achieve a 3D culture condition to 
better understand the underlying dynamic cellular interactions, 
exploiting ECM-mimicking matrixes, haptotactic gradients, and shear 
stress stimuli as adequate promoters for cell migration, intracellular 
signaling, proliferation and differentiation. Exploiting a combination of 
fluid flow and mechanical forces, TMOCs can influence cell shape, 
function, interaction and differentiation processes closely to the in vivo 
condition [39,40]. 

These models have the primary function of testing the effect of 
anticancer drugs in cell-cell interactions with a focus on cell motility, 
migration, and formation of vascular networks (Table 1). 

2.1. Cell migration and invasion studies 

Cell migration is a key process involved in different biological phe-
nomena, including immune response and cancer progression, while in-
vasion ability is a pivotal step in the metastatization pathway in which 
tumor cells spread through the circulatory and lymphatic systems and 
disseminate from the primary tumor to colonize distant organs. Both 
mechanisms are influenced by several physical, chemical, and molecular 
factors that need to be elucidated. To better understand these cellular 
features, it is necessary to overcome endpoint-based assays and move 
toward more efficient in vitro high-throughput studies taking advantage 
of live cell microscopy. Since the interaction of cancer and non- 
malignant cells influences cancer cell migration and response to drugs, 
TMOC models have been proposed to better understand these mecha-
nisms. As an example, cancer cells migration was assessed using a 
microfluidic system for the co-culture of normal human mammary 

epithelial cells (HMEpiC) and MDA-MB-231 breast cancer cells [41]. 
This device was used to quantify cancer cells migration ability in mild, 
moderate and severe cancer models. To evaluate the role of 
non-malignant cells in tumor cell migration, cells were separately 
seeded in two culture chambers, endowed with pulsed pressure stimu-
lation and interconnected via a microchannel array. When co-cultured 
with HMEpiC, cancer cells developed an increased migration ability, 
attributed to the increased secretion of IL-6. At the same time, cancer 
cells altered the phenotype of normal epithelial cells, which experienced 
morphological changes and decreased cytokeratin-14 secretion. The 
model could be used for the screening of anti-metastatic drugs, reporting 
a dose-dependent inhibition of tumor cells migration exerted by pacli-
taxel and tamoxifen. 

The interaction between tumor and stroma significantly affects the 
formation of metastases, the progression of the disease [42,43] and the 
efficacy of target therapies [44]. Additionally, stromal cells, such as 
CAFs or bone marrow stromal cells, have been shown to endow the 
tumor with a resistance to therapeutic T lymphocytes [45,46]. The lack 
of stroma is a highly limiting factor in 2D tumor models considering 
that, in certain types of cancer, stroma is critical for tissue remodeling 
[47]. 

In this regard, a TMOC platform was used to evaluate the molecular 
and cellular basis of tumor-stroma interactions on cancer invasion [48]. 
Breast cancer cells (SUM-159, MDA-MB-231, MCF7) were embedded in 
collagen and co-cultured with patient-derived CAFs or normal fibro-
blasts [49]. CAFs increased the rate of breast cancer invasion into the 3D 
microenvironment by inducing expression of non-metastatic B-glyco-
protein. Conversely, a reduced migratory and proliferative behavior of 
tumor cells was reported in association to normal fibroblasts. The same 
platform (Fig. 1A) had already been used in a previous work [50], where 
the role of suberoylanilide hydroxamic acid (SAHA), a histone deace-
tylase inhibitor, was investigated by examining phenotypic changes to of 
breast cancer cells co-cultured with CAFs. Following treatment with 
SAHA, cancer cells showed a more elongated shape and a significantly 
reduced migration velocity in the collagen matrix compared to un-
treated cells. Furthermore, the addition of CAFs to the tumor model 
enhanced tumor cell invasion without affecting drug resistance. 

An intriguing alternative for the on-chip recapitulation of the tumor/ 
stroma interaction is represented by the use of 3D microtissue precursors 
(3D-μTP) technology for the assembly of TMOCs [51]. 3D-μTPs are 3D 
cell constructs supported on porous gelatin microparticles (75–150 μm 
in diameter), achieved through spinner flask bioreactor conditioning 
and acting as the building blocks for microtissue assembly. An optically 
accessible microfluidic device was designed to host and interface the 
stromal and tumor compartments, which were filled with normal fi-
broblasts and breast cancer cells (MCF-7 line) 3D-μTPs, respectively, 
with the aim of replicating the modifications occurring in the healthy 
stroma during the invasion of malignant epithelial breast cells. Thanks 
to the ability of stromal cells in assembling their own ECM components, 
the model successfully replicated the pathophysiological dynamics 
occurring in vivo at the extracellular level and allowed the switch from a 
healthy to a pathologic ECM status to be monitored and quantified in 
real time. 

2.2. Tumor-immune system interactions 

One of the salient cellular components of the TME is represented by 
tumor-associated immune cells, which may exert tumor-antagonizing (e. 
g. CD8+ and CD4+ T cells, natural killer) or tumor-promoting functions 
(e.g. regulatory T cells and myeloid-derived suppressor cells). In the 
early stage of tumorigenesis, the tumor-antagonizing immune cells 
recognize and kill cancer cells. However, cancer cells have evolved a 
variety of mechanisms to escape from immune surveillance and cyto-
toxic function of the immune system [52]. In recent years, several 
immunotherapy strategies have been developed exploiting the 
tumor-associated immune cells in TME with high specificity in 
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recognizing cancer cells and lower side effects compared to traditional 
chemotherapeutic approaches. 

As T lymphocytes play a pivotal role in immunity against tumor cells, 
their infiltration into the tumor microenvironment and the activation of 
effector T lymphocytes have been described as prognostic biomarkers 
for T-cell-based immunotherapies in different types of tumors [53–55]. 
However, several solid tumors are covered by a dense collagen capsule 
and possess increased interstitial fluid pressure (IFP), which represent 
physical barriers to anticancer immunotherapy. 

The effect of the physical barriers characterizing the tumor inter-
stitium was reproduced using a microfluidic platform in order to study 
the antitumor response of tumor antigen-specific cytotoxic T lympho-
cytes (CTLs) [56]. The physical constraints of the tumor interstitium 
were recreated by narrow entrances confined by a dense collagen 
capsule and high interstitial fluid pressure (achieved by imposing a 
hydrostatic pressure), which physically prevented CTL infiltration 
(Fig. 1B). The antigen specificity between CTLs and target tumor cells 
influenced the recruitment of CTLs into the surrounding tumor, but did 
not affect how CTLs infiltrated through the narrow tumor interstitium. 
However, the presence of physical barriers influenced the performance 
of the CTL-mediated antitumor response, as CTLs reached the tumor 
culture chamber in a longer time. 

