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Abstract
Prevailing evidence has established the fundamental role of microenvironmental conditions in
tumorigenesis. However, the ability to identify, interrupt, and translate the underlying cellular and
molecular mechanisms into meaningful therapies remains limited, due in part to a lack of
organotypic culture systems that accurately recapitulate tumor physiology. Integration of tissue
engineering with microfabrication technologies has the potential to address this challenge and
mimic tumor heterogeneity with pathological fidelity. Specifically, this approach allows
recapitulating global changes of tissue-level phenomena, while also controlling microscale
variability of various conditions including spatiotemporal presentation of soluble signals,
biochemical and physical characteristics of the extracellular matrix, and cellular composition.
Such platforms have continued to elucidate the role of the microenvironment in cancer
pathogenesis and significantly improve drug discovery and screening, particularly for therapies
that target tumor-enabling stromal components. This review discusses some of the landmark
efforts in the field of micro-tumor engineering with a particular emphasis on deregulated tissue
organization and mass transport phenomena in the tumor microenvironment.
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1. Introduction
Despite sustained progress in our knowledge of biological signaling events regulating tumor
malignancy, the clinical prognosis for many cancer types has scarcely changed since 1950
(Howlader 2012). Increasing experimental evidence suggests that this discrepancy may be
due in part to an under-appreciation of physical phenomena contributing to disease
progression. As a result, cancer biologists are increasingly collaborating with physical
scientists and engineers to study physicochemical characteristics of solid tumors and their
role in modulating intracellular signaling (Michor 2011). Particular emphasis is placed on
analyzing microenvironmental changes that fundamentally influence tumor progression and
therapy, including aberrant mechanical properties (e.g. cell forces, matrix stiffness),
transport phenomena (e.g. mass and energy transfer, fluid dynamics), and growth/reaction
kinetics (e.g. metabolism, signaling, proliferation). For example, quantifying therapy-
associated mass transport, reaction rates, and the resulting cellular growth kinetics may help
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to better understand the evolution of drug resistance and inform more efficacious dosing
regiments (Foo 2012; Podlaha 2012). To determine such variables, new experimental
platforms are needed that accurately recapitulate salient characteristics of the tumor
microenvironment.

By integrating strategies from tissue engineering, microfabrication, and cancer biology,
biologically-inspired culture models (a.k.a. tumor surrogates) enable studies of
physicochemical disease dynamics across multiple scales (Ghajar 2010; Wlodkowic 2010).
Tissue engineering technologies, including biomaterials, scaffold fabrication techniques, and
bioreactor design, allow facile manipulation of tissue-level phenomena such as culture
dimensionality, cell-cell and cell-extracellular matrix (ECM) interactions, and soluble factor
transport and signaling. Complementing these tools, microfabrication principles can exert
exquisite control over the chemical and physical environment on the cellular scale, for
example via incorporation of microfluidic channels or precise variation of mechanical and
topographical properties, respectively (Huh 2011; Walker 2004). Hence, the combination of
tissue engineering and microfabrication affords the development of novel in vitro
approaches to quantitatively assess constitutive microenvironmental features that are
frequently neglected by conventional tissue culture methods or obscured by the complexity
of in vivo models (Burdett 2010; Griffith & Swartz 2006; Khademhosseini 2006).
Moreover, these platforms may interface in real-time with sensitive analytical
instrumentation, such as confocal microscopy or mass spectrometry, for unprecedented
access to cellular and biomolecular dynamics (Enders 2010; Paguirigan 2010).

Here, we briefly introduce prominent characteristics of the tumor microenvironment,
describe current state-of-the-art in vitro technologies to quantify these phenomena, and
provide a perspective on future opportunities for micro-engineered tumor platforms in
cancer research and clinical application with the ultimate goal of illuminating the multiscale
regulation of cancer pathogenesis and therapy response.

