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Abstract: Tumors develop in intricate microenvironments required for their sustained growth,
invasion, and metastasis. The tumor microenvironment plays a critical role in the malignant or drug
resistant nature of tumors, becoming a promising therapeutic target. Microengineered physiological
systems capable of mimicking tumor environments are one emerging platform that allows for
quantitative and reproducible characterization of tumor responses with pathophysiological relevance.
This review highlights the recent advancements of engineered tumor microenvironment systems that
enable the unprecedented mechanistic examination of cancer progression and metastasis. We discuss
the progress and future perspective of these microengineered biomimetic approaches for anticancer
drug prescreening applications.
Keywords: organ-on-a-chip; microfluidics; in vitro disease models; tumor microenvironment; drug
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1. Introduction
The cost of drug development has dramatically increased during the last several decades
due to the inefficiency of current pre-clinical drug screening models [1]. Major disadvantages of
conventional drug screening models are (i) the dissimilarity between two-dimensional (2D) in vitro cell
culture systems and in vivo models; and (ii) the phylogenetic difference between human and animal
models. Advanced 3D cell culture model systems have demonstrated advantages in providing more
physiologically relevant conditions and more predictive ability [2–4]. The integration of microfluidic
technology and cell biology research has recently reached a significant milestone with the development
of “organ-on-a-chip” technologies that reconstitute organ-level in vivo characteristics [5,6]. Developing
improved in vitro models through these innovative technologies will promote fundamental cancer
research and accelerate drug discovery and clinical translation [7].
A tumor microenvironment (TME) consists of a heterogeneous mix of cellular and non-cellular
components including surrounding blood vessels, immune cells, fibroblasts, cancer stem cells and
extracellular matrix (ECM) (Figure 1) [8]. The elucidation of the complex cellular interactions within
the TME remains one of the main challenges in the treatment of cancer [9]. It has become increasingly
recognized that the study of human cancer cannot be simplified to homogeneous collections of
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neoplastic cells, but must instead be studied as complex multicellular systems to properly reflect
interactions between malignant and non-malignant cells [10–12]. This interplay between the tumor
and the stroma has been recognized as a characteristic property of the TME, and this paradigm is
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conventionally the
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studying tumor-stromal interactions. Microfluidic systems provide greater spatial organization
through controlled compartmentalization and higher sensitivity and control over the diffusion of
soluble factors than traditional Transwell inserts [20]. Several key microfluidic tumor-stromal co-
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studying tumor-stromal interactions. Microfluidic systems provide greater spatial organization
through controlled compartmentalization and higher sensitivity and control over the diffusion of
soluble factors than traditional Transwell inserts [20]. Several key microfluidic tumor-stromal co-culture
models have been developed to investigate the interactions. A microfluidic device designed to study
salivary gland adenoid cystic carcinoma (ACC) cells and CAFs interactions when seeded in a 3D
ECM has shown the potential of these platforms as a high-throughput parallel co-culture assay.
This approach revealed that CAFs promoted ACC cell invasion into the 3D matrix, identifying a
potential target for anti-cancer chemotherapies (Figure 2A) [21]. CAFs are considered to modulate
tumor progression through cell to cell contacts and secretion of ECM components, growth factors
and chemokines [19]. Therefore, understanding the interaction between CAFs and ACC cells will
provide a potential target for anti-cancer chemotherapies. Another compartmentalized microfluidic
chip was implemented to elucidate the cellular interactions between bone marrow stromal cells (HS5)
and liver tumor cells (HuH7). It was observed that HS5 cells migrate towards HuH7 cells before
the death of stromal cells upon contact with the tumor cells. It was found that the reactive oxygen
species (ROS) level was significantly elevated in the co-culture system where the paracrine effect of the
tumor cell-produced ROS caused the apoptosis of stromal cells [22]. Furthermore, it was revealed that
mammary epithelial cells (MCF-DCIS) co-cultured with human mammary fibroblasts (HMFs) promote
a transition from normal ductal carcinoma to an invasive one in situ; more importantly, only direct
contact of HMFs with MCF-DCIS lead to the transition to invasion [23].