A TMOC model was also used to deepen the interpretation of in vivo 
data regarding chemotherapy-induced antitumor immune responses 
[57], with a focus on the role of formyl peptide receptor 1 (FPR1). The 
chip featured two chambers, hosting tumor cells and immune cells, 
respectively, separated by an array of narrow capillary migration 
micro-channels. Mouse splenocytes (WT or FPR1− /− ) or human PBMCs 
(from WT, heterozygous or mutated homozygous subjects) were sepa-
rately tested against cancer cells, pretreated or not with anthracyclines. 
By tracking immune cell infiltration and by quantifying the interaction 
times with cancer cells, it could be observed that FPR1 was associated 
with stable interactions of immune cells with anthracycline-treated 
dying cancer cells. A similar approach was applied to address the im-
mune escape phenomena in melanoma [58]. Human PBMCs were 
loaded in a microfluidic channel, flanked by two Matrigel-laden parallel 
chambers for the 3D culture of A375 metastatic melanoma cells, 
pre-treated or not with the DNA demethylating agent decitabine and 
with interferon-α, alone or in combination. By tracking and quantifying 

the infiltration of PBMCs toward the tumor chamber, the authors re-
ported that the drug combination was effective in circumventing the 
immune escape mechanisms of melanoma cells. 

One of the most advanced therapeutic options in the field of immu-
notherapy is represented by adoptive cell therapy, which endows T cells 
with the ability to recognize and kill cancer cells through cell engi-
neering. In this regard, a microfluidic platform was designed to assess 
the antitumor activity of T cell receptor (TCR) engineered T cells (TCR- 
T) against a 3D model of HBV-HCC (hepatocellular carcinoma express-
ing hepatitis B antigen) in the presence of immunosuppressive mono-
cytes [59,60]. The microfluidic device consisted of a central channel 
with human monocytes and HBV-HCC 3D aggregates embedded in 
collagen gel mimicking the intrahepatic carcinoma environment, and 
two adjacent channels in which TCR-T cells were perfused. The model 
outperformed static 2D control models, also discriminating the perfor-
mance of TCR-T cells produced by different methods (retroviral trans-
duction vs. mRNA electroporation). 

Solid tumors are also often characterized by a hypoxic TME, due to 
the presence of abnormal vascular structures and to the influence of 
tumor cells metabolism. Hypoxia is a TME factor known to play a key 
role in cancer progression and immune editing, with cancer cells 
adapting to the hypoxic environment and eliciting a series of responses 
[61]. Activation of hypoxia-inducible factor 1 alpha (HIF-1α) is associ-
ated with inhibition of anti-tumor cytokines TNF and IFN-γ [62], PD-L1 
upregulation [63], and enhanced secretion of immunosuppressive cy-
tokines [64–68]. 

A hypoxic 3D tumor model was reproduced in a microfluidic plat-
form for the study of chimeric antigen receptor T cells (CAR-T) anti- 
tumor mechanisms [69], considering that the hypoxic environment is 
known to hinder T cell infiltration and functionality in solid tumors. 
Following a previously validated chip design [70], the device was 
endowed with a barrier to oxygen diffusion and with fluorescent 
silica-microbead-based oxygen sensors for real-time monitoring of 
hypoxic conditions. Ovarian cancer cells in gelatin methacrylate 
(GelMA) matrix were confined in the chip, while CAR-T cells were 
inserted into a channel adjacent to the tumor chamber (Fig. 1C). Results 
showed the achievement of a significant oxygen gradient in the tumor, 
with enhanced cell killing by CAR-T cells, despite the evidence of 
increased immunosuppression under these conditions. 

Fig. 1. 2D/3D TMOC platforms with a focus on cell-cell interaction. (A) Schematic representation of the platform developed to evaluate the effects of suberoylanilide 
hydroxamic acid on breast cancer. Adapted with permission from Ref. [50]. (B) Schematic representation of the platform to study the migration and antitumor response of 
tumor antigen-specific CTLs targeting liver cancer cells through antigen-specific and allogeneic recognition. Reproduced with permission from Ref. [56]. (C) Illustration of the 
working principle and assembly of the platform for the evaluation of cytotoxicity and infiltration of CAR-T cells in a hypoxic ovarian tumor. Adapted with permission 
from Ref. [69]. 

S.M. Giannitelli et al.                                                                                                                                                                                                                          



Biomaterials 306 (2024) 122482

5

To gain a more comprehensive insight on the dynamics of human 
TME, it is necessary to introduce additional components, such as intra-
luminal flow into a vascular network, to mimic the effects of blood flow 
on tumors [71]. Hence, vascularized microfluidic platforms have been 
developed to evaluate the proliferation of tumor cells and the effec-
tiveness of therapeutic strategies under perfusion conditions, since 
extracellular transport and fluid shear stress can influence the devel-
opment of drug resistance mechanisms [72]. 

2.3. Integration of the vascular component 

The blood vessels within the tumor exhibit disarray, twisting irreg-
ularly and allowing leakage, leading to elevated pressure and reduced 
oxygen levels in the tumor microenvironment. These conditions 
contribute to the facilitation of tumor growth and the sustenance of the 
tumor survival [73,74]. Furthermore, the rapid growth of the tumor 
causes a mechanical compression on the cancer-associated vascular 
network that enhances the interstitial fluid pressure (IFP) in the tumor 
tissue. This enhanced fluid pressure increases the invasive characteris-
tics of tumor cells promoting the metastatization process and hinders the 
effective delivery of drugs to the tumors [75,76]. Based on these 
mechanisms, tumor-associated blood vessels have gained importance as 
a therapeutic target in the treatment of metastatic tumors [77]. 

Engineered microvessels can be exploited as a tool for the study of 
tumor growth and metastatic mechanisms in drug screening studies and 
anticancer therapies design [38]. Literature reports the development of 
vascular structure models, including functional vascular networks 
grown in 3D matrices (collagen, fibrin, hyaluronic acid [78]) and 
endothelial cells seeded in microfluidic channels with flow-induced 
shear stress to reproduce the capillary endothelium [71]. 

Leveraging microfluidics, 3D engineered microvascular network 
models can be representative of tumor-associated microvasculature in a 
precise and reproducible manner [72], also serving as a tool for the 
assessment of anticancer therapies, given that drugs and immune cells 
traverse through the vascular system [73]. 

2.3.1. Drug transport and effect studies on vascularized TMOCs 
Drug transport within solid tumors is influenced by several factors, 

including the tumor-associated vasculature. Tumor vasculature is 
characterized by high heterogeneity in its structure and density within 

the solid mass; generally, the tumor core is avascular and necrotic, while 
the presence of blood vessels increases towards the periphery. Moreover, 
these defective architecture of blood vessels, known as a “leaky vascu-
lature”, could hinder anticancer drug diffusion [79,80]. 

vivoTo test the sensitivity of vascularized tumors to chemothera-
peutic drugs, different vascularized solid tumors have been modeled 
using a microfluidic platform incorporating both tumor (breast, colo-
rectal, and melanoma cancer cell lines) and stromal cells (human lung 
fibroblasts) growing in an ECM-mimicking 3D matrix and depending for 
survival on a perfused microvascular network (cord-blood-derived 
endothelial cells) [81]. The chip layout featured two straight medium 
supply channels separated by an array of three diamond-shaped cham-
bers for cell culture, connected to the channels through capillary burst 
valves (Fig. 2A). Upon culture, endothelial cells self-organized into a 
microvasculature structure, reaching anastomosis with the medium 
supply channels, thereby supporting physiologic flow and delivering 
nutrients to surrounding cells. Results also showed sensitivity of the 
microvessels to anti-angiogenic (pazopanib, linifanib, cabozantinib, 
axitinib, etc.) and vascular disrupting agents (vincristine, paclitaxel), 
suggesting the potential use of the platform for the screening of treat-
ments targeting cancer through effects on the vasculature. 