2. Biological and physical hallmarks of the tumor microenvironment
Carcinomas comprise the majority of all solid tumors, and their malignancy is driven not
only by the genetic transformation of epithelial cells, but also by the remodeling of
contiguous stromal tissue to foster growth, metastasis, and therapy resistance (Bissell &
Radisky 2001; Mueller 2004; Joyce & Pollard 2009). This tumor stroma derives from
reciprocal tumor-host cell crosstalk, whereby tumor cell-secreted growth factors and
cytokines stimulate the otherwise quiescent host cells to initiate a variety of processes,
including desmoplasia and angiogenesis (Kim 2005; Rønnov-Jessen 2009; Hanahan &
Coussens 2012; Otranto 2012). The ensuing physiological changes resemble wound healing
processes; however, tumor-associated stromal cells undermine tissue homeostasis rather
than normalizing it, eliciting the analogy that tumors function as ‘wounds that do not heal’
(Dvorak 1986; Coussens & Werb 2002). As a result, an asymmetric distribution of physical
and chemical cues emerges, comprising spatiotemporally altered matrix mechanical
properties and mass transport (Fukumura & Jain 2007; Hanahan & Coussens 2012; Otranto
2012). Below, we describe these pathological consequences of tumor-stroma interactions
from both biological and physical science perspectives and summarize microscale tissue
engineering strategies to explore the underlying mechanisms.

2.1 Deranged tissue organization
2.1.1 Dimensionality and ECM characteristics—Structural ramifications of
malignant transformation begin with the transition from 2D to 3D tissue architecture caused
by the hyper-proliferation of epithelial cells. Healthy epithelia are generally organized in
polarized sheet structures, with a basolateral surface supported by a basement membrane, an
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apical lumen with secretory function, and tight junctions between neighboring cells in a
confluent pseudo-monolayer (Fig. 1). Disruption of this arrangement by aberrant
proliferation, loss of E-cadherin-mediated cell-cell contact, or secretion of matrix-degrading
enzymes such as matrix metalloproteinases (MMPs) subverts epithelial homeostasis and
promotes carcinogenesis (Beliveau 2010; Nelson 2005; Bissell 2011; Chen 2009).
Independent of other environmental conditions, this dimensional shift affects tumor cell
growth (Weaver 1997; Wang 1998), migration (Fraley 2010; Zaman 2006), signaling
(Fischbach 2009), and drug response (Dhiman 2005; Fischbach 2007). Conversely,
restoration of appropriate geometrical context, or inhibition of integrin receptors that
mediate 3D cellular engagement to the ECM, can normalize the malignant phenotype of
transformed epithelial populations, in part by interrupting bidirectional cross-talk between
growth factor and cell adhesion receptors (Wang 1998; Kenny 2003; Weigelt 2010). For
these reasons, appropriate choice of culture dimensionality is critical for the development of
and interpretation of results collected with biomimetic tissue constructs in cancer research
(Pampaloni 2007; Griffith & Swartz 2006; Nelson & Bissell 2006).

Moreover, ECM properties, such as elasticity, nano- and microstructure, as well as
composition affect tumorigenesis and need to be considered when designing matrices for in
vitro culture models (Paszek 2005; Discher 2005; Carey 2012). Namely, desmoplastic
matrix remodeling by tumor-associated myofibroblasts entails the assembly of a highly
dense ECM (Fig. 1), whose physicochemical attributes enhance malignancy through
morphogenic deregulation, tumor cell proliferation, vascular recruitment, and
myofibroblastic differentiation (Kalluri 2006; Otranto 2012; Chandler and Seo 2012).
Mediated by increased deposition, unfolding, and crosslinking of fibrillar adhesion proteins
(e.g. fibronectin, collagen type I), desmoplastic stiffening contributes to epithelial
transformation in part through integrin-mediated increases in cell contractility (Chandler
2011, Levental 2009). This change in cell contractility, in turn, can directly and indirectly
alter gene expression via altering transcription factor activity and the release of matrix-
bound, pro-tumorigenic growth factors (e.g., transforming growth factor beta; TGFbeta),
respectively (Hinz 2009; Mammoto 2009). Similarly, changes in the distribution of pore
sizes, chemical composition, and fiber arrangement due to myofibroblastic remodeling can
control aspects of tumor cell phenotype such as adhesion, mechanics, and motility (Zaman
2006; Pathak 2011, 2012). Recapitulating these diverse physical aspects of biological
matrices comprises a critical design criterion for tissue-engineered tumor models.

