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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.
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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
now considered to be a hallmark of cancer biology [13–15]. Animal models are conventionally the
gold standard for screening cancer therapeutics because of their capabilities to sustain the complex
TME [16,17]. However, accurate mimicry of human tumorigenesis is extremely difficult, questioning
the usefulness of existing in vivo models for therapeutic efficacy translation [14]. Meanwhile, recent
advancements in the microengineering of TME using organ-on-a-chip technologies have enabled
the development of pathophysiologically relevant human tumorigenesis models. In this review, we
describe the most recent organ-on-a-chip approaches to study the tumor and its interactions with the
surrounding microenvironments, including stromal cells, vasculature, and non-cellular components.
We also highlight the applications of these leading-edge technologies to cancer drug/nanomedicine
prescreening, and discuss the current challenges and future directions for these technologies.
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Figure 1. The tumor microenvironment (TME) heterogeneously consists of cellular and non-cellular
components including the surrounding blood vessels, immune cells, fibroblasts, cancer stem cells and
extracellular matrix (ECM).

2. Tumor Microenvironments on a Chip

Tumors interact with the surrounding microenvironments incessantly. Tumors typically consist of
cancer cells and stromal cells (i.e., fibroblast and immune cells) that are nourished through vascular
networking. Understanding the interactions between the tumor, stroma, and vasculature is key to
the development of cancer treatments. In this section, we introduce microfluidic systems designed
to mimic TME for studies of the interactions of tumor cells with stromal cells, endothelial cells, and
non-cellular components.

2.1. Tumor-Stromal Interactions on a Chip

The stromal cells and tumor microenvironment modulate tumor sensitivity, which affects tumor
cell signaling, proliferation, and drug resistance [18]. The non-malignant stromal cells include
carcinoma associated fibroblasts (CAFs), pericytes, and adaptive immune cells [19]. Emerging
microfabrication techniques enable the reconstitution of complex in vitro co-culture models for
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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
associated fibroblast promoted tumor spheroid invasion. (i, ii) microfluidic chip design (iii) cell
loading step. Salivary gland adenoid cystic carcinoma cell line (ACC-M) were co cultured with
carcinoma associated fibroblasts (CAFs). ACC-M invaded CAF-embedded matrix in a spheroid fashion.
However, ACC-M cells did not invade the adjacent matrix when co-cultured with the fibroblast cell
line (HFL1) [21]; (B) 3D culture of tumor spheroids and fibroblasts in a compartmentalized microfluidic
chip. (i, ii) Fluorescence images of HT-29 tumor spheroids and CCD-18Co human normal fibroblast
cell line. HT-29 spheroids and CCD-18Co cells proliferated within the space of the corresponding
channels over 5 days, during which their growth and interaction were monitored and characterized [26].
Reproduced with permission.

2.2. Tumor-Vasculature Interactions on a Chip

2.2.1. Tumor Angiogenesis

Tumor growth and metastasis depend on angiogenic vascular networks, the growth of which
are largely guided by chemical signals from tumor cells. Without the formation of new blood
vessels, carcinomas neither grow well nor metastasize to colonial distant organs [30]. This rapidly
growing angiogenic vasculature around the tumor is highly leaky, forming an aberrant vascular
architecture [31]. Several 3D microfluidic systems have been developed to mimic these characteristics
of cancer angiogenesis. Many of these microsystems allowed 2D endothelial monolayers to be vertically
established in the side walls, which is designed to better image angiogenic sprouting into a 3D hydrogel.
For example, a fibrin gel was either patterned into a microfluidic channel as a provisional matrix
for endothelial sprouts or into a side channel for highly malignant human glioblastoma (U87MG).
Endothelial cells (ECs) that were attached to the fibrin gel formed a pre-existing wall, 3D sprouting
was promoted by the U87MG secretion factors. When compared to lung fibroblast-induced sprouts,
U87MG-induced sprouts exhibited aberrant morphology, which is a general characteristic of cancer
vasculature (Figure 3A) [32]. In addition, leukemic-cell-induced bone marrow angiogenesis has been
demonstrated using a microfluidic chip, in which a collagen gel was filled into the middle channel, and
U937, HL-60 and K562 cell lines were seeded into an upper channel to study their angiogenic induction.
Upon forming the microenvironment of a bone marrow stromal cell line HS5, a unique morphogenic
signature of angiogenesis was induced by different types of leukemic cells with or without co-culture
with bone marrow stromal cells [33].

In addition to tumor secretion factors, shear stress is a critical factor to understanding tumor
angiogenesis. One study investigated the combinatorial effect of shear stress and tumor-endothelial
cross-talk on tumor angiogenesis in a 3D collagen hydrogel-based microfluidic platform, showing that
decreased wall shear stress (WSS) increases both tumor-expressed angiogenic factors and endothelial
permeability. More importantly, this shear stress-mediated tumor cell response was observed only
in the presence of the endothelium [34]. In addition, early stages of tumor development can be
accomplished with a glycosaminoglycan-based hydrogel culture system, which is capable of forming
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3D tumor angiogenesis microenvironments. This system was implemented to reconstitute breast
and prostate cancer vascularization, which showed tumor regressions comparable to those shown
in vivo [35]. In addition, depletion of oxygen (hypoxia) in tumors due to excessive cell proliferation and
dysfunctional vasculature promotes angiogenic signaling and tumor angiogenesis [30]. Oxygen status
is therefore another critical determinant of tumor angiogenesis. Oxygen-controlled 3D alginate-based
tumor models were developed to study angiogenic sprouting in hypoxic conditions, suggesting that
pro-inflammatory pathways are a critical regulator of tumor and angiogenic response to hypoxia [36].
In order to study the complex multicellular interactions in a completely three-dimensional setting,
a pre-vascularized tumor (PVT) spheroid model was introduced to investigate early events of solid
tumor progression. PVT spheroids were formed through direct co-culture of EC and tumor cells
and embedded in a fibrin gel mixed with human fibroblasts. After 7 days of culture, PVT spheroids
exhibited robust sprouting angiogenesis (Figure 3B) [37]. Despite major advances in the development
of tumor-angiogenesis-on-a-chip devices, the mechanisms by which tumor cells interact with the TME
remain to be further studied.
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Figure 3. Tumor angiogenesis on a chip. (A) Human glioblastoma multiforme cells, (U87MG)
were used to induce angiogenic sprouting. Fluorescence image shows angiogenic sprouts grown
for 2 and 4 days under co-culture with U87MG cancer cells and human umbilical vein endothelial
cells (HUVEC) (i, ii) [32]. Scale bar: 50 µm; (B) Pre-vascularized tumor (PVT) spheroid model. PVT
spheroid model were introduced breast cancer (MCF10A, MDA-MB-231), Lung cancer (A549) and colon
cancer (SW620). Representative fluorescence images of PVT spheroid model shows robust angiogenic
sprouting. Various PVT spheroid showed different angiogneic sprouting behavior. Intravasation events
were only observed for SW620 cancer cells [37]. Scale bar: 100 µm. Reproduced with permission.