In addition to compartmentalized microfluidics, several other approaches have been developed
to study cancer-stromal interactions. Continuous media supplementation allowed for 3D culture
of a mixture of lung cancer cells and stromal cells for studies of the cancer-stromal cellular
interactions [24]. A lung fibroblast paracrine loop was equipped with pneumatic microvalves to
investigate the migration speeds of cancer cells, identifying the impact of transforming growth factor
β1(TGF-β1) in the interaction between cancer cells and fibroblasts [25]. Recently, microfluidic systems
offered a physiologically relevant in vitro tumor spheroid model to study the TME. Integrating 3D
tumor spheroids with CAFs in proximity within a hydrogel scaffold exhibited mutual interactions
(e.g., growth rate, ECM expression, morphological changes and increased migration in fibroblast)
between the spheroids and fibroblasts (Figure 2B) [26]. In addition to fibroblasts, cancer cells actively
recruit macrophages to remodel the TME and produce growth factors that increase the invasiveness of
cancer cells [27,28]. MDA-MB-231 metastatic breast cancer cells and tumor-associated macrophages
were embedded in collagen I and patterned within a microfluidic channel. It was found in this study
that the tumor-associated macrophages invade the neighboring gels containing MDA-MB-231 cells,
rather than migrating into the gels lacking cells [29].
As Stephen Paget suggested in the “Seed & Soil” hypothesis in 1889, tumor cells are like seeds
being carried in all directions only if they settle into an appropriate soil. Stromal cells and ECM
(soil) play a mutual supportive role in the initiation and progression of carcinogenesis (seeds).
It remains extremely difficult to fully replicate the complex tumor-stromal interactions, although
many microfluidic systems have created successful TMEs to study tumor-stromal interactions within
microfluidic chips. Therefore, the critical elements to be mimicked or possibly ignored in a specific TME
model should be carefully defined in a study to clarify the domain over which the study is relevant.
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Figure 2. Tumor-stromal interactions on a chip. (A) 3D Microfluidic model to investigate the carcinoma
Figure 2. Tumor-stromal interactions on a chip. (A) 3D Microfluidic model to investigate the
associated fibroblast promoted tumor spheroid invasion. (i, ii) microfluidic chip design (iii) cell
carcinoma associated fibroblast promoted tumor spheroid invasion. (i, ii) microfluidic chip design
loading step. Salivary gland adenoid cystic carcinoma cell line (ACC-M) were co cultured with
(iii) cell loading step. Salivary gland adenoid cystic carcinoma cell line (ACC-M) were co cultured
carcinoma associated fibroblasts (CAFs). ACC-M invaded CAF-embedded matrix in a spheroid fashion.
with carcinoma associated fibroblasts (CAFs). ACC-M invaded CAF-embedded matrix in a spheroid
However, ACC-M cells did not invade the adjacent matrix when co-cultured with the fibroblast cell
fashion. However, ACC-M cells did not invade the adjacent matrix when co-cultured with the
line (HFL1) [21]; (B) 3D culture of tumor spheroids and fibroblasts in a compartmentalized microfluidic
fibroblast cell line (HFL1) [21]; (B) 3D culture of tumor spheroids and fibroblasts in a
chip. (i, ii) Fluorescence images of HT-29 tumor spheroids and CCD-18Co human normal fibroblast
compartmentalized microfluidic chip. (i, ii) Fluorescence images of HT-29 tumor spheroids and CCDcell line. HT-29 spheroids and CCD-18Co cells proliferated within the space of the corresponding
18Co human normal fibroblast cell line. HT-29 spheroids and CCD-18Co cells proliferated within the
channels over 5 days, during which their growth and interaction were monitored and characterized [26].
space of the with
corresponding
Reproduced
permission.channels over 5 days, during which their growth and interaction were
monitored and characterized [26]. Reproduced with permission.
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3. Probing the Efficacy of Drug Delivery Using TME-on-a-Chip
3D microfluidic culture models are increasingly being used as prescreening tools for drug
discovery including drug delivery and translation in oncology [72]. These models present more
pathophysiologically relevant microenvironments of solid tumors in which the direct cell-cell
interactions and metabolic mechanisms are better recapitulated in 3D multicellular spheroids than in
conventional 2D cell culture models. We highlight the application of TME-on-a-chip models for cancer
drug delivery and screening tools.
3.1. Microfluidic Platforms for Cancer Drug Delivery & Screening
Conventional routes to screening compounds are a time-consuming and complex procedure [73].