2.1.2 Engineered models to evaluate the effect of tissue dimensionality and
ECM interactions—Microfabrication techniques in conjunction with natural or artificial
ECM molecules afford investigations into the role of 3D cell-cell and cell-ECM interactions
(Stenzel 1974; Roy 2010; Pederson 2003; Carey 2012). Originally pioneered on planar
surfaces, micropatterning of natural ECM molecules (e.g. fibronectin) onto cell culture
substrates by polydimethylsiloxane (PDMS)-based microcontact printing or soft lithography
has been extensively utilized to interrogate topographical and biochemical effects on
individual cells and small cell populations (Khademhosseini 2006; Whitesides 2001). For
example, such studies were used to decouple the effects of cell shape, spreading, and
receptor ligation on cell fate (Tien 2002). However, the sagging and swelling of PDMS in
solution limits homogeneous patterning of large surface areas as necessary for proteomic or
transcriptional analysis of protein expression. Parylene patterning can address this challenge
and has enabled seeding of individual cells or small cell clusters on fibronectin-
functionalized surfaces of varying area to examine the role of direct cell-cell contact on
tumor cell behavior (Tan 2009). Although both techniques have provided numerous insights
regarding cell-matrix and cell-cell interactions, by maintaining monolayer cell culture, they
neglect authentic tissue architecture. In contrast, fully-enclosed 3D tissue culture has proved
its utility for mimicking the structural environment of tumor-associated stroma and
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subsequent effects on disease progression. For example, organotypic culture arrays
comprising lithographically-defined epithelial tissue structures sandwiched between layers
of collagen were used to study geometrical influences on neoplastic progression (Nelson
2008). Likewise, hydrogel-based 3D microwell arrays have emerged as a robust platform to
examine cell culture space and intercellular interactions, including their effects on drug
response (Charnley 2009, Håkanson 2012). One particular advantage of microscale 3D
matrices is the reduction of diffusion barriers to allow homogeneous, temporally-controlled
stimulation of cell populations (Raghavan 2010). Furthermore, such systems can be
incorporated with lithographically defined microchannels to mimic cellular confinement
within 3D tissue, an approach which has revealed that lower ECM porosity due to increased
stiffness may promote cell migration (Pathak 2012).

In order to explore the role of matrix composition, structure, and mechanical properties in
cancer pathogenesis, biomaterials from regenerative medicine and drug delivery can be
adapted to microfabricated culture systems discussed above (Tibbitt 2009), including
complex mixtures of biological ECM (e.g., Matrigel®, a basement membrane preparation
isolated from Engelbreth-Holm-Swarm murine sarcoma) and isolated ECM components
from animal tissue (e.g., collagen I, fibronectin) (Patterson 2010). These natural biomaterials
offer unique advantages due to their inherent provision of cell binding sites and the fact that
porosity, fiber structure, and stiffness can be readily tailored via adjusting gelling conditions
such as temperature, concentration, gel thickness, and media composition (Carey 2012;
Wheeldon 2010; Roy 2010). Nevertheless, natural polymers suffer from batch to batch
variations and provide limited parameter space for the above-described physical variables.
In fact, their modulation often simultaneously alters other materials properties that
independently affect cell behavior (e.g. concentration changes affect stiffness but also
density of adhesion ligands and porosity) (Miron-Mendoza 2012; Savina 2009). Artificially
combining functional protein building blocks via protein engineering strategies provides an
attractive route to overcome these shortcomings and generate biological materials systems
with unprecedented control over cell adhesion, proteolytic degradation, or stiffness (Romano
2011). However, the fabrication of such molecules is highly specialized and therefore
frequently not amenable for routine applications.