2.2.2. Tumor Transmigration through Endothelial Cell Lining: Metastasis

In metastasis, cancer cells spread locally or distally by traveling through the blood or the lymphatic
system to form a new tumor in other regions of the body [38]. This metastatic process involves
a broad spectrum of invasion and migration mechanisms that include both single and collective
cell migration strategies [39]. During metastasis, cancer cells disseminate to other parts of the
body by entering the blood stream (intravasation) and getting out of the blood (extravasation) at
proper metastatic sites [40]. Several microfluidic systems have been developed to mimic cancer cell
transmigration through an endothelial cell lining. A 3D tumor vasculature interface was recreated
in a microfluidic assay to characterize their interactions through tumor cell migration efficacy and
endothelial permeability [41]. A microfluidic system was developed to mimic the specificity of
human breast cancer metastasis into bone tissue by recreating a vascularized osteo-cell conditioned
microenvironment with BM-hMSC that secreted a bone-like matrix [42]. This was further developed to
study human metastatic breast cancer cell extravasation within a perfusable human microvascularized
bone-mimicking microenvironment (Figure 4A) [43]. The method of implementing an in vitro model
of metastasis in human microcirculation was given through multiple steps: early metastatic seeding,
arresting, and transendothelial migration (Figure 4B) [44]. Recently, a multi-organ microfluidic
platform was developed to reconstitute an in vivo microenvironment of lung cancer metastasis.
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This study successfully reproduced lung cancer growth, invasion, and metastasis to target distant
organs including bone, brain and liver (Figure 4C) [45].
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Figure 4. Metastasis on a chip. (A) A human 3D vascularized organotypic microfluidic system
to study cancer cell extravasation (i) Cancer cell extravasation was monitored in real time within
a vascular network (ii) magnified image [43]. Scale bar: 100 µm; (B) Human umbilical vein
pericytes were cocultured with human umbilical vein endothelial cells to form pericyte-covered
lumens. The extravasation rate from HUVEC-only cultures was significantly higher when compared
to HUVEC-pericyte coculture [44]. Scale bar: 20 µm; (C) Design of biomimetic multi-organ chip (i, ii)
multi-organ chip included an upstream “lung organ” and three downstream “distant organ” such as
bone, brain, liver; (iii, iv) The microfluidic chip was compartmentalized using human epithelial and
stromal cells cultured on separated side of a porous membrane in order to mimic (v–vii) physiological
respiration in the microfluidic system; which was followed by the introduction of (viii–x) lung fibroblast
cells to investigate lung cancer metastasis to distant organ [45]. Reproduced with permission.

2.3. Tumor Interactions with Non-Cellular Components on a Chip

2.3.1. Tumor-Extracellular Matrix Interaction

The extracellular matrix (ECM), the key non-cellular component of the TME, consists of several
distinct components including proteins and glycoproteins [46]. Tumor growth is associated with
mechanical alteration in the microenvironment, including increased matrix stiffness and aberrant
interstitial fluid flow [47,48]. Various microfluidic models have incorporated 3D ECM matrix
components and hydrogels into compartmentalized channels [49]. Fibrin gels [32,43], collagen
gels [29,50], and matrigels [23,51] have been commonly used to reconstitute 3D microenvironments.
These gels have the capacity to not only support tumor stroma such as fibroblasts and immune cells,
but also to modify diffusion distance that allows for greater spatial control between different cell
types. Furthermore, cancer cells in their intrinsic environment interact with a 3D ECM, characterized
by physical parameters (e.g., porosity and stiffness) and by chemical parameters (e.g., adhesion site
density and bound ligand concentration) [52]. Increased physical parameters of ECM alter the cellular
force balance, leading to abnormal cell proliferation [53], and especially, increase in the rigidity of
the matrix activates integrins and promotes Rho/ROCK pathway [54]. The crosstalk between the
integrin/Rho pathway and Erk signaling cascade may induce self-sustaining process, leading to
neoplastic disorganization of cancer tissue architecture [52,55]. In addition, it is crucial to note that our
understanding of cell migration in 3D ECM is based largely on fibrous matrices, such as collagenous
matrix found in the breast and other connective tissues [56]. However, other tissues are composed of
non-collagenous, less structured materials [57]. For example, brain ECM is composed of hyaluronic acid
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and proteoglycans which form a more amorphous matrix [58]. Therefore, it is important to understand
how their unique architecture contributes to tumor growth, and that the systematic consideration of 3D
ECM properties should serve as an informative set of design criteria in the TME on a chip.

2.3.2. Tumor-Chemokines Interaction

Tumor cells rarely encounter a uniform environment. Instead, they often have to deal with
a tangled chemical microenvironment where chemotaxis is guided by concentration gradients of
chemokines and growth factors [59]. Previous conventional chambers used for gradient generation
either lack sufficient resolution or are unable to maintain a steady gradient over time. Recent
advancements in microfluidic systems allowed for the establishment of controlled chemical gradient
profiles. Given that chemokine CXCL12 promotes CXCR4-dependent chemotaxis of cancer cells
(MDA-MB-231), a compartmentalized microfluidic system that consists of two layers of PDMS channels
separated by a semi-permeable membrane was developed to study CXCR4-dependent chemotaxis
of cancer cells (MDA-MB-231) towards a CXCL12-producing source (Figure 5A) [60]. In addition,
a microfluidic model that includes the endothelium and perivascular matrix containing CXCL12
chemokines was developed to observe the transendothelial invasion of tumor aggregates and analyze
the extravasation process of salivary gland adenoid cystic carcinoma (ACC) cells exposed to CXCL12
(Figure 5B) [61]. Furthermore, lymph node metastasis serves as an indicator for distant metastasis
in melanoma patients [62]. The receptor CCR7 and its ligand CCL21 have been implicated in the
lymphatic spread of tumor [63] when CCR7 is expressed by melanoma cells [64] and when CCL21
is expressed by lymphatic endothelial cells [65,66]. Recently, the Boyden chamber incorporated into
microfluidic systems were used to reconstitute the tumor-lymphatic microenvironment [67], in which
luminal flow indirectly increases tumor cell (MDA-MB-231) transmigration by upregulating CCL21
expression. More studies underscore the role of chemokines in tumor migration [68]. Microfluidic
technology is becoming increasingly more robust by creating more complex microenvironments
with the superposition of multiple chemokines (e.g., CCR7-dependent chemotaxis which mediates
metastasis) or growth factors [69–71].
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Figure 5. Tumor-chemokine interaction on a chip. (A) Chemotaxis in gradients induced cancer cell
migration. (i) An in vitro model of tumor-stromal interaction engineerined in a microfluidic chip
consisting of porous membrane; (ii) The cellular seeding procedure uses the following color-coded cells:
Red (L12) CXCL12 producing cell, Blue(X4) CXCR4 expressing cells; and Green(X7) CXCR7 expressing
cells (iii) Time lapse images show progressive migration of X4 cells toward L12 cells [60]. Scale bar:
200 µm; (B) A microfluidic device for study of transendothelial invasion of tumor aggregates by
stimulation of chemokine CXCL12. (i, ii) Schematic representation of the device; (iii, iv) Transendothelial
invasion of ACC-M aggregates induced by CXCL12. ACC-M aggregates could not transmigrate across
HUVEC in the control but ACC-M aggregates transmigrated HUVEC and invaded into ECM when
induced by CXCL12 [61]. 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.
Anti-HER2 targeting monoclonal antibody (mAb) fragments on the surface of liposomes strongly
increase the uptake of nanoparticles in HER2-expressing cancer cells [88]. Recently, several in vitro
studies showed a single nanoparticle can target multiple surface receptors [89–91].