Microfluidic systems have the potential to enable high-throughput drug screening in a controllable
and scalable manner [74]. A droplet-based microfluidic system was used to form alginate beads with
entrapped breast tumor cells. After gelation, the alginate beads were trapped in a microsieve structure
for cell culture in a continuous perfusion system. This microfluidic system maintained a constant
location for each bead to allow tumor cells to proliferate and form spheroids. The dose-dependent
response of the tumor spheroids to doxorubicin, a common anthracycline, showed a higher
survival rate in the multicellular spheroid culture compared to the conventional monolayer culture.
(Figure 6A) [75]. Tumor spheroids have several structural, functional, and physiological similarities
to tumors in vivo. 3D tumor spheroids enable them to communicate with each other as well as with
their surroundings and provide an optimal environment for the cells to respond like they would in a
tumor [76]. Furthermore, the inclusion of stromal cells to tumor cell culture showed a significantly
higher drug resistance compared to when tumor cells were cultured alone [24]. Furthermore, pH and
oxygen sensor integrated microfluidic systems allowed the monitoring of the long-term response of
T98G human brain cancer cells to several drugs [77].
Aside from targeting the tumor cells directly, anti-angiogenic therapy, which suppresses tumor
growth by disrupting nutrient and oxygen supply from the blood stream to the tumor, has widely
been accepted as a potential treatment for cancer [78]. In particular, VEGF-induced and lung
fibroblast-induced chemotactic responses of human umbilical vein endothelial cells (HUVECs) to
different concentrations of bortezomib and other anti-angiogenesis drugs were tested in microfluidic
systems [79,80]. To gain a better understanding of cancer drug screening, more physiologically relevant
models need to be developed to reconstitute the complex interactions within the TME that is known
to increase drug resistance. The majority of the microfluidic systems employed in drug delivery rely
on diffusive drug release over an extended time period, as the drug administration period lasts from
several hours to weeks. To better mimic a physiological drug release profile, various flow patterns
need to be incorporated with multiple cell types that exist in the TME, as pulsatile flow patterns are
prevalent in vivo.
3.2. Microfluidic Systems for Cancer Nanomedicine
Nanomedicine is the medical application of nanotechnology for delivering theranostic cargos to
target tissues with increased drug stability and reduced systemic toxicity. Loading drugs into proper
nanocarriers enhances the in vivo stability [81] and allows for the controlled release of drugs [82].
The preferential accumulation of nanoparticles in tumors is largely known to be due to the leaky
tumor vessels and impaired lymphatic drainage via the enhanced permeability and retention (EPR)
effect [83–85]. However, the heterogeneity of the TME affects the efficacy of passive targeting in drug
delivery [86].
Recent approaches using active targeting were designed to address the challenges of passive
targeting through utilization of ligand modifications to the surface of nanoparticles for specific
affinity-based uptake by targeted disease cells [83]. The main mechanism underlying active targeting
is the recognition of the ligand by its target substrate. The representative examples for commonly-used
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ligands include anti-bodies, proteins, peptides, nucleic acids and small molecules such as vitamins [87].
Active targeting has been efficiently used to promote target cell internalization of nanoparticles.
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4. Microfluidic System Design Considerations for In Vitro TME Model
To reconstitute a physiologically relevant tumor microenvironment on a chip, several key
parameters need to be taken into account. In this section, we will discuss unique characteristics of an
in vivo TME to consider improvements to in vitro TME microfluidic models for drug delivery studies.
4.1. EPR Effect
The preferential accumulation of nanoparticles in a tumor is generally attributed to defective
and leaky tumor vasculature [97] and dysfunctional lymphatic vessels in the tissue that cause poor
drainage [98,99]. All of these factors are mainly known to contribute to the EPR effect, facilitating
nanoparticle delivery to a solid tumor site [83–85]. Conventional in vitro 2D models however were
unable to evaluate the full extent of the EPR effect.
4.2. Solid Tumor Stress
It has long been known that tissue stiffness is higher than normal in fibrotic solid tumors [100].