Biologically-inspired partially or fully synthetic hydrogels may help to overcome some of
the inherent limitations of natural biomaterials. They can be produced in large quantities, a
highly reproducible manner, and are increasingly used by both the cancer biology and
engineering community to selectively tune the physicochemical composition and structure
of cell culture matrices. For example, synthetically modified fibrin or hyaluronic acid have
been developed previously to guide endothelial cell behavior for regenerative approaches
(Ehrbar 2005; Hanjaya-Putra 2011), but are also relevant in the context of cancer as the
deposition of these ECM components is increased during tumorigenesis (Nagy 2012; Slevin
2002). Modifying natural ECM components takes advantage of the inherent cell affinity to
the polymer backbone, while introducing selective variations of matrix mechanical
properties and degradation via synthetic side chains (Hanjaya-Putra 2012; Anathanarayanan
2011). Polyacrylamide gels covalently coated with ECM components provide another
system to independently control elastic moduli and ECM ligand presentation and revealed
mechanoregulatory mechanisms of perturbed epithelial tissue homeostasis (Paszek 2005).
These substrates are widely utilized by many labs for 2D studies, but as they cannot be
remodeled by cells, translation to 3D culture formats or animal studies (i.e., for verification
of in vitro data) is limited. Furthermore, recent findings indicate that stiffness-related
changes in porosity of polyacrylamide gels may affect the conformation of covalently
attached cell adhesion proteins, which, in turn, could also regulate cell behavior (Trappmann
2012). Poly(ethylene glycol) (PEG)-based scaffolds provide an attractive alternative as not
only the stiffness of these materials can be readily adjusted, but also the density of
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conformation-independent cell adhesion sites and/or proteolytically degradable crosslinkers
ultimately enabling studies of cellular invasion in 3D culture formats (Gill 2012).
Modifications of PEG-based materials in which molecular moieties have been introduced to
enable in situ photo-degradation or crosslinking are particularly exciting because this
approach affords an opportunity to determine cellular response to dynamic changes of
matrix stiffness that may result from tumor development or drug treatments (Kloxin 2009;
Li 2006).

2.2 Cancer, A mass transport problem
2.2.1 Current knowledge—Within the tumor stroma, convective and diffusive forces are
intrinsic mediators of the biochemical landscape that sustains neoplastic development
(Kenny 2006; Netti 2000; Ramanujan 2002). The predominant conduits of mass transport,
microvascular networks define the spatial distribution of oxygen, nutrients, endocrine
signals, and therapeutic drugs. Moreover, as a consequence of diffusion-limited nutrient and
waste transport, the absence of a functional vasculature regulates the development of
hypoxia and acidosis during tumor initiation and at interior regions of advanced cancers
(Fig. 1). These microenvironmental conditions promote malignancy by driving the selection
of cells that mitigate oxidative stress via autonomous energy production, typically through
glycolysis (Damert 1997; Cochran 2006; Scott 2011). Metabolic rewiring, known as the
‘Warburg effect’, can further enhance the proliferative, metastatic, and therapy-resistant
behavior of the adapted cell population. Furthermore, hypoxia is known to dramatically alter
the secretion profile of tumor cells, particularly by inducing pro-angiogenic factors (e.g.
vascular endothelial growth factor [VEGF], interleukin-8 [IL-8], basic fibroblast growth
factor [bFGF]) that promote angiogenesis and vasculogenesis via the recruitment of adjacent
blood vessels and bone marrow-derived progenitor cells, respectively (Hanahan & Folkman
1996). This process of sustained neovascularization constitutes a hallmark capability of
cancer and, by surmounting nutrient limitations and providing vascular conduits, enables
tumor growth and metastasis (Hanahan & Weinberg 2000). However, compared to healthy
vasculature, tumor-associated blood vessels exhibit increased leakiness, tortuosity,
instability via absence of mural cells, and subsequent aberrant fluid mechanical forces
(Hashizume 2000; Nagy 2008, 2012). As a result, they fail to normalize the hypoxia/acidosis
of the tumor core, but instead cause spatial and temporal variations of these conditions
(Dvorak 2010). Notably, by contributing to elevated fluid pressure in the tumor,
dysfunctional vasculature compromises drug delivery and modulates interstitial flow at the
tumor margins (Stohrer 2000). Pressure gradients and subsequent drainage from the tumor
perimeter directly and indirectly guide the behavior of tumor and stromal cells by
redistributing morphogen and chemokine gradients and by mechanically-inducing stromal
differentiation (Haessler 2011; Shieh 2011; Shields 2007). From a physical science
perspective, these integrated fluid mechanical forces establish the prevailing biochemical
profile of the tumor microenvironment and direct disease progression (Swartz 2012).
Likewise, tools to deconvolute convection-diffusion-reaction kinetics, paracrine signaling,
vascular supply, and interstitial fluid mechanics are required for the comprehensive study of
pathophysiological transport processes, including metabolic maintenance, drug delivery, and
evolution of therapy resistance (Basanta 2012).