Recent studies consider the importance of the TME properties when evaluating nanoparticles
targeting tumor cells. A tumor-microenvironment on a chip (T-MOC) was used to investigate
nanoparticle transport and the resulting variation to delivery efficacy due to changes in the TME
properties including cut-off pore size, interstitial fluidic pressure, and tumor tissue microstructure [92].
To recapitulate the complex transport process around a tumor, the T-MOC employed a 3D structure
formed by stacking microchannels with a porous membrane inserted. The capillary endothelium
was cultured on the top layer, and the tumor interstitium and lymphatics were created in the bottom
layer. Furthermore, incorporation of tumor-like spheroids into a microfluidic channel allowed for
the real-time analysis of nanoparticle accumulation in pathophysiological flow conditions, showing
that the penetration of nanoparticles into the tissue is limited by their diameter and that the retention
could be improved by receptor targeting (Figure 6B) [93]. Notably, recent development in the
synthesis of nanoparticles involves the discipline of microfluidics, enabling large-scale production of
multicomponent nanoparticles with high reproducibility and size uniformity [94–96].
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Figure 6. Probing the efficacy of drug delivery using TME on a chip. (A) Droplet-based microfluidic
system for multicellular tumor spheroid formation and anticancer drug testing. (i) Schematic of the
droplet formation and cell culture microfluidic chips. Each chamber contains 14 sieves for alginate
droplet trapping; (ii) Breast tumor cells proliferating and forming multicellular spheroids while
encapsulated in alginate beads. Tumor cells were perfused with doxorubicin and live/dead assay was
assessed [75]. Scale bar: 100 µm; (B) Tumor on a chip provides an optical window into nanoparticle
tissue transport. (i) Schematic of the microfluidic device; (ii) MDA-MB-435 breast cancer cell embedded
within microfluidic device (iii) Effect of nanoparticle size on tissue accumulation. 40 nm fluorescent
PEG-nanoparticles entered the tumor spheroid and accumulated in the interstitial spaces but 110 nm
nanoparticles were excluded from the spheroid [93]. Scale bar: 100 µm. Reproduced with permission.
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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.

Acknowledgments: This work was supported by the National Institute Of Neurological Disorders and Stroke
of the National Institutes of Health R21NS091682 (Y.K.), American Heart Association Scientist Development
Grant 15SDG25080314 (Y.K.), Cell and Tissue Engineering NIH Biotechnology Training Grant T32GM008433,
ACTSI Emory/GA Tech Regenerative Engineering and Medicine (REM) Seed Grant (Y.K.), and Basic Science
Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science,
ICT & Future Planning NRF-2015R1A2A1A09005662, 2016R1A4A1010796 (N.L.J.).

Author Contributions: Jungho Ahn and YongTae Kim designed the structure of this review. Jungho Ahn,
Yoshitaka J. Sei and YongTae Kim wrote the paper. All authors have read, revised, and concurred with the content
in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Munos, B. Lessons from 60 years of pharmaceutical innovation. Nat. Rev. Drug Discov. 2009, 8, 959–968.
[CrossRef] [PubMed]

2. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-dimensional cell culture systems and their
applications in drug discovery and cell-based biosensors. Assay Drug Dev. Technol. 2014, 12, 207–218.
[CrossRef] [PubMed]

3. Birgersdotter, A.; Sandberg, R.; Ernberg, I. Gene expression perturbation in vitro—A growing case for
three-dimensional (3d) culture systems. Semin. Cancer Biol. 2005, 15, 405–412. [CrossRef] [PubMed]

4. Bhadriraju, K.; Chen, C.S. Engineering cellular microenvironments to improve cell-based drug testing.
Drug Discov. Today 2002, 7, 612–620. [CrossRef]

5. Huh, D.; Torisawa, Y.-S.; Hamilton, G.A.; Kim, H.J.; Ingber, D.E. Microengineered physiological biomimicry:
Organs-on-chips. Lab Chip 2012, 12, 2156–2164. [CrossRef] [PubMed]

6. Lee, H.; Chung, M.; Jeon, N.L. Microvasculature: An essential component for organ-on-chip systems.
MRS Bull. 2014, 39, 51–59. [CrossRef]

http://dx.doi.org/10.1038/nrd2961
http://www.ncbi.nlm.nih.gov/pubmed/19949401
http://dx.doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://dx.doi.org/10.1016/j.semcancer.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16055341
http://dx.doi.org/10.1016/S1359-6446(02)02273-0
http://dx.doi.org/10.1039/c2lc40089h
http://www.ncbi.nlm.nih.gov/pubmed/22555377
http://dx.doi.org/10.1557/mrs.2013.286


Bioengineering 2017, 4, 64 12 of 17

7. Wikswo, J.P. The relevance and potential roles of microphysiological systems in biology and medicine.
Exp. Biol. Med. 2014, 239, 1061–1072. [CrossRef] [PubMed]

8. Swartz, M.A.; Iida, N.; Roberts, E.W.; Sangaletti, S.; Wong, M.H.; Yull, F.E.; Coussens, L.M.; DeClerck, Y.A.
Tumor microenvironment complexity: Emerging roles in cancer therapy. Cancer Res. 2012, 72, 2473–2480.
[CrossRef] [PubMed]

9. Trédan, O.; Galmarini, C.M.; Patel, K.; Tannock, I.F. Drug resistance and the solid tumor microenvironment.
J. Natl. Cancer Inst. 2007, 99, 1441–1454. [CrossRef] [PubMed]

10. Witz, I.P. Cancer Treatment and Research; Tumor-Microenvironment Interactions; The Link between Inflammation
and Cancer; Springer: Berlin, Germany, 2006; Volume 130, pp. 125–140.

11. Whiteside, T. The tumor microenvironment and its role in promoting tumor growth. Oncogene 2008, 27,
5904–5912. [CrossRef] [PubMed]

12. Kellermann, M.G.; Sobral, L.M.; da Silva, S.D.; Zecchin, K.G.; Graner, E.; Lopes, M.A.; Kowalski, L.P.;
Coletta, R.D. Mutual paracrine effects of oral squamous cell carcinoma cells and normal oral fibroblasts:
Induction of fibroblast to myofibroblast transdifferentiation and modulation of tumor cell proliferation.
Oral Oncol. 2008, 44, 509–517. [CrossRef] [PubMed]

13. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
14. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]

[PubMed]
15. McMillin, D.W.; Negri, J.M.; Mitsiades, C.S. The role of tumour–stromal interactions in modifying drug

response: Challenges and opportunities. Nat. Rev. Drug Discov. 2013, 12, 217–228. [CrossRef] [PubMed]
16. Eklund, L.; Bry, M.; Alitalo, K. Mouse models for studying angiogenesis and lymphangiogenesis in cancer.

Mol. Oncol. 2013, 7, 259–282. [CrossRef] [PubMed]
17. Roudsari, L.C.; West, J.L. Studying the influence of angiogenesis in in vitro cancer model systems. Adv. Drug

Deliv. Rev. 2016, 97, 250–259. [CrossRef] [PubMed]
18. Orimo, A.; Weinberg, R.A. Stromal fibroblasts in cancer: A novel tumor-promoting cell type. Cell Cycle 2006,

5, 1597–1601. [CrossRef] [PubMed]
19. Bremnes, R.M.; Dønnem, T.; Al-Saad, S.; Al-Shibli, K.; Andersen, S.; Sirera, R.; Camps, C.;

Marinez, I.; Busund, L.-T. The role of tumor stroma in cancer progression and prognosis: Emphasis on
carcinoma-associated fibroblasts and non-small cell lung cancer. J. Thorac. Oncol. 2011, 6, 209–217. [CrossRef]
[PubMed]

20. Domenech, M.; Yu, H.; Warrick, J.; Badders, N.M.; Meyvantsson, I.; Alexander, C.M.; Beebe, D.J. Cellular
observations enabled by microculture: Paracrine signaling and population demographics. Integr. Biol. 2009,
1, 267–274. [CrossRef] [PubMed]

21. Liu, T.; Lin, B.; Qin, J. Carcinoma-associated fibroblasts promoted tumor spheroid invasion on a microfluidic
3d co-culture device. Lab Chip 2010, 10, 1671–1677. [CrossRef] [PubMed]

22. Menon, N.V.; Chuah, Y.J.; Cao, B.; Lim, M.; Kang, Y. A microfluidic co-culture system to monitor
tumor-stromal interactions on a chip. Biomicrofluidics 2014, 8, 064118. [CrossRef] [PubMed]