An alternative design to evaluate the effects of anticancer drugs on a 
vascularized TME has been proposed [82], with the aim to investigate 
the effects of doxorubicin on sensitive and resistant breast tumor cells. 
The microfluidic platform featured a porous polycarbonate membrane 
separating an upper layer (formed by two cell culture compartments 
separated by a PDMS wall) from a lower layer, consisting of a wide 
perfusion channel (Fig. 2B). To mimic the vascularized TME, NIH-3T3 
fibroblasts and HUVEC were separately seeded on the upper and lower 
sides of the membrane. Tumor cells, namely MCF7 line and its 
adriamycin-resistant variant (MCF7/ADR), were separately suspended 
in a hydrogel matrix (composed of glycol chitosan and 
benzaldehyde-modified polyethylene glycol) and seeded in the cell 
culture compartments. The lower channel mimicking a blood vessel was 
used for the administration of doxorubicin. The hydrogel played a 
supporting role for long-term cell culture and for cell-to-cell and 
cell-ECM crosstalk. In co-culture conditions, MCF7/ADR resistant cells 
showed an enhanced resistance to doxorubicin treatment compared to 
mono-culture conditions. 

TMOCs also offer an amenable platform for the screening of 

Fig. 2. Microfluidic platforms featuring engineered microvessels to study tumor growth and metastasis mechanisms. (A) Schematic representation of the platform for achieving 
vascularized micro-tumors. Adapted with permission from Ref. [81]. (B) Schematic representation of bilayer platform to investigate the effects of doxorubicin on sensitive and 
resistant breast cancer cells. Adapted with permission from Ref. [82]. (C) Schematic representation of the platform to recapitulate the glioblastoma tumor niche. Adapted with 
permission from Ref. [84]. 
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nanomedicine approaches, as in the case of nanoparticle-vehicled 
doxorubicin in breast cancer [83]. The chip featured a lower layer 
with a main chamber in which tumor cells (either MCF7 or 
MDA-MB-231) were grown in a collagen matrix. In addition, two lateral 
channels, separated from the interstitial channel through equidistant 
pins, simulated the passive drainage to the lymphatic system. The upper 
layer featured a microfluidic channel reproducing a capillary of the 
tumor micro-vascularization, separated from the main chamber by a 
porous membrane mimicking the capillary wall. Culture medium (sup-
plemented with doxorubicin) was supplied through the capillary chan-
nel into the hydrogel, mimicking the interstitial fluid pressure 
encountered in an in vivo setting. To demonstrate the advantages of the 
TMOC platform for drug screening, the phenotypic changes of cells 
grown in the microfluidic model were compared to those of a classical 
2D cell culture upon doxorubicin administration. In all the experimental 
conditions, cells cultured in the TMOC platform showed higher drug 
resistance compared to the 2D controls. 

Multi-layered microfluidic platforms have been employed to inves-
tigate the contribution of the vascular compartment to tumor growth 
[84]. Specifically, a three-layer microfluidic platform was developed to 
study how the perivascular component influences the stemness of gli-
oma cells and to evaluate the effect of the drug AMD-3100 (plerixafor) 
on their invasive behavior [84]. The 3D microvascular network was 
built by injecting a suspension of HUVECs in fibrin into the vascular 
region of the platform, while patient-derived glioma stem cells were 
seeded into the tumor region (Fig. 2C). The cellular crosstalk within the 
perivascular region induced glioma stem cells to acquire an invasive 
phenotype, which was reduced following treatment with AMD-3100. 

Vascularized platforms also represent a useful tool to recapitulate 3D 
angiogenic sprouting in the TME. As an example, a multi-chamber de-
vice featuring five parallel channels separated by micro-post arrays was 
used to validate mesoporous silica nanoparticles as a delivery system for 
siRNAs targeting the VEGF receptor (siVEGFR) [85]. Two central 
channels were filled with tumor cells (HepG2, SW620, and A549) 
embedded in fibrin gel and acellular fibrin gel, respectively, the latter to 
be used for angiogenic sprout formation. HUVECs were cultured in a 
channel adjacent to the acellular hydrogel channel. On the other side, a 
medium channel separated the tumor chamber from the 3D culture of 
stromal fibroblasts, which provided the system with a basal level of 
pro-angiogenic factors [86]. The above-described models highlight the 
central role of the vascular network in regulating the mechanisms of 
cancer cell migration and invasion and cancer response to drugs [87]. 
Although these results have led to significant advancements in the field, 
there are still some aspects to be elucidated. These include, for example, 
understanding the spatiotemporal distribution of angiogenetic signals 
and their effect on the formation of a stable microvasculature suitable 
for pharma R&D investigations [88], as well as describing the effects of 
perfusion-induced shear stress on endothelial cells. 

2.3.2. Immunocompetent vascularized TMOC models 
A further improvement in the recapitulation of the TME is repre-

sented by the generation of immunocompetent vascularized TMOC 
platforms. 

An ex vivo immunocompetent TME model was recreated in a 
microfluidic platform specifically designed to integrate four different 
cell populations (cancer cells, immune cells, vascular endothelial cells, 
and fibroblasts) [89]. The central chamber hosted an endothelial cell 
monolayer, while the two lateral chambers were filled with collagen I 
hydrogel laden with tumor cells (the HER2-positive breast cancer 
BT474 cell line) and fibroblasts, together with immune cells. The model 
was validated by studying the effect of Herceptin (trastuzumab), an 
antibody directed against the HER2 receptor, on the TME. By binding to 
upregulated HER2 receptors on tumor cells, trastuzumab created mul-
tiple binding sites for receptors expressed on the surface of different 
subtypes of immune cells, including natural killer cells, B lymphocytes, 
dendritic cells, and macrophages, recapitulating an antibody-dependent 

cell-mediated cytotoxicity (ADCC) immune response. The system also 
revealed the pro-invasive and immunomodulatory roles of CAFs, which 
may also contribute to cancer resistance toward trastuzumab. Overall, 
the immunocompetent TME model was successful in recapitulating in 
vitro the complex interaction observed using in vivo models. 

Macrophages have been extensively described to support cancer 
progression providing support for extravasation and survival of meta-
static cell [90]. More recently, attention was drawn at the role of 
monocytes, as precursors to macrophages, in cancer progression. In this 
regard, a microfluidic model was proposed to study the role of mono-
cytes on cancer cell extravasation [91]. The chip featured a main 
chamber in which a suspension of human fibroblasts and endothelial 
cells in fibrin gel was cultured in 3D fashion leading to the self-assembly 
of a 3D microvascular network. The chamber was flanked by two 
perfusion channels, through which monocytes and cancer cells were 
perfused in the microvasculature network, either simultaneously or in 
sequence. Results showed that, when perfused in association to cancer 
cells, monocytes reduced cancer cell extravasation in a non-contact 
dependent manner. Conversely, once monocytes transmigrated to the 
stromal compartment and acquired a macrophage-like phenotype, they 
had little effect on cancer cell extravasation. 