2.2.2 Biomimetic approaches to study tumor-associated transport phenomena
—Whereas conventional in vitro technologies lack spatiotemporal variations of soluble
chemicals, and animal studies prohibit quantitative control over mass transport,
microfabricated tissues can effectively access these critical pathological parameters (Stroock
2010). Therefore, researchers have employed microfabrication technologies to mimic
physiological transport processes, including perfusion for metabolic maintenance, diffusion-
controlled soluble factor gradients, convective transport through microfluidic conduits, and
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more recently, tissue-engineered biomimetic vasculature (Whitesides 2006; Tourovskaia
2005; Walker 2004). For example, microfabrication technologies have surmounted
diffusion-limited metabolic maintenance in 3D culture by the development of microscale
perfusion bioreactors and by providing access to scaffold geometries within the Krogh
length (i.e., to control hypoxia-associated effects in culture studies) (Choi 2007; Du 2011).
From the profusion of tissue-engineered, microfabricated assays with well-controlled tissue
structure and transport conditions, surprising data has emerged. For example, studies
comparing 2D-cultured tumor cells with tumor cells incorporated within microfabricated
hydrogel disks have revealed that changes in tissue dimensionality may be similarly if not
even more important to the proangiogenic capability of tumor cells as oxidative stress
(Verbridge 2010). Moreover, by the tuning of physical and chemical stimuli as well as
cellular complexity, microfabricated platforms afford a unique opportunity to examine both
the isolated and integrated effects of multiplexed parameters.

Another aspect to consider is that cell responses to gradients of soluble factors, for example,
may be different in 2D vs. 3D culture systems, and not only depend on the specific
morphogen applied, but also its combination with other molecules as well as the specific
spatial and temporal dynamics of exposure. Two-dimensional microfluidic models have
proved their utility in the generation of stable, linear concentration gradients to
independently evaluate directional responses to biomolecular assymetries, such as
chemotaxis and morphogenesis (Jeon 2002; Selimović 2011; Saadi 2007; Dertinger 2001;
Georgescu 2008; Mak 2011). Three-dimensional microfluidic gradient generators with
single- or multi-layered factor gradients will additionally be able to distinguish biochemical
synergies in a physiologically relevant tissue context, which is essential for the study of
tumor cell migration and perturbed morphogenesis (Choi 2007; Chung 2009, 2010; Shamloo
2008, 2010; Shin 2011).

While most of the current approaches are still relatively low-throughput, automated 3D
microfluidic co-culture arrays may revolutionize this limitation. Such systems will be
critical for economically more effective low-volume, high-throughput drug screening, and
have already proved efficacious for interrogating tumor-stromal signaling within 3D culture
formats without typical drug-diffusion limitations (Bauer 2010; Domenech 2012;
Jongpaiboonkit 2008; Montanez-Sauri 2011). By coupling biomaterials with
microfabrication, further 3D platforms have emerged to study cellular responses to spatial
distribution of physical and chemical stimuli. For example, collagen-based microfluidic
channels enable studies of endothelial sprouting in response to VEGF gradients (Chung
2009) and the presence of pericytes (Zheng 2012), and aqueous two-phase systems allow
patterning of cells as well as delivery of biochemical factors (Frampton 2011). Together,
these systems can recapitulate the heterogeneity of tumor and stromal cell-secreted factors,
drug distribution and reaction kinetics, or the gradients of hypoxia and acidosis described
above.

In the particular case of tumor angiogenesis, tissue-engineered microvascular constructs will
undoubtedly advance the development of artificial tumor surrogates and can be fabricated by
a variety of techniques (Fig. 2). Whereas some models employ surface-cultured endothelial
monolayers to study tumor-endothelial signaling and angiogenic invasion independent of
transport effects, other assays generate fully-enclosed endothelial networks in remodelable
matrices (Zheng 2012; Miller 2012; Chrobak 2006; Raghavan 2010; Shamloo 2012;
Verbridge 2010; Wong 2010; Liu 2011). For the fabrication of the latter, microfluidic
conduits may be incorporated into biomimetic hydrogels through a variety of approaches
including pull-through technique, sacrificial fiber molds, modular assembly and soft
lithography (Golden & Tien 2007; Du 2011; Nichol 2009; Price 2009, 2011). Incorporating
such microfabricated, endothelial-coated vessels into engineered tumor models will
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undeniably improve in vitro studies of sprouting angiogenesis, endothelial barrier function,
and drug delivery (Zheng 2012, Chung 2009, Zervantonakis 2011). In fact, pulsed injections
of fluorophores or fluorescently-labeled proteins as mimics of small and large therapeutic
molecules allows the measurement of their diffusivity and permeability from
microengineered vasculature and permits the analysis of changes in leakiness due to
exposure to excess concentrations of proangiogenic molecules (Zheng 2012). Likewise,
these devices can be utilized in the quantification of diffusion-reaction metabolic processes
in 3D and determination of cell growth rate constants, which are significantly different from
suspension and monolayer culture (Choi 2007).