23. Sung, K.E.; Yang, N.; Pehlke, C.; Keely, P.J.; Eliceiri, K.W.; Friedl, A.; Beebe, D.J. Transition to invasion in
breast cancer: A microfluidic in vitro model enables examination of spatial and temporal effects. Integr. Biol.
2011, 3, 439–450. [CrossRef] [PubMed]

24. Xu, Z.; Gao, Y.; Hao, Y.; Li, E.; Wang, Y.; Zhang, J.; Wang, W.; Gao, Z.; Wang, Q. Application of a microfluidic
chip-based 3d co-culture to test drug sensitivity for individualized treatment of lung cancer. Biomaterials
2013, 34, 4109–4117. [CrossRef] [PubMed]

25. Hsu, T.-H.; Xiao, J.-L.; Tsao, Y.-W.; Kao, Y.-L.; Huang, S.-H.; Liao, W.-Y.; Lee, C.-H. Analysis of the paracrine
loop between cancer cells and fibroblasts using a microfluidic chip. Lab Chip 2011, 11, 1808–1814. [CrossRef]
[PubMed]

26. Jeong, S.-Y.; Lee, J.-H.; Shin, Y.; Chung, S.; Kuh, H.-J. Co-culture of tumor spheroids and fibroblasts
in a collagen matrix-incorporated microfluidic chip mimics reciprocal activation in solid tumor
microenvironment. PLoS ONE 2016, 11, e0159013. [CrossRef] [PubMed]

27. Gaggioli, C.; Hooper, S.; Hidalgo-Carcedo, C.; Grosse, R.; Marshall, J.F.; Harrington, K.; Sahai, E.
Fibroblast-led collective invasion of carcinoma cells with differing roles for rhogtpases in leading and
following cells. Nat. Cell Biol. 2007, 9, 1392–1400. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/1535370214542068
http://www.ncbi.nlm.nih.gov/pubmed/25187571
http://dx.doi.org/10.1158/0008-5472.CAN-12-0122
http://www.ncbi.nlm.nih.gov/pubmed/22414581
http://dx.doi.org/10.1093/jnci/djm135
http://www.ncbi.nlm.nih.gov/pubmed/17895480
http://dx.doi.org/10.1038/onc.2008.271
http://www.ncbi.nlm.nih.gov/pubmed/18836471
http://dx.doi.org/10.1016/j.oraloncology.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17826300
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1038/nrd3870
http://www.ncbi.nlm.nih.gov/pubmed/23449307
http://dx.doi.org/10.1016/j.molonc.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23522958
http://dx.doi.org/10.1016/j.addr.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26571106
http://dx.doi.org/10.4161/cc.5.15.3112
http://www.ncbi.nlm.nih.gov/pubmed/16880743
http://dx.doi.org/10.1097/JTO.0b013e3181f8a1bd
http://www.ncbi.nlm.nih.gov/pubmed/21107292
http://dx.doi.org/10.1039/b823059e
http://www.ncbi.nlm.nih.gov/pubmed/20011455
http://dx.doi.org/10.1039/c000022a
http://www.ncbi.nlm.nih.gov/pubmed/20414488
http://dx.doi.org/10.1063/1.4903762
http://www.ncbi.nlm.nih.gov/pubmed/25553194
http://dx.doi.org/10.1039/C0IB00063A
http://www.ncbi.nlm.nih.gov/pubmed/21135965
http://dx.doi.org/10.1016/j.biomaterials.2013.02.045
http://www.ncbi.nlm.nih.gov/pubmed/23473962
http://dx.doi.org/10.1039/c1lc20090a
http://www.ncbi.nlm.nih.gov/pubmed/21491053
http://dx.doi.org/10.1371/journal.pone.0159013
http://www.ncbi.nlm.nih.gov/pubmed/27391808
http://dx.doi.org/10.1038/ncb1658
http://www.ncbi.nlm.nih.gov/pubmed/18037882


Bioengineering 2017, 4, 64 13 of 17

28. Ghajar, C.M.; Chen, X.; Harris, J.W.; Suresh, V.; Hughes, C.C.; Jeon, N.L.; Putnam, A.J.; George, S.C. The effect
of matrix density on the regulation of 3-d capillary morphogenesis. Biophys. J. 2008, 94, 1930–1941. [CrossRef]
[PubMed]

29. Huang, C.P.; Lu, J.; Seon, H.; Lee, A.P.; Flanagan, L.A.; Kim, H.-Y.; Putnam, A.J.; Jeon, N.L. Engineering
microscale cellular niches for three-dimensional multicellular co-cultures. Lab Chip 2009, 9, 1740–1748.
[CrossRef] [PubMed]

30. Carmeliet, P.; Jain, R.K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249–257. [CrossRef]
[PubMed]

31. Munn, L.L. Aberrant vascular architecture in tumors and its importance in drug-based therapies.
Drug Discov. Today 2003, 8, 396–403. [CrossRef]

32. Kim, S.; Lee, H.; Chung, M.; Jeon, N.L. Engineering of functional, perfusable 3d microvascular networks on
a chip. Lab Chip 2013, 13, 1489–1500. [CrossRef] [PubMed]

33. Zheng, Y.; Sun, Y.; Yu, X.; Shao, Y.; Zhang, P.; Dai, G.; Fu, J. Angiogenesis in liquid tumors: An in vitro assay
for leukemic cell induced bone marrow angiogenesis. Adv. Healthc. Mater. 2016, 5, 1014–1024. [CrossRef]
[PubMed]

34. Buchanan, C.F.; Verbridge, S.S.; Vlachos, P.P.; Rylander, M.N. Flow shear stress regulates endothelial barrier
function and expression of angiogenic factors in a 3d microfluidic tumor vascular model. Cell Adhes. Migr.
2014, 8, 517–524. [CrossRef] [PubMed]

35. Bray, L.J.; Binner, M.; Holzheu, A.; Friedrichs, J.; Freudenberg, U.; Hutmacher, D.W.; Werner, C.
Multi-parametric hydrogels support 3d in vitro bioengineered microenvironment models of tumour
angiogenesis. Biomaterials 2015, 53, 609–620. [CrossRef] [PubMed]

36. DelNero, P.; Lane, M.; Verbridge, S.S.; Kwee, B.; Kermani, P.; Hempstead, B.; Stroock, A.; Fischbach, C. 3d
culture broadly regulates tumor cell hypoxia response and angiogenesis via pro-inflammatory pathways.
Biomaterials 2015, 55, 110–118. [CrossRef] [PubMed]

37. Ehsan, S.M.; Welch-Reardon, K.M.; Waterman, M.L.; Hughes, C.C.; George, S.C. A three-dimensional in vitro
model of tumor cell intravasation. Integr. Biol 2014, 6, 603–610. [CrossRef] [PubMed]

38. Fidler, I.J. The pathogenesis of cancer metastasis: The ‘seed and soil’ hypothesis revisited. Nat. Rev. Cancer
2003, 3, 453–458. [CrossRef] [PubMed]

39. Friedl, P.; Wolf, K. Tumour-cell invasion and migration: Diversity and escape mechanisms. Nat. Rev. Cancer
2003, 3, 362–374. [CrossRef] [PubMed]

40. Reymond, N.; d’Água, B.B.; Ridley, A.J. Crossing the endothelial barrier during metastasis. Nat. Rev. Cancer
2013, 13, 858–870. [CrossRef] [PubMed]

41. Zervantonakis, I.K.; Hughes-Alford, S.K.; Charest, J.L.; Condeelis, J.S.; Gertler, F.B.; Kamm, R.D.
Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function.
Proc. Natl. Acad. Sci. USA 2012, 109, 13515–13520. [CrossRef] [PubMed]