3. Spheroid-based TMOC platforms 

Among 3D cell models, spheroids, defined as self-assembled 3D cell 
aggregates [92] are largely used to study solid tumor biology since they 
reproduce several in vivo features of tumors. Spheroids are regarded as a 
more reliable model for various applications, including drug screening 
and cancer mechanism studies. Indeed, they exhibit similar proliferation 
rate, metabolic profile, and concentration gradients of in vivo tumors. 
Spheroids also exhibit cell-cell and cell-ECM interactions and accurately 
mimic the drug resistance mechanisms observed in vivo [36]. Moreover, 
spheroids present several advantages since they are clonal, simple to 
expand into large cultures and suitable for high-throughput systems. 
Spheroids can be obtained starting from cancer cell lines or cells isolated 
from patients; their formation occurs when cell suspensions are grown in 
the absence of an attachment surface, allowing cell-cell interactions to 
overcome cell-substrate ones. Several strategies have been developed for 
3D cell culture, including the hanging drop method, round-bottom low 
attachment plates, and micro-patterned plates [93,94]. However, these 
culture methods show several shortcomings, mainly associated to scarce 
control over size and geometry of the spheroids and handling issues 
which result in well-to-well variability and difficulties for long-term 
culture. 

In this section, we will start by highlighting how microfluidic plat-
forms can be exploited to enhance cancer spheroids formation, handling, 
and analysis. We will then focus on the most salient spheroid-based 
TMOC approaches to recapitulate the TME (Table 1). 

3.1. Microfluidics-assisted spheroid generation, manipulation, and culture 

Microfluidics has emerged as an alternative to traditional techniques 
for spheroid formation and culture, especially regarding the possibility 
of miniaturizing the whole experimental procedure. This is an important 
feature in studies based on biopsies from cancer patients due to the lack 
of source material. 

Different microfluidic devices have been used to obtain spheroids 
starting from established cell lines overcoming the limitations of clas-
sical methods for spheroid generation, resulting in simpler and more 
reproducible assays for anti-cancer drugs testing [95]. Microwell arrays 
represent a viable approach for generating cancer spheroids and testing 
their response to chemotherapeutic drugs [96], as reported for the 
generation of ovarian cancer spheroids. The device featured a 
multi-chamber design, with spheroid formation occurring due to sedi-
mentation of cells in small, confined microwells of ca. 250 μm diameter 
and 300 μm in depth located in each chamber. Thanks to a set of 
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microfluidic valves, the device featured differential flow control mo-
dalities, allowing for serial flow control for seeding cells and parallel 
flow control for independent drug administration in each chamber. The 
device was validated by testing different concentrations of doxorubicin 
to determine the IC50 values on an infusion of about 100,000 cells, 
considering this number as the lower number of cells present in 
fine-needle aspirate biopsy specimens. 

Microfluidic devices were also successfully applied to the isolation of 
spheroids directly from primary tumor samples [97] using trapping unit 
arrays. The PDMS device comprised two inlets, a main chamber with 
spheroid isolation units and two outlets (Fig. 3A). A suspension con-
taining spheroids from KPC mice primary pancreatic tumor explants was 
injected through the device to isolate relevant-size spheroids from single 
cells for further analysis and characterization. Spheroids were trapped in 
funnel-shaped isolation units with a large opening in the front and a 
small opening at the end, large enough to allow single cells to pass over. 
Spheroid isolation units could be modified in accordance with the 
dimension of the spheroids of interest. The isolated spheroids could be 
released from the device, tested for cell-specific markers, and cultured in 
96-well plates for up to 14 days. Working from primary tumor explants 
enabled the isolation of spheroids containing a heterogeneous popula-
tion of cells consisting of tumor cells, macrophages and fibroblasts, 
which preserved most of the in vivo features of the tissue. 

Microfluidics has also been applied to ameliorate the efficiency of the 
classical hanging drop technique for spheroid formation. According to 
the technique, a defined number of cells is seeded into hanging drops of 
culture medium where cells sediment by gravity and aggregate to form a 
scaffold-free 3D spheroid. However, long-term culture and analysis re-
quires several liquid handling procedures to be performed with accurate 
pipetting to avoid touching or destroying the spheroids. This issue has 
been addressed by the introduction of a finger-actuated hanging drop 
array (HDA) chip, which does not require external equipment or manual 
pipetting for cell seeding or subsequent culture steps [98]. The micro-
fluidic device consisted of a multi-layer PDMS body assembled to form a 
3x3 HDA, in which each row was fluidically independent and connected 
to finger-actuated pumping units operated by push buttons for medium 
supply or withdrawal. As a proof-of-concept, BT474 breast cancer cells 
were loaded into the HDA device to form spheroids which were cultured 
for 7 days, with daily medium exchange, and Live/Dead assay was 
performed directly inside the HDA device. Furthermore, spheroids were 
successfully embedded in a collagen matrix to mimic a metastatic 
environment by loading a collagen solution in the microfluidic channels. 

To enable more complex multi-tissue studies, in which spheroids 
derived from different cell types could be fluidically interconnected, a 
hanging drop network (HDN) platform was developed for the formation, 
culture, and interaction of spheroids from different cell populations 

Fig. 3. Platforms for microfluidic-assisted fabrication, manipulation, and culture of tumor spheroids. (A) Layout of the spheroid isolation device with a main chamber with 
hundreds of spheroid isolation units. Adapted with permission from Ref. [97]. (B) Schematic representation and working principle of the hanging drop network device for 
generation and co-culture of spheroids from different sources. Adapted with permission from Ref. [99]. (C) PDMS-based array for the droplet contact-based transfer methods: 
3D sketch of the drop array chip (DAC) and pillar array chip (PAC) and illustration of the contacting method for medium change and the embedment of spheroid into collagen 
matrix. Adapted with permission from Ref. [104]. (D) Microfluidic device for cell encapsulation and spheroid localization in a docking array. Adapted with permission 
from Ref. [109]. 

S.M. Giannitelli et al.                                                                                                                                                                                                                          



Biomaterials 306 (2024) 122482

8

under controlled flow conditions to recapitulate the behavior of organ 
networks [99] (Fig. 3B). The platform featured an open microfluidic 
network located at the bottom of a substrate, in which the hanging-drop 
structures were faced downwards. The channel layout was defined by 
hydrophobic rims, so that liquid distribution could be controlled by 
capillary and surface tension forces. The HDN was constituted by an 
array of circular patterns for the formation of hanging drops inter-
connected through short connection channels. Capillary valves were 
used to achieve on-demand reconfiguration of the connections between 
adjacent hanging drops, and dedicated cell loading ports enabled the 
generation of spheroids from different cell types which could be then 
fluidically connected under perfusion with gradient generation. 

An alternative microfluidic implementation of the hanging drop 
principle is represented by the SimpleDrop chip, a micro-hole device for 
the culture and analysis of 3D spheroids [100]. The device was 
composed of a PDMS layer, punched with a flat needle to form holes 
with large extremities and a narrow middle section, in which the cell 
suspension was introduced and formed drops. Cells aggregated inside 
the droplets due to gravity forces and formed a 3D spheroid within 24 h. 
Spheroids could be maintained in the device for long term culture (up to 
nine days). The system could also be used for the administration of drugs 
or functional probes to tumor spheroids, enabling its application in drug 
screening and viability studies. As an example, different concentrations 
of cisplatin, paclitaxel and methotrexate were tested on HS-SY-II 
spheroids cultured in the SimpleDrop device and their anticancer ef-
fects were evaluated by fluorescence microscopy. 