Tumors containing abnormally high amounts of collagen and other scaffolding proteins have been
linked to several hallmark characteristics of cancer, including tumor growth, invasiveness, and
metastasis [101,102]. Accumulation of mechanical stresses within the TME may lead to the constriction
of intratumoral blood vessels, drastically reducing oxygen supply and increasing the risk of hypoxia
and necrosis [103–105]. Moreover, vessel compression decreases blood flow, which also reduces
the delivery efficacy of drugs to ultimately compromise therapeutic outcomes [106]. Apart from
compression of intratumoral vessels, the solid stress directly affects cancer cells by increasing their
apoptotic rate and reducing proliferation [105,107,108]. With the widely-known contribution of
mechanical stress to tumor progression, biomechanical models of tumor growth have been developed
to consider the generation and accumulation of mechanical stresses in tumors [109–111]. However,
few microfluidic model-based studies focused on the incorporation of solid tumor stress, which is key
to the design of physiologically relevant in vitro tumor models.
4.3. Normalization of Tumor Blood Vessels
The physiological consequences of tumor vascular abnormalities include temporal and spatial
heterogeneity in tumor blood flow and increased fluid pressure [112]. These abnormalities promote
tumor progression and lead to reduction in the distribution of an anti-cancer drug. Therefore, one
of the main purposes to include vascular normalization into microfluidic platforms is to examine
the phenotypic transformation of abnormal vasculature into a phenotype that closely resembles
functionally normal blood vessels by increasing coverage of pericytes and the basement membrane,
eventually decreasing vessel permeability [113,114]. Tumor vascular normalization repairs not only
abnormal morphology but also the function of tumor vasculature, by correcting angiogenic signaling
pathways [115]. However, normalized vessels with reduced fenestration may also hinder EPR-effect
based delivery of large nanoparticles to the tumor site. Therefore, exploring the appropriate tumor
vessel normalization may be needed to improve and balance nanomedicine delivery to a tumor
site [116]. Previous models to investigate dynamic changes during tumor vasculature normalization
heavily rely on computational models and mouse models [116,117]. Microfluidic platforms may
provide a better understanding of the molecular, cellular, and functional changes during dynamic
tumor vessel normalization with physiological relevance.
5. Conclusions & Future Perspectives
We reviewed recent approaches using microfluidic chips to study tumor interactions with various
components of its microenvironment (fibroblasts, immune cells, endothelial cells, and non-cellular
components). To build these in vitro TME model systems is essential to acquire a deeper understanding
of the cellular and molecular mechanisms by which the TME contributes to tumor growth and
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metastasis. Traditional 2D in vitro systems, Transwell culture, and spheroid formation models that are
used to mimic TME have shown limited effectiveness in predicting the efficacy of many candidate
drug compounds [49]. Microfluidic models enabled us to study tumor microenvironment in real-time
in a precisely controlled manner (e.g., oxygen concentrations and cytokine concentrations) [118].
These models can address the key challenges of conventional platforms and enable more complex yet
critical studies with multi-parametric interactions including cell-to-cell and cell-to-matrix interactions
within the TME. While much progress has been made for understanding tumor behavior and its many
interactions, the TME-on-a-chip platforms are still to be improved to overcome several barriers: many
devices are still complex to fabricate; integrated genetic quantification (e.g., running qPCR) in these
platforms is too difficult to implement; there remains ambiguity in the required complexity of the
system to yield physiologically relevant data; short culture times relative to in vivo lead to questions
of physiological relevance; and it is difficult to obtain highly reproducible results with patient-specific
samples. Microfluidic technologies continue to be developed and advanced to pave the way to a new
generation of powerful in vitro experimental assays, which, when combined with in vivo validation,
can deepen our fundamental understanding of cancer biology and facilitate the discovery of anti-cancer
drugs to combat tumor progression and metastasis.
Several animal models have been used to investigate the EPR effect [81], solid tumor stress [105]
and normalization of tumor blood vessels [115]. However, few microfluidic models were developed
incorporating all these factors. Recently, one representative model of TME-on-a-chip system that
incorporates tumor-like spheroids into a microfluidic chip showed the penetration of nanoparticles
into a tumor tissue with physiological flow conditions, validating the EPR effect in vitro [93]. Likewise,
the next generation of microfluidic devices would possibly use patient derived cells and extracted
non-cellular ECMs with the use of multiple biochemical, biophysical and biomechanical cues that are
characterized in cancer (EPR effect, solid tumor stress, and blood vessel normalization). This approach
will also be integrated with high detection efficiency and high throughput technologies to enhance the
clinical relevance of microfluidic technologies for cancer detection.
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