42. Bersini, S.; Jeon, J.S.; Dubini, G.; Arrigoni, C.; Chung, S.; Charest, J.L.; Moretti, M.; Kamm, R.D. A microfluidic
3d in vitro model for specificity of breast cancer metastasis to bone. Biomaterials 2014, 35, 2454–2461.
[CrossRef] [PubMed]

43. Jeon, J.S.; Bersini, S.; Gilardi, M.; Dubini, G.; Charest, J.L.; Moretti, M.; Kamm, R.D. Human 3d vascularized
organotypic microfluidic assays to study breast cancer cell extravasation. Proc. Natl. Acad. Sci. USA 2015,
112, 214–219. [CrossRef] [PubMed]

44. Chen, M.B.; Whisler, J.A.; Fröse, J.; Yu, C.; Shin, Y.; Kamm, R.D. On-chip human microvasculature assay
for visualization and quantification of tumor cell extravasation dynamics. Nat. Protoc. 2017, 12, 865–880.
[CrossRef] [PubMed]

45. Xu, Z.; Li, E.; Guo, Z.; Yu, R.; Hao, H.; Xu, Y.; Sun, Z.; Li, X.; Lyu, J.; Wang, Q. Design and construction of a
multi-organ microfluidic chip mimicking the in vivo microenvironment of lung cancer metastasis. ACS Appl.
Mater. Interfaces 2016, 8, 25840–25847. [CrossRef] [PubMed]

46. Pattabiraman, D.R.; Weinberg, R.A. Tackling the cancer stem cells—what challenges do they pose? Nat. Rev.
Drug Discov. 2014, 13, 497–512. [CrossRef] [PubMed]

47. Shieh, A.C. Biomechanical forces shape the tumor microenvironment. Ann. Biomed. Eng. 2011, 39, 1379–1389.
[CrossRef] [PubMed]

48. Kumar, S.; Weaver, V.M. Mechanics, malignancy, and metastasis: The force journey of a tumor cell.
Cancer Metastasis Rev. 2009, 28, 113–127. [CrossRef] [PubMed]

http://dx.doi.org/10.1529/biophysj.107.120774
http://www.ncbi.nlm.nih.gov/pubmed/17993494
http://dx.doi.org/10.1039/b818401a
http://www.ncbi.nlm.nih.gov/pubmed/19495458
http://dx.doi.org/10.1038/35025220
http://www.ncbi.nlm.nih.gov/pubmed/11001068
http://dx.doi.org/10.1016/S1359-6446(03)02686-2
http://dx.doi.org/10.1039/c3lc41320a
http://www.ncbi.nlm.nih.gov/pubmed/23440068
http://dx.doi.org/10.1002/adhm.201501007
http://www.ncbi.nlm.nih.gov/pubmed/26924785
http://dx.doi.org/10.4161/19336918.2014.970001
http://www.ncbi.nlm.nih.gov/pubmed/25482628
http://dx.doi.org/10.1016/j.biomaterials.2015.02.124
http://www.ncbi.nlm.nih.gov/pubmed/25890757
http://dx.doi.org/10.1016/j.biomaterials.2015.03.035
http://www.ncbi.nlm.nih.gov/pubmed/25934456
http://dx.doi.org/10.1039/c3ib40170g
http://www.ncbi.nlm.nih.gov/pubmed/24763498
http://dx.doi.org/10.1038/nrc1098
http://www.ncbi.nlm.nih.gov/pubmed/12778135
http://dx.doi.org/10.1038/nrc1075
http://www.ncbi.nlm.nih.gov/pubmed/12724734
http://dx.doi.org/10.1038/nrc3628
http://www.ncbi.nlm.nih.gov/pubmed/24263189
http://dx.doi.org/10.1073/pnas.1210182109
http://www.ncbi.nlm.nih.gov/pubmed/22869695
http://dx.doi.org/10.1016/j.biomaterials.2013.11.050
http://www.ncbi.nlm.nih.gov/pubmed/24388382
http://dx.doi.org/10.1073/pnas.1417115112
http://www.ncbi.nlm.nih.gov/pubmed/25524628
http://dx.doi.org/10.1038/nprot.2017.018
http://www.ncbi.nlm.nih.gov/pubmed/28358393
http://dx.doi.org/10.1021/acsami.6b08746
http://www.ncbi.nlm.nih.gov/pubmed/27606718
http://dx.doi.org/10.1038/nrd4253
http://www.ncbi.nlm.nih.gov/pubmed/24981363
http://dx.doi.org/10.1007/s10439-011-0252-2
http://www.ncbi.nlm.nih.gov/pubmed/21253819
http://dx.doi.org/10.1007/s10555-008-9173-4
http://www.ncbi.nlm.nih.gov/pubmed/19153673


Bioengineering 2017, 4, 64 14 of 17

49. Young, E.W. Cells, tissues, and organs on chips: Challenges and opportunities for the cancer tumor
microenvironment. Integr. Biol. 2013, 5, 1096–1109. [CrossRef] [PubMed]

50. Song, J.W.; Munn, L.L. Fluid forces control endothelial sprouting. Proc. Natl. Acad. Sci. 2011, 108, 15342–15347.
[CrossRef] [PubMed]

51. Jeon, J.S.; Zervantonakis, I.K.; Chung, S.; Kamm, R.D.; Charest, J.L. In vitro model of tumor cell extravasation.
PLoS ONE 2013, 8, e56910. [CrossRef] [PubMed]

52. Huang, S.; Ingber, D.E. Cell tension, matrix mechanics, and cancer development. Cancer Cell 2005, 8, 175–176.
[CrossRef] [PubMed]

53. Paszek, M.J.; Zahir, N.; Johnson, K.R.; Lakins, J.N.; Rozenberg, G.I.; Gefen, A.; Reinhart-King, C.A.;
Margulies, S.S.; Dembo, M.; Boettiger, D.; et al. Tensional homeostasis and the malignant phenotype.
Cancer Cell 2005, 8, 241–254. [CrossRef] [PubMed]

54. Roovers, K.; Assoian, R.K. Effects of rho kinase and actin stress fibers on sustained extracellular
signal-regulated kinase activity and activation of g1 phase cyclin-dependent kinases. Mol. Cell. Biol.
2003, 23, 4283–4294. [CrossRef] [PubMed]

55. Ingber, D.E.; Madri, J.A.; Jamieson, J.D. Role of basal lamina in neoplastic disorganization of tissue
architecture. Proc. Natl. Acad. Sci. USA 1981, 78, 3901–3905. [CrossRef] [PubMed]

56. Pathak, A.; Kumar, S. Biophysical regulation of tumor cell invasion: Moving beyond matrix stiffness.
Integr. Biol. 2011, 3, 267–278. [CrossRef] [PubMed]

57. Bellail, A.C.; Hunter, S.B.; Brat, D.J.; Tan, C.; Van Meir, E.G. Microregional extracellular matrix heterogeneity
in brain modulates glioma cell invasion. Int. J. Biochem. Cell Biol. 2004, 36, 1046–1069. [CrossRef] [PubMed]

58. Bignami, A.; Hosley, M.; Dahl, D. Hyaluronic acid and hyaluronic acid-binding proteins in brain extracellular
matrix. Anat. Embryol. 1993, 188, 419–433. [CrossRef] [PubMed]

59. Huang, Y.; Agrawal, B.; Sun, D.; Kuo, J.S.; Williams, J.C. Microfluidics-based devices: New tools for studying
cancer and cancer stem cell migration. Biomicrofluidics 2011, 5, 013412. [CrossRef] [PubMed]

60. Torisawa, Y.-s.; Mosadegh, B.; Bersano-Begey, T.; Steele, J.M.; Luker, K.E.; Luker, G.D.; Takayama, S.
Microfluidic platform for chemotaxis in gradients formed by cxcl12 source-sink cells. Integr. Biol. 2010, 2,
680–686. [CrossRef] [PubMed]