When spheroids are obtained by culturing cells in suspension, for 
example using the hanging drop method or round-bottom 96-well 
plates, they lack interaction with the ECM, which is crucial for 
different cellular functions [95]. Therefore, after their formation, 
spheroids can be embedded in hydrogels to mimic in vivo cell-ECM in-
teractions or metastasis formation. Exogenous ECM can be obtained 
using different biomaterials (e.g., collagen, alginate, gelatin, Matrigel), 
and its composition can be modified to tune matrix stiffness and 
permeability, with consequent effects on nutrient transport and me-
chanical properties of the tumor microenvironment. 
Spheroids-in-hydrogel models are widely used in cancer studies, but the 
embedment of spheroids in the hydrogel is an intricate process, since it 
requires manual handling of single spheroids, hence hindering the 
application in high-throughput screening studies. 

An advancement in the field is represented by the introduction of a 
microfluidic device to downsize drug sensitivity assays on collagen- 
embedded spheroids [101]. The chip featured three sections, each 
composed of two media channels surrounding a central gel channel, in 
which spheroids were seeded after being resuspended in collagen 
mixture. The device was used to perform a drug sensitivity assay on 
HK-1 nasopharyngeal cancer cell spheroids. Results were in agreement 
with those obtained on control groups of collagen-embedded spheroids 
cultured in 24-well plates, while the setup time and the amount of 
collagen were significantly reduced, paving the way to cheaper 
high-throughput studies. 

Classical microfluidic techniques for hydrogel patterning, such as 
surface-tension-based patterning [102], exploit intermittent physical 
barriers, such as micropillars or narrow openings, which cause a 
discontinuous cell-ECM interface. A “pillar-free” device was developed 
using a stepped-height-based hydrogel patterning method [103]. The 
method represents an on-chip spheroid-in-gel formation process, ach-
ieved by combining a hanging drop-based spheroid formation phase and 
a hydrogel patterning phase. The chip consisted of a PDMS substrate 
endowed with parallel microfluidic channels, each featuring individual 
extruded islands (lower in height than the channels) for cell/hydrogel 
confinement. To obtain spheroids, a cancer cell suspension was directly 
loaded onto the islands, confined as a droplet and cultured “upside--
down” for spheroid formation. Upon spheroid formation, medium could 
be replaced by a hydrogel to encapsulate the spheroids. The chip could 
then be faced to a glass substrate achieving hydrogel confinement in a 

single “press-on” step. Although the method eased the access to 
spheroid-based models, it presented some limitations regarding 
spheroid numerosity, dimensions and culture time span. 

To overcome these limitations, an advanced cell culture device 
implementing a “droplet contact-based spheroid transfer” (DCST) 
technique was proposed. The platform was conceived to embed spher-
oids in collagen drops and to facilitate medium exchange process in 
long-term experiments [104–106] by sequential contacting procedures 
between patterned substrates hosting the spheroids and confined ali-
quots of medium/hydrogel (Fig. 3C). The original DCST device was 
further improved by introducing 3D-printed molds to obtain more stable 
spheroids during multiple reagent addition or washing steps in 
multi-step spheroid assays [105]. The improved DCST device was used 
as a platform to culture fibroblast-associated glioblastoma spheroids, 
demonstrating its suitability for high-throughput drug screening and 
personalized cancer treatments [106]. 

Droplet-based microfluidic systems represent another viable 
approach for the generation and embedment of spheroids. In particular, 
the implementation of flow-focusing strategies has been reported for the 
generation of high numbers of cancer spheroids of controlled size for 
high throughput imaging and analysis [107–110]. A salient example is 
represented by the two-section device developed to generate and host 
breast cancer spheroids [109]. The device was composed of a droplet 
generator and a docking microarray with holding sites for spheroids 
(Fig. 3D). Droplets were formed through a T-junction configuration, 
using a cell suspension in 2 % alginate as the internal phase and mineral 
oil as the external phase. Cell-laden droplets were trapped in the docking 
array where in situ gelation occurred by calcium ions, leading to stable 
alginate-embedded spheroids. Targeting the recapitulation of the TME, 
the platform was validated for long-term co-culture of MCF-7 spheroids 
with HS-5 bone marrow fibroblasts. In another work, the same micro-
fluidic platform was applied to the generation of 3D 
tumor-stromal-immune cell spheroids [110] consisting of three cell 
types: a diffuse large B-cell lymphoma (DLBCL) cancer cell line, HS-5 
fibroblasts and PBMCs formed in a hydrogel composed of alginate and 
PuraMatrix, a synthetic peptide resembling the ECM structure. Spher-
oids were treated with the immunomodulatory drug lenalidomide to 
evaluate cell response to immunotherapy; the treatment had an 
anti-proliferative effect on cancer cells and reduced the expression of 
several pro-inflammatory chemokines. 

The use of hydrogels as a medium for direct cell embedding has the 
drawback of limiting cell-cell interaction, which is a prerequisite for 
spheroid formation. Scaffold-free methods, in contrast, are permissive 
for initial cell aggregation; however, the process may be influenced by 
differential levels of cell adhesion molecules (CAMs), leading to het-
erogeneities in spheroid formation, especially when multiple cell types 
are involved [111]. To overcome this limitation, droplet microfluidics 
and cell membrane engineering have been combined to promote the 
high-efficiency generation of multicellular tumor spheroids [112], using 
a chip endowed with an initial “cell aggregation” section, followed by a 
“spheroid formation” section. Cells were modified by installing biotin on 
cell membrane proteins using an N-hydroxysuccinimide (NHS)-acti-
vated biotin reagent. Modified cells were supplied to one side of a 
Y-shaped chip inlet, while the other branch was fed with 
streptavidin-containing medium. Streptavidin, with four biotin-binding 
sites, served as a bridge to enable robust cell-to-cell adhesion, resulting 
in the formation of (loose) cell aggregates. Aggregates then entered the 
following chip section, where encapsulation in alginate hydrogel mi-
crocapsules occurred according to a flow-focusing design. Microcapsules 
could be retrieved from the emulsion and cultured up to three days for 
spheroid formation. The approach was successfully validated for several 
cancer cell lines (HCT116, A549, and HepG2 cells), also including 
co-culture with fibroblasts (NIH-3T3). The artificial cell adhesion 
strategy was reported to prevent cell anoikis and synchronized the 
period of spheroid formation among different cell types. 

The generation of multicellular spheroids was also addressed by Sun 
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et al., who chose to recapitulate the tumor/stroma interface in breast 
cancer [113]. By implementing a dual cross-junction flow-focusing 
process, the authors fabricated highly homogeneous core-shell particles 
featuring a scaffold-free core, laden with MCF-7 breast cancer cells, and 
an alginate shell containing human mammary fibroblasts. After in vitro 
conditioning, the particles resulted in tumor spheroids evenly coated by 
a stromal layer. 