61. Zhang, Q.; Liu, T.; Qin, J. A microfluidic-based device for study of transendothelial invasion of tumor
aggregates in realtime. Lab Chip 2012, 12, 2837–2842. [CrossRef] [PubMed]

62. White, R.R.; Stanley, W.E.; Johnson, J.L.; Tyler, D.S.; Seigler, H.F. Long-term survival in 2,505 patients with
melanoma with regional lymph node metastasis. Ann. Surg. 2002, 235, 879. [CrossRef] [PubMed]

63. Muller, A.; Homey, B.; Soto, H.; Ge, N. Involvement of chemokine receptors in breast cancer metastasis.
Nature 2001, 410, 50. [CrossRef] [PubMed]

64. Takeuchi, H.; Fujimoto, A.; Tanaka, M.; Yamano, T.; Hsueh, E.; Hoon, D.S. Ccl21 chemokine regulates
chemokine receptor ccr7 bearing malignant melanoma cells. Clin. Cancer Res. 2004, 10, 2351–2358. [CrossRef]
[PubMed]

65. Podgrabinska, S.; Braun, P.; Velasco, P.; Kloos, B.; Pepper, M.S.; Jackson, D.G.; Skobe, M. Molecular
characterization of lymphatic endothelial cells. Proc. Natl. Acad. Sci. 2002, 99, 16069–16074. [CrossRef]
[PubMed]

66. Emmett, M.S.; Lanati, S.; Dunn, D.; Stone, O.A.; Bates, D.O. Ccr7 mediates directed growth of melanomas
towards lymphatics. Microcirculation 2011, 18, 172–182. [CrossRef] [PubMed]

67. Pisano, M.; Triacca, V.; Barbee, K.; Swartz, M. An in vitro model of the tumor–lymphatic microenvironment
with simultaneous transendothelial and luminal flows reveals mechanisms of flow enhanced invasion.
Integr. Biol. 2015, 7, 525–533. [CrossRef] [PubMed]

68. Mburu, Y.K.; Wang, J.; Wood, M.A.; Walker, W.H.; Ferris, R.L. Ccr7 mediates inflammation-associated tumor
progression. Immunol. Res. 2006, 36, 61–72. [CrossRef]

69. Mosadegh, B.; Saadi, W.; Wang, S.J.; Jeon, N.L. Epidermal growth factor promotes breast cancer cell
chemotaxis in cxcl12 gradients. Biotechnol. Bioeng. 2008, 100, 1205–1213. [CrossRef] [PubMed]

70. Cavnar, S.; Ray, P.; Moudgil, P.; Chang, S.; Luker, K.; Linderman, J.; Takayama, S.; Luker, G. Microfluidic
source-sink model reveals effects of biophysically distinct cxcl12 isoforms in breast cancer chemotaxis.
Integr. Biol. 2014, 6, 564–576. [CrossRef] [PubMed]

71. Kakinuma, T.; Hwang, S.T. Chemokines, chemokine receptors, and cancer metastasis. J. Leukoc. Biol. 2006,
79, 639–651. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/c3ib40076j
http://www.ncbi.nlm.nih.gov/pubmed/23799587
http://dx.doi.org/10.1073/pnas.1105316108
http://www.ncbi.nlm.nih.gov/pubmed/21876168
http://dx.doi.org/10.1371/journal.pone.0056910
http://www.ncbi.nlm.nih.gov/pubmed/23437268
http://dx.doi.org/10.1016/j.ccr.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16169461
http://dx.doi.org/10.1016/j.ccr.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16169468
http://dx.doi.org/10.1128/MCB.23.12.4283-4294.2003
http://www.ncbi.nlm.nih.gov/pubmed/12773570
http://dx.doi.org/10.1073/pnas.78.6.3901
http://www.ncbi.nlm.nih.gov/pubmed/7022458
http://dx.doi.org/10.1039/c0ib00095g
http://www.ncbi.nlm.nih.gov/pubmed/21210057
http://dx.doi.org/10.1016/j.biocel.2004.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15094120
http://dx.doi.org/10.1007/BF00190136
http://www.ncbi.nlm.nih.gov/pubmed/7508695
http://dx.doi.org/10.1063/1.3555195
http://www.ncbi.nlm.nih.gov/pubmed/21522502
http://dx.doi.org/10.1039/c0ib00041h
http://www.ncbi.nlm.nih.gov/pubmed/20871938
http://dx.doi.org/10.1039/c2lc00030j
http://www.ncbi.nlm.nih.gov/pubmed/22648473
http://dx.doi.org/10.1097/00000658-200206000-00017
http://www.ncbi.nlm.nih.gov/pubmed/12035046
http://dx.doi.org/10.1038/35065016
http://www.ncbi.nlm.nih.gov/pubmed/11242036
http://dx.doi.org/10.1158/1078-0432.CCR-03-0195
http://www.ncbi.nlm.nih.gov/pubmed/15073111
http://dx.doi.org/10.1073/pnas.242401399
http://www.ncbi.nlm.nih.gov/pubmed/12446836
http://dx.doi.org/10.1111/j.1549-8719.2010.00074.x
http://www.ncbi.nlm.nih.gov/pubmed/21166932
http://dx.doi.org/10.1039/C5IB00085H
http://www.ncbi.nlm.nih.gov/pubmed/25896438
http://dx.doi.org/10.1385/IR:36:1:61
http://dx.doi.org/10.1002/bit.21851
http://www.ncbi.nlm.nih.gov/pubmed/18553401
http://dx.doi.org/10.1039/C4IB00015C
http://www.ncbi.nlm.nih.gov/pubmed/24675873
http://dx.doi.org/10.1189/jlb.1105633
http://www.ncbi.nlm.nih.gov/pubmed/16478915


Bioengineering 2017, 4, 64 15 of 17

72. Pampaloni, F.; Reynaud, E.G.; Stelzer, E.H. The third dimension bridges the gap between cell culture and
live tissue. Nat. Rev. Mol. Cell Biol. 2007, 8, 839–845. [CrossRef] [PubMed]

73. Wootton, R.C. Microfluidics: Analog-to-digital drug screening. Nature 2012, 483, 43–44. [CrossRef] [PubMed]
74. Wlodkowic, D.; Faley, S.; Zagnoni, M.; Wikswo, J.P.; Cooper, J.M. Microfluidic single cell array cytometry for

the analysis of tumour apoptosis. Anal. Chem. 2009, 81, 5517–5523. [CrossRef] [PubMed]
75. Yu, L.; Chen, M.C.; Cheung, K.C. Droplet-based microfluidic system for multicellular tumor spheroid

formation and anticancer drug testing. Lab Chip 2010, 10, 2424–2432. [CrossRef] [PubMed]
76. Weiswald, L.-B.; Bellet, D.; Dangles-Marie, V. Spherical cancer models in tumor biology. Neoplasia 2015, 17,

1–15. [CrossRef] [PubMed]
77. Weltin, A.; Slotwinski, K.; Kieninger, J.; Moser, I.; Jobst, G.; Wego, M.; Ehret, R.; Urban, G.A. Cell culture

monitoring for drug screening and cancer research: A transparent, microfluidic, multi-sensor microsystem.
Lab Chip 2014, 14, 138–146. [CrossRef] [PubMed]

78. Fukumura, D.; Jain, R.K. Tumor microvasculature and microenvironment: Targets for anti-angiogenesis and
normalization. Microvasc. Res. 2007, 74, 72–84. [CrossRef] [PubMed]

79. Kim, C.; Kasuya, J.; Jeon, J.; Chung, S.; Kamm, R.D. A quantitative microfluidic angiogenesis screen for
studying anti-angiogenic therapeutic drugs. Lab Chip 2015, 15, 301–310. [CrossRef] [PubMed]

80. Kim, S.; Chung, M.; Ahn, J.; Lee, S.; Jeon, N.L. Interstitial flow regulates the angiogenic response and
phenotype of endothelial cells in a 3d culture model. Lab Chip 2016, 16, 4189–4199. [CrossRef] [PubMed]

81. Karve, S.; Werner, M.E.; Sukumar, R.; Cummings, N.D.; Copp, J.A.; Wang, E.C.; Li, C.; Sethi, M.; Chen, R.C.;
Pacold, M.E. Revival of the abandoned therapeutic wortmannin by nanoparticle drug delivery. Proc. Nat.
Acad. Sci. 2012, 109, 8230–8235. [CrossRef] [PubMed]

82. Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, J. Nanomedicine in cancer therapy: Challenges,
opportunities, and clinical applications. J. Controll. Release 2015, 200, 138–157. [CrossRef] [PubMed]

83. Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive
and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef]
[PubMed]

84. Maeda, H. Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues
related to its heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3–6. [CrossRef] [PubMed]

85. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and
opportunities. Nat. Rev. Cancer 2017, 17, 20–37. [CrossRef] [PubMed]

86. Prabhakar, U.; Maeda, H.; Jain, R.K.; Sevick-Muraca, E.M.; Zamboni, W.; Farokhzad, O.C.; Barry, S.T.;
Gabizon, A.; Grodzinski, P.; Blakey, D.C.; et al. Challenges and key considerations of the enhanced
permeability and retention effect for nanomedicine drug delivery in oncology. Cancer Res. 2013, 73, 2412–2417.
[CrossRef] [PubMed]

87. Saha, R.N.; Vasanthakumar, S.; Bende, G.; Snehalatha, M. Nanoparticulate drug delivery systems for cancer
chemotherapy. Mol. Membr. Biol. 2010, 27, 215–231. [CrossRef] [PubMed]

88. Kirpotin, D.B.; Drummond, D.C.; Shao, Y.; Shalaby, M.R.; Hong, K.; Nielsen, U.B.; Marks, J.D.; Benz, C.C.;
Park, J.W. Antibody targeting of long-circulating lipidic nanoparticles does not increase tumor localization
but does increase internalization in animal models. Cancer Res. 2006, 66, 6732–6740. [CrossRef] [PubMed]

89. Bhattacharyya, S.; Khan, J.A.; Curran, G.L.; Robertson, J.D.; Bhattacharya, R.; Mukherjee, P. Efficient delivery
of gold nanoparticles by dual receptor targeting. Adv. Mater. 2011, 23, 5034–5038. [CrossRef] [PubMed]

90. Zhang, C.; Wan, X.; Zheng, X.; Shao, X.; Liu, Q.; Zhang, Q.; Qian, Y. Dual-functional nanoparticles targeting
amyloid plaques in the brains of alzheimer's disease mice. Biomaterials 2014, 35, 456–465. [CrossRef]
[PubMed]

91. Li, X.; Zhou, H.; Yang, L.; Du, G.; Pai-Panandiker, A.S.; Huang, X.; Yan, B. Enhancement of cell recognition
in vitro by dual-ligand cancer targeting gold nanoparticles. Biomaterials 2011, 32, 2540–2545. [CrossRef]
[PubMed]

92. Kwak, B.; Ozcelikkale, A.; Shin, C.S.; Park, K.; Han, B. Simulation of complex transport of nanoparticles
around a tumor using tumor-microenvironment-on-chip. J. Controll. Release 2014, 194, 157–167. [CrossRef]
[PubMed]

93. Albanese, A.; Lam, A.K.; Sykes, E.A.; Rocheleau, J.V.; Chan, W.C. Tumour-on-a-chip provides an optical
window into nanoparticle tissue transport. Nat. Commun. 2013, 4, 2718. [CrossRef] [PubMed]

94. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrm2236
http://www.ncbi.nlm.nih.gov/pubmed/17684528
http://dx.doi.org/10.1038/483043a
http://www.ncbi.nlm.nih.gov/pubmed/22382977
http://dx.doi.org/10.1021/ac9008463
http://www.ncbi.nlm.nih.gov/pubmed/19514700
http://dx.doi.org/10.1039/c004590j
http://www.ncbi.nlm.nih.gov/pubmed/20694216
http://dx.doi.org/10.1016/j.neo.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25622895
http://dx.doi.org/10.1039/C3LC50759A
http://www.ncbi.nlm.nih.gov/pubmed/24217869
http://dx.doi.org/10.1016/j.mvr.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17560615
http://dx.doi.org/10.1039/C4LC00866A
http://www.ncbi.nlm.nih.gov/pubmed/25370780
http://dx.doi.org/10.1039/C6LC00910G
http://www.ncbi.nlm.nih.gov/pubmed/27722679
http://dx.doi.org/10.1073/pnas.1120508109
http://www.ncbi.nlm.nih.gov/pubmed/22547809
http://dx.doi.org/10.1016/j.jconrel.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25545217
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24270007
http://dx.doi.org/10.1016/j.addr.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25579058
http://dx.doi.org/10.1038/nrc.2016.108
http://www.ncbi.nlm.nih.gov/pubmed/27834398
http://dx.doi.org/10.1158/0008-5472.CAN-12-4561
http://www.ncbi.nlm.nih.gov/pubmed/23423979
http://dx.doi.org/10.3109/09687688.2010.510804
http://www.ncbi.nlm.nih.gov/pubmed/20939772
http://dx.doi.org/10.1158/0008-5472.CAN-05-4199
http://www.ncbi.nlm.nih.gov/pubmed/16818648
http://dx.doi.org/10.1002/adma.201102287
http://www.ncbi.nlm.nih.gov/pubmed/21971980
http://dx.doi.org/10.1016/j.biomaterials.2013.09.063
http://www.ncbi.nlm.nih.gov/pubmed/24099709
http://dx.doi.org/10.1016/j.biomaterials.2010.12.031
http://www.ncbi.nlm.nih.gov/pubmed/21232787
http://dx.doi.org/10.1016/j.jconrel.2014.08.027
http://www.ncbi.nlm.nih.gov/pubmed/25194778
http://dx.doi.org/10.1038/ncomms3718
http://www.ncbi.nlm.nih.gov/pubmed/24177351
http://dx.doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203


Bioengineering 2017, 4, 64 16 of 17

95. Kim, Y.; Fay, F.; Cormode, D.P.; Sanchez-Gaytan, B.L.; Tang, J.; Hennessy, E.J.; Ma, M.; Moore, K.;
Farokhzad, O.C.; Fisher, E.A.; et al. Single step reconstitution of multifunctional high-density
lipoprotein-derived nanomaterials using microfluidics. ACS Nano 2013, 7, 9975–9983. [CrossRef] [PubMed]

96. Kim, Y.; Lobatto, M.E.; Kawahara, T.; Chung, B.L.; Mieszawska, A.J.; Sanchez-Gaytan, B.L.; Fay, F.;
Senders, M.L.; Calcagno, C.; Becraft, J. Probing nanoparticle translocation across the permeable endothelium
in experimental atherosclerosis. Proc. Natl. Acad. Sci. USA 2014, 111, 1078–1083. [CrossRef] [PubMed]

97. Nagy, J.A.; Dvorak, A.M.; Dvorak, H.F. VEGF-A and the induction of pathological angiogenesis. Ann. Rev.
Pathol. Mech. Dis. 2007, 2, 251–275. [CrossRef] [PubMed]

98. Baish, J.W.; Stylianopoulos, T.; Lanning, R.M.; Kamoun, W.S.; Fukumura, D.; Munn, L.L.; Jain, R.K. Scaling
rules for diffusive drug delivery in tumor and normal tissues. Proc. Natl. Acad. Sci. USA 2011, 108, 1799–1803.
[CrossRef] [PubMed]

99. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform
for cancer therapy. Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef] [PubMed]

100. Masuzaki, R.; Tateishi, R.; Yoshida, H.; Sato, T.; Ohki, T.; Goto, T.; Yoshida, H.; Sato, S.; Sugioka, Y.;
Ikeda, H.; et al. Assessing liver tumor stiffness by transient elastography. Hepatol. Int. 2007, 1, 394–397.
[CrossRef] [PubMed]

101. Egeblad, M.; Rasch, M.G.; Weaver, V.M. Dynamic interplay between the collagen scaffold and tumor
evolution. Curr. Opin. Cell Biol. 2010, 22, 697–706. [CrossRef] [PubMed]

102. Levental, K.R.; Yu, H.; Kass, L.; Lakins, J.N.; Egeblad, M.; Erler, J.T.; Fong, S.F.; Csiszar, K.; Giaccia, A.;
Weninger, W.; et al. Matrix crosslinking forces tumor progression by enhancing integrin signaling. Cell 2009,
139, 891–906. [CrossRef] [PubMed]

103. Stylianopoulos, T.; Martin, J.D.; Chauhan, V.P.; Jain, S.R.; Diop-Frimpong, B.; Bardeesy, N.; Smith, B.L.;
Ferrone, C.R.; Hornicek, F.J.; Boucher, Y.; et al. Causes, consequences, and remedies for growth-induced solid
stress in murine and human tumors. Proc. Natl. Acad. Sci. USA 2012, 109, 15101–15108. [CrossRef] [PubMed]

104. Mpekris, F.; Angeli, S.; Pirentis, A.P.; Stylianopoulos, T. Stress-mediated progression of solid tumors:
Effect of mechanical stress on tissue oxygenation, cancer cell proliferation, and drug delivery.
Biomech. Model. Mechanobiol. 2015, 14, 1391–1402. [CrossRef] [PubMed]

105. Stylianopoulos, T.; Martin, J.D.; Snuderl, M.; Mpekris, F.; Jain, S.R.; Jain, R.K. Coevolution of solid stress and
interstitial fluid pressure in tumors during progression: Implications for vascular collapse. Cancer Res. 2013,
73, 3833–3841. [CrossRef] [PubMed]

106. Chauhan, V.P.; Martin, J.D.; Liu, H.; Lacorre, D.A.; Jain, S.R.; Kozin, S.V.; Stylianopoulos, T.; Mousa, A.S.;
Han, X.; Adstamongkonkul, P.; et al. Angiotensin inhibition enhances drug delivery and potentiates
chemotherapy by decompressing tumour blood vessels. Nat. Commun. 2013, 4. [CrossRef] [PubMed]

107. Desmaison, A.; Frongia, C.; Grenier, K.; Ducommun, B.; Lobjois, V. Mechanical stress impairs mitosis
progression in multi-cellular tumor spheroids. PLoS ONE 2013, 8, e80447. [CrossRef] [PubMed]

108. Delarue, M.; Montel, F.; Vignjevic, D.; Prost, J.; Joanny, J.-F.; Cappello, G. Compressive stress inhibits
proliferation in tumor spheroids through a volume limitation. Biophys. J. 2014, 107, 1821–1828. [CrossRef]
[PubMed]

109. Roose, T.; Netti, P.A.; Munn, L.L.; Boucher, Y.; Jain, R.K. Solid stress generated by spheroid growth estimated
using a linear poroelasticity model. Microvasc. Res. 2003, 66, 204–212. [CrossRef]

110. Ciarletta, P. Buckling instability in growing tumor spheroids. Phys. Rev. Lett. 2013, 110, 158102. [CrossRef]
[PubMed]

111. Ciarletta, P.; Ambrosi, D.; Maugin, G.; Preziosi, L. Mechano-transduction in tumour growth modelling.
Eur. Phys. J. E 2013, 36, 1–9. [CrossRef] [PubMed]

112. Goel, S.; Duda, D.G.; Xu, L.; Munn, L.L.; Boucher, Y.; Fukumura, D.; Jain, R.K. Normalization of the
vasculature for treatment of cancer and other diseases. Phys. Rev. 2011, 91, 1071–1121. [CrossRef] [PubMed]

113. Jain, R.K.; Martin, J.D.; Stylianopoulos, T. The role of mechanical forces in tumor growth and therapy.
Ann. Rev. Biomed. Eng. 2014, 16, 321–346. [CrossRef] [PubMed]

114. Khawar, I.A.; Kim, J.H.; Kuh, H.-J. Improving drug delivery to solid tumors: Priming the tumor
microenvironment. J. Controll. Release 2015, 201, 78–89. [CrossRef] [PubMed]

115. Goel, S.; Wong, A.H.-K.; Jain, R.K. Vascular normalization as a therapeutic strategy for malignant and
nonmalignant disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006486. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/nn4039063
http://www.ncbi.nlm.nih.gov/pubmed/24079940
http://dx.doi.org/10.1073/pnas.1322725111
http://www.ncbi.nlm.nih.gov/pubmed/24395808
http://dx.doi.org/10.1146/annurev.pathol.2.010506.134925
http://www.ncbi.nlm.nih.gov/pubmed/18039100
http://dx.doi.org/10.1073/pnas.1018154108
http://www.ncbi.nlm.nih.gov/pubmed/21224417
http://dx.doi.org/10.1038/nnano.2007.387
http://www.ncbi.nlm.nih.gov/pubmed/18654426
http://dx.doi.org/10.1007/s12072-007-9012-7
http://www.ncbi.nlm.nih.gov/pubmed/19669335
http://dx.doi.org/10.1016/j.ceb.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20822891
http://dx.doi.org/10.1016/j.cell.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19931152
http://dx.doi.org/10.1073/pnas.1213353109
http://www.ncbi.nlm.nih.gov/pubmed/22932871
http://dx.doi.org/10.1007/s10237-015-0682-0
http://www.ncbi.nlm.nih.gov/pubmed/25968141
http://dx.doi.org/10.1158/0008-5472.CAN-12-4521
http://www.ncbi.nlm.nih.gov/pubmed/23633490
http://dx.doi.org/10.1038/ncomms3516
http://www.ncbi.nlm.nih.gov/pubmed/24084631
http://dx.doi.org/10.1371/journal.pone.0080447
http://www.ncbi.nlm.nih.gov/pubmed/24312473
http://dx.doi.org/10.1016/j.bpj.2014.08.031
http://www.ncbi.nlm.nih.gov/pubmed/25418163
http://dx.doi.org/10.1016/S0026-2862(03)00057-8
http://dx.doi.org/10.1103/PhysRevLett.110.158102
http://www.ncbi.nlm.nih.gov/pubmed/25167314
http://dx.doi.org/10.1140/epje/i2013-13023-2
http://www.ncbi.nlm.nih.gov/pubmed/23504484
http://dx.doi.org/10.1152/physrev.00038.2010
http://www.ncbi.nlm.nih.gov/pubmed/21742796
http://dx.doi.org/10.1146/annurev-bioeng-071813-105259
http://www.ncbi.nlm.nih.gov/pubmed/25014786
http://dx.doi.org/10.1016/j.jconrel.2014.12.018
http://www.ncbi.nlm.nih.gov/pubmed/25526702
http://dx.doi.org/10.1101/cshperspect.a006486
http://www.ncbi.nlm.nih.gov/pubmed/22393532


Bioengineering 2017, 4, 64 17 of 17

116. Chauhan, V.P.; Stylianopoulos, T.; Martin, J.D.; Popović, Z.; Chen, O.; Kamoun, W.S.; Bawendi, M.G.;
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