3.2. TMOCs integrating cancer spheroids 

Tissue-like 3D models have the potential to increase the predictive 
value of in vitro models, reflecting the effects of TME features on cancer 
response to drugs [114]. One of the main advantages in the use of 
microfluidic devices integrating tumor spheroids is the possibility to 
reproduce the 3D interaction of the tumor with other microenviron-
mental components at the microscale level. As an example, an indirect 
co-culture microfluidic chip was designed to avoid the direct contact 
between tumor and stromal cells, allowing soluble factors to be trans-
ported across the medium channels so that local concentration gradients 
could be established [115]. In this model, HT29 human colorectal car-
cinoma cells were grown as tumor spheroids in collagen-laden channels 
and co-cultured with CAFs to mimic the in vivo mutual cell interaction. 
The microfluidic culture device was formed by four independent units, 
each featuring three cell-culture channels separated by medium chan-
nels, as shown in Fig. 4A. Cell morphology, proliferation, migration, and 
protein expression could be monitored during the co-culture period, 
revealing cell phenotypic changes for both cancer cells and stromal fi-
broblasts, mimicking mutual microenvironmental interactions. Addi-
tionally, HT29 spheroids were treated with paclitaxel to test its 
anti-proliferative activity, showing a survival advantage for spheroids 
co-cultured with fibroblasts compared to spheroids in monoculture. 

In a following study [116], the same microfluidic device was used to 
develop a 3D pancreatic cancer model by co-culturing pancreatic tumor 

(PANC-1) spheroids with pancreatic stellate cells (PSCs), which repre-
sent the major source of CAFs in pancreatic ductal adenocarcinoma. 
Features of the TME were reproduced by culturing cells in a collagen 
matrix with the purpose of studying the epithelial-to-mesenchymal 
transition (EMT) and drug resistance mechanisms. Under co-culture 
conditions, both pancreatic spheroids and PSCs acquired an activated 
phenotype, with effects on cell growth and motility. The 3D reciprocal 
activation between the two cell types was confirmed by increased 
expression of EMT markers in tumor spheroids under co-culture. Also, a 
supra-additive effect on tumor cell viability was reported for the com-
bination treatment with gemcitabine and paclitaxel. The synergistic 
effect of the treatment was attributed not only to the direct cytotoxic 
effect of paclitaxel on cancer cells, but also to the depletion of the per-
itumoral desmoplastic stroma and the consequent increased intra-
tumoral gemcitabine levels. 

The model was further refined by the addition of the immune 
component, represented by THP-1 derived M2 macrophages (M2 THP-1) 
[117]. Co-culture with stromal cells, such as activated PSCs and M2 
THP-1, resulted in increased expression of expression of EMT-related 
proteins in pancreatic spheroids and promoted the invasion and 
migration of PANC-1 cells, while no increased drug resistance could be 
measured. 

Although microfluidic/microfabricated devices represent an 
advanced experimental strategy for in vitro anticancer drug discovery 
and screening, many designs fail to reproduce the physiological expo-
sure to drugs or to mimic the in vivo pharmacokinetic profile. To address 
this issue, an experimental setup was conceived to precisely impose a 
drug pharmacokinetic profile to tumor spheroids cultured on-chip 
[118]. The setup relied on a pump-driven system for the sequential 
delivery of specific drugs at a constant flow rate on 
Matrigel-encapsulated spheroids. The platform could mimic various 
therapeutic schedules—e.g., monotherapy/combinatorial therapies or 
intermittent/continuous administration—and reproduce the drug 

Fig. 4. Spheroid-based TMOCs. (A) Microfluidic chip for the co-culture of colorectal cancer spheroids with fibroblasts. Schematic representation of chip layout (top) and 
fluorescence images of HT-29 spheroids and CCD-18Co fibroblasts (bottom). Adapted with permission from Ref. [115]; (B) Micropillar/microwell sandwich chip for ADCC 
studies on tumor spheroids. Chip layout and micrographs of tumor spheroids formed on the micropillar tips (top); image-based ADCC quantification (bottom). Adapted with 
permission from Ref. [121]. 
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plasma concentration decrease over time. As a proof-of-concept study, 
the platform was used to test the effect of irinotecan, a topoisomerase I 
inhibitor, and its combination with AZD0156 (an ATM kinase inhibitor) 
on SW620 colorectal cancer spheroids using concentrations similar to 
mouse plasma exposure profiles. The system could effectively replicate 
in vivo evidence, suggesting its applicability for drug pharmacodynamics 
studies. 

The reported examples underline the importance of recapitulating 
the TME features to achieve more realistic tumor models in terms of cell 
response to drugs. 

3.2.1. Spheroid-based hypoxic models 
As already evidenced in §2.2, hypoxia is a key factor of the TME, 

known to contribute to cancer radio- and chemo-resistance mechanisms 
[119]. To explore the tumor behavior under different oxygen conditions, 
a microfluidic culture device was designed to observe tumor spheroid 
responses to anti-cancer treatment [120]. The microfluidic device was 
composed of 3 layers: (i) a bottom layer consisting of a culture channel 
with an array of traps for spheroid-containing hydrogel beads sur-
rounded by hydration and gas channels; (ii) an intermediate hydration 
layer for PBS perfusion to reduce media evaporation during oxygen 
control; and (iii) an upper gas control layer. Alginate-based beads, 
containing type I collagen and Matrigel and incorporating breast cancer 
MCF-7 spheroids, were trapped on-chip for spheroid exposure to 
different cycling oxygen profiles (0 %, 3 % and 10 %) at different time 
intervals. Spheroids showed a size variation driven by the swelling/-
shrinkage of individual cells in response to different oxygen profiles. The 
system was also used to monitor the uptake and accumulation of 
doxorubicin under different oxygen conditions, from anoxic conditions 
(0 %) to in vitro normoxia (20 %). An increased doxorubicin uptake was 
reported for cyclic conditions, exceeding those of chronic hypoxia and 
normoxia. Additionally, a marked heterogeneity in drug uptake was 
observed within single cells composing the spheroids, with an intensity 
gradient from the spheroid edge to the center. 

Solid tumor hypoxic conditions were also successfully recapitulated 
in a 3D co-culture of NK92-CD16 cells with pancreatic (MiaPaCa-2) and 
breast cancer (MCF-7 and MDA-MB-231) spheroids using a 330-micro-
pillar/microwell sandwich chip. The device was used to study NK-cell 
mediated cell cytotoxicity in combination with two monoclonal anti-
bodies (trastuzumab and atezolizumab) [121]. The platform was also 
used to observe cancer spheroids behavior after treatment with the 
chemotherapeutic drug paclitaxel in association, or not, with 
NK92-CD16 cells and the antibodies. To achieve tumor spheroid for-
mation, tumor cells were resuspended in Matrigel and spotted on the tip 
of polydopamine-coated micropillars using an automated cell spotter. 
After polymerization, the micropillar chip was sandwiched with the 
corresponding microwell chip, where co-culture with NK cells took 
place. The chip enabled recapitulation of the dose-response behavior of 
cancer cells in hypoxic condition, which often induce resistance of target 
cells to therapeutics, demonstrating high sensitivity for paclitaxel when 
treated with both NK cells and antibody (Fig. 4B). 

3.2.2. Integration of vasculature in spheroid-based TMOCs 
As previously discussed, spheroids mimic in vivo tumors in terms of 

shape, high cell density and biochemical milieu [75], thus enabling the 
development of in vitro models recapitulating relevant cellular functions 
[122,123]. Several studies have been conducted to incorporate the 
vascular network by co-culturing endothelial cells outside [124,125] or 
inside the tumor spheroid [126–128] under static conditions. 

A further advance is represented by the recapitulation of intra-
luminal flow on engineered tumor vascular networks, as reported in 
Ref. [75]. The microfluidic platform was characterized by three parallel 
channels separated by trapezoidal micro-posts. The central channel 
hosted cancer spheroids, either alone or in combination with fibroblasts 
and endothelial cells, in a fibrin/collagen matrix, while the two side 
channels were seeded with HUVECs. During culture, the formation of 

angiogenetic sprouts was reported, which constructed a perfusable 
vascular network in the tumor spheroid. Medium perfusion significantly 
increased cell proliferation and viability compared to the static condi-
tion, indicating that the presence of the vasculature ameliorated the 
supply of nutrients, also affecting the response of cancer cells to anti-
cancer drugs (e.g. paclitaxel). 

Sprouting angiogenesis, consisting in the growth of new capillaries 
emerging from existing ones, is involved in cancer development and 
invasion of surrounding tissues and it is also fundamental in the meta-
stasic processes. A model for the analysis of sprouted capillaries was 
proposed to study angiogenesis during the administration of anticancer 
drugs [129]. Specifically, a perfusable 3D vascularized tumor platform 
was developed, in which capillaries germinated spontaneously through 
a hydrogel matrix toward the tumor spheroid. The whole device was 
made in hydrogel (type I collagen and fibrin) and featured three parallel 
channels (namely: a central vascular channel lined with HUVECs 
flanked by a hollow channel and a channel loaded with hLFs, Fig. 5A). A 
tumor spheroid (A549 cells) was inserted in the hLF channel, and an 
interstitial flow was generated toward the hollow channel by regulating 
the height of medium reservoirs, inducing an angiogenic sprouting from 
the vascular channel toward the hLF channel. Conversely, in the absence 
of interstitial flow, HUVECs showed no sprouting or preferential 
migration. The presence of the sprouted capillaries was demonstrated to 
regulate relevant phenomena including anti-cancer effect of doxorubicin 
and immune cell transport from the vascular channel to the tumor site. 

Most of the above-reported models are based on self-organization 
processes, which induce the buildup of a perfusable vascular network 
sensitive to shear stress [130] and cellular interactions [131,132]. 
However, these models are not suitable to study tissues lacking the 
ability to induce neovascularization. Furthermore, it must be considered 
that in vivo vascular networks and 3D tissues are in close contact with the 
ECM, which mediates a uniform gradient of factors to facilitate tissue 
growth. To overcome these limitations, a microfluidic model was 
developed enabling the co-culture of tumor spheroids on a pre-formed 
vascular bed, not necessitating angiogenic factors secreted by the 
tumor [133]. The device (Fig. 5B) was characterized by a main chamber 
in which hLFs and HUVECs were cultured in fibrin-collagen gel, flanked 
by two medium supply channels separated by micro-posts to achieve gel 
confinement. The main chamber was surmounted by a well for the 
culture of the tumor spheroid derived by alveolar soft part sarcoma 
(ASPS) cells. A removable membrane (either polyester or 
alginate-based) was placed at the bottom of the well to initially separate 
the spheroid culture chamber from the underlying chamber, where the 
vascular bed was formed under stimulation from the growth factors 
secreted by hLFs. Once the membrane was removed, the spheroid con-
tacted the vascular bed, and ASPS cells migration and interaction with 
the microvasculature could be monitored. 

3.2.3. Effect of vascularization in anticancer therapy 
As systemically administered chemotherapeutics must overcome the 

vascular barrier and reach the tumor, endothelial cells can represent an 
obstacle due to drug absorption, which may result in a weaker tumor 
response to chemotherapy. 

To investigate drug delivery in a vascularized 3D TMOC model 
[134], a previously validated chip design [135,136] was adapted to the 
culture of tumor spheroids (Skov3 ovarian and A549 lung tumor cells) 
within a perfusable microvascular network. Treatment with paclitaxel 
caused a tumor-induced remodeling of TME and tumor-associated 
vasculature, and a severe effect on endothelial cells viability and func-
tion, besides its cytotoxic effect on cancer cells. Of note, in the TMOC 
model, paclitaxel effects on tumor cells were dampened compared to 
simple cancer cell spheroids used as a control, hence underlining the 
importance of the vasculature and TME recapitulation for predictive 
drug assessment. 

Growing attention has been drawn to mimicking the biochemical 
signature of the ECM, with the final aim to recapitulate the TME, as in 
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the case of a 3D vascularized on-chip lung cancer model featuring an 
ECM-derived hydrogel [137]. Spheroids made of A549 cells, HUVECs 
and hLFs were encapsulated in a hydrogel based on decellularized lung 
ECM mixed with collagen, to simulate solid-type lung cancer. In addi-
tion, two hollow channels were incorporated in the hydrogel and seeded 
with HUVECs to simulate a capillary network (Fig. 5C). By tuning the 
mechanical and biochemical properties of the hydrogel, an improve-
ment in cell viability and in angiogenesis was observed; this confirmed 
that the decellularized pulmonary ECM, thanks to the presence of 
pro-angiogenic growth factors and cytokines, could initiate vasculari-
zation and represented an ideal tool for imitating the natural microen-
vironment. Moreover, the proposed 3D vascularized model was treated 
with doxorubicin, showing markedly dose-dependent effects of the drug 
compared to non-vascularized 2D and 3D cell cultures. Thus, the uptake 
of doxorubicin occurred in a similar way to native tumors, with a sig-
nificant dose-dependent variation of its cytotoxic effects on endothelial 
cells, which undergo apoptosis at high doses of doxorubicin. 

What distinguishes tumors from normal tissues is the type of 
abnormal vascularization characterized by permeable blood vessels that 
lead to hypoxia, nutrient depletion and elevated interstitial pressure 
[138]. The last factor reverses the pressure gradients normally present in 
the tissue and ultimately prevents the penetration of molecules, 
including chemotherapeutic agents. In these conditions, the therapeutic 
efficacy is reduced, favoring the progression of the disease. In recent 
years, in vitro studies have demonstrated that dimethyloxalylglycine 
(DMOG), an inhibitor of prolyl hydroxylase that regulates 
hypoxia-inducible factors, possesses angiogenic properties capable of 
normalizing blood vessels leading to an increase in perfusion, oxygen, 
and drug distribution [139]. In this context, an on-chip, perfusable and 
vascularized esophageal carcinoma cell-derived tumor spheroid model 
was developed to demonstrate the vasoprotective and angiogenic effects 
of DMOG [138]. The microfluidic device featured a set of parallel 
channels separated by micro-pillar arrays (Fig. 5D). In the central 
channel, HUVEC in fibrin gel were introduced as the vascular bed. 

Vascular maturation was enhanced by the presence of fibroblasts in the 
lateral channels. Tumor spheroids were then inoculated in the 
pre-formed vascular bed. Exposure to DMOG resulted in increased drug 
efficacy and apoptosis of cancer cells and protected normal blood vessels 
from the damage caused by chemotherapy drugs such as paclitaxel and 
cisplatin. 

4. Toward multi-organ models integrating TMOCs 

One recent trend in the field of TMOCs regards their integration into 
multi-organ microphysiological systems (multi-OoC), aiming at inter-
facing multiple organs/tissues in a closed loop [140,141]. This approach 
has allowed scientists to better investigate the crosstalk between tumor 
metastasis and distant organs and to elucidate the (side) effects of che-
motherapies on a more systemic perspective [44]. 

One of the first attempts to address organ specificity of tumor me-
tastases is represented by the interconnection of a colon cancer model 
with a liver model, successfully tracking tumor cells homing to the target 
organ [142]. A more complex approach is represented by the work of 
Aleman et al. [143], who investigated the metastatic preference of 
colorectal cancer through a multi-chamber device hosting the tumor 
model (HTC116 colorectal cancer cells) connected to downstream 
chambers hosting liver, lung and endothelial constructs. Tumor cells 
showed a metastatic preference for the liver and lung constructs, in good 
agreement with clinical evidence. A similar approach was followed in 
the case of lung cancer, where the metastatic preference was evaluated 
using bone, brain, and liver as target organs [144]. Of note, the authors 
implemented a fully developed TMOC model, including epithelial cells, 
lung cancer cells, stromal fibroblasts, mononuclear cells, and micro-
vascular endothelium, to fully recapitulate the TME (Fig. 6A). 

Another primary application of the multi-OoC approach involves the 
study of anticancer therapies and biological processes driving tumor 
resistance to treatments. As the cytotoxic effects of anticancer drugs are 
not limited to cancer cells, but are known to generate a cascade of inter- 

Fig. 5. Microfluidic platforms integrating spheroid-based tumor models with an engineered microvasculature. (A) Representation of a 3D vascularized lung cancer model to 
study angiogenic sprouting. Adapted with permission from Ref. [129]. (B) Schematic design of the microfluidic device for the co-culture of tumor spheroids on a pre-formed 
vascular bed. Reproduced with permission from Ref. [133]. (C) 3D vascularized lung cancer-on-a-chip, with patient-derived tumor spheroids embedded in a lung ECM-derived 
hydrogel matrix. Reproduced with permission from Ref. [137]. (D) Schematic representation of the vascularized esophageal carcinoma spheroid-on-a-chip developed to 
demonstrate the vasoprotective effect of DMOG. Reproduced with permission from Ref. [138]. 
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organ events, multi-OoC platforms have proved suitable to address these 
aspects. By fluidically coupling different tissues/organs, the elucidation 
of phenomena involving drug pharmacokinetics and direct/indirect ef-
fects in other organs can be investigated. 

The integration of a lung cancer model with a full-thickness skin 
equivalent has been proposed as a model to assess the adverse effects of 
an anti-EGFR antibody (cetuximab) [145] (Fig. 6B). Beside the desired 
pro-apoptotic effects on the tumor micromass, the authors reported 
crucial inhibition of the physiological skin turnover, in agreement with 
clinical evidence. 

The known cardiotoxic effects of doxorubicin have been modeled 
using a multi-OoC featuring the interconnection of a liver cancer model 
with a human healthy heart cells under closed loop perfusion achieved 
via an on-chip integrated micropump [146]. The model successfully 
recapitulated the accumulation in heart cells of the highly cardiotoxic 
metabolite doxorubicinol. These results were confirmed in a similar 
study on a liver-cancer/heart model [147] highlighting how micro-
fluidic perfusion was associated with increased cardiotoxicity compared 
to control static cultures. 

Significant effects of perfusion conditions on drug sensitivity were 
also reported employing a multi-OoC integrating human ovarian tumor 
and liver OoCs, measuring differential drug sensitivity levels between 
dynamic multi-organ settings and static co-culture controls [148]. 

The previous findings evidence the key role of mass transport phe-
nomena in multi-OoC implementation, mandating for a rigorous design 
and simulation step to mimic in-vivo-like conditions. 

Multi-OoCs have also shown the potential to study the effectiveness 
of anticancer drugs in the form of prodrugs. A multi-OoC platform was 
proposed to investigate the hepatic metabolism of the anticancer pro-
drug capecitabine (CAP) and its metabolite 5-fluorouracyl (5-FU) [149]. 
The chip, featuring a liver and a cancer compartment, was used to 
demonstrate the antiblastic effect of 5-FU following biotransformation 
of CAP by liver cells. The model was further expanded to a 4-organ 
system, achieving the direct measurement of the chemotherapy effect 
on different tissues. 

With a similar aim, the anticancer effect of cyclophosphamide was 
evaluated against primary and metastatic oral squamous cell carcinoma 
in the presence or absence of liver biotransformation [150]. An original 
modular design (named Tetris-Like, TILE) was conceived, achieving 
effective and self-aligning on-the-fly fluidic connection of several 
modular units and easing the establishment of different multi-organ 
configurations. Similar research studies involving multi-organ reflexes 
of prodrug metabolism have been reported in the case of glioblastoma 
[151] and lung cancer [152,153]. 

5. Summary and future perspective 

With the growing push of regulatory agencies (e.g., FDA Moderni-
zation Act 2.0 [154]) to advance the development of alternative 
methods which can replace, reduce and refine (3Rs) animal testing in the 
pharma industry, we are witnessing the ascent of microphysiological 
systems as a new avenue for cancer research. Leveraging the peculiar 
aspects of 2D/3D cell culture in microfluidic regimes, these systems 
enable more accurate control over spatio-temporal gradients of 
biochemical factors and precise cell positioning and confinement, 
resulting in more robust and reproducible culture settings. Over the past 
decade, significant advances have been reported concerning the reca-
pitulation of human-like tumor niche on-chip by co-culturing tumor 
cells in combination with other components of the TME, including 
stromal cells, immune cells, and endothelial cells. This has been 
accompanied by the development of tissue-specific ECM-like matrices 
for the 3D culture of cells either laden in hydrogels or in the form of 
multicellular tumor spheroids. 3D tumor spheroids effectively reproduce 
the cell-cell and cell-ECM interactions occurring between the tumor and 
the surrounding microenvironment. For this reason, they are increas-
ingly being used for the evaluation of novel anticancer therapies, 
including the study and in vitro validation of adoptive cell therapies, 
such as those based on TCR-T and CAR-T cells. In this regard, the inte-
gration of the vascular component represents a key aspect determining 
the predictivity of TMOC models, as the dynamic interactions occurring 
between tumor and vasculature play a major role in orchestrating cancer 
progression and response to drugs. 

The most recent trend in TMOCs research regards their integration 
into more sophisticated multi-organ platforms (multi-OoCs), tailored for 
the study of metastatic processes—which directly link the primary 
tumor with distant organs—and for the elucidation of the systemic ef-
fects of anticancer drugs. Recent findings underline the great potential of 
multi-OoCs as the next step toward more robust and predictive plat-
forms. In this regard, we envisage the leading role of induced pluripotent 
stem cell (iPSC) technology, which is expected to support the develop-
ment of organ models with increasing pathophysiological relevance to 
be interconnected with TMOCs. We also expect the future generation of 
multi-OoC systems to be endowed with on-board biosensors for in situ 
real-time readout of cell biochemical/biological responses. Robotics and 
Artificial Intelligence are also expected to play a leading role in the 
automation of OoC operation and data analysis, hence improving the 
throughput of these platforms. 

Fig. 6. Multi-organ models. (A) Schematic representation of a multi-organ microfluidic chip, which includes an upstream “lung organ” and three downstream “distant organs”. 
Adapted with permission from Ref. [144]; (B) Schematic representation of the microfluidic device integrating a lung cancer model with a full thickness skin equivalent; the 
cross-section on the right shows the tumor (1) and skin (2) compartments, respectively, while the cross-section on the left shows the fluidic connection of the two models. Adapted 
with permission from Ref. [145]. 
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