In addition to solute delivery, microvascular models can be used to introduce a permissive
mechanical regulator of the microenvironment, namely convective transport via interstitial
flow (Fukumura 2008; Griffith & Swartz 2006). In fact, interstitial flow can affect tumor
progression via multiple mechanisms; for example, through biasing the distribution of cell-
secreted factors, forcing mechanical aberrations of the tumor microenvironment by
promoting stroma remodeling, and regulating endothelial sprouting (Haessler 2011;
Polacheck 2011; Shieh 2011; Shields 2007; Song 2011). Integrated in tumor-engineered
platforms selective perfusion of microvascular network recreates inherent pathological
properties such as hypoxia/acidosis, compromised drug delivery, edema, and in some cases
the direct visualization of migration and intravasation. By quantifying hitherto unexplored
responses to transport processes, this unprecedented control of multiple-parameter in vitro
models is indispensable for the improved understanding of tumor growth and clinical
treatment.

3. Future opportunities
Over the past decade or so, reductionist approaches have helped to decipher the biological
and physicochemical complexity of tumors, but as the discipline of tumor engineering
matures and technologies improve, we encounter the question of what can be gained by
adding complexity. We propose applications for microengineered tumor-mimetic assays in
drug development and delivery strategies, simulation of whole-body physiologically-based
pharmacokinetic models, and screening of rationally-designed therapeutic regimens.
Furthermore, experimental integration of convective-diffusion-reaction processes will
provide unprecedented access to quantitative parameters that are instrumental to the
validation of comprehensive computational models describing the intra- and extracellular
signaling networks underlying tumorigenesis.

3.1 Engineering of functional, fully-human and/or patient-specific micro-tissues
The immediate advantage of complex microengineered tumor models derives from the
opportunity to observe interactions between various constituents of the tumor
microenvironment in real time with implications for both basic research and drug
development. Whereas certain physicochemical parameters may be independently
important, it is likely that combinatorial effects accentuate or attenuate their functional
significance. Thus, robust platforms that can controllably add or subtract layers of
physiological complexity will be indispensable for interrogating variates and co-variates in
cancer therapy. For example, the emergence of drug resistant subpopulations may rely on
microenvironmental signatures dictated by the cellular and acellular heterogeneity of the
tumor mass; identification of the underlying molecular mechanisms has the potential to
identify novel therapeutic targets that may improve current therapeutic interventions
(Gerlinger 2012; Ene 2011; Nakasone 2012). Likewise, tumor-engineered assays will
provide unprecedented ability to disambiguate the indirect effects of targeted cancer drugs.
As one poignant example, the underwhelming clinical benefit of VEGF-inhibiting, anti-
angiogenic therapies has received considerable attention (Bergers & Hanahan 2008;
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Fukumura 2007). Low therapeutic efficacy is due in part to a poor understanding of the
mechanisms underlying vessel growth and drug response as well as the forced upregulation
of alternative proangiogenic factors (e.g., bFGF and IL-8) that render vessels VEGF-
independent (Hanahan & Folkman 1996; Folkman 2007; Bergers & Benjamin 2003; Pàez-
Ribes 2009; Goel 2011). To explore these questions, our lab is developing microengineered
tumor models to determine cooperative parameters that may control endothelial cell
sprouting, including cell density, vessel geometry, and endothelial cell autocrine signaling
mechanisms (Verbridge, accepted). As biomimetic vascular assays continue improving, the
pros and cons of anti-angiogenic therapy and drug delivery (e.g. mechanisms of actions,
delivery mode, dosing intervals) will become more apparent and therapies can be adjusted
(Carmeliet & Jain 2000, 2011; Jain 2009; Goel 2011).

3.2 Validation of whole-body PBPK-PD models
Knowledge and treatment of the primary tumor site only locally palliates a more pernicious
systemic disorder. Through metastasis and colonization, circulating tumor cells can infiltrate
distant tissues, often with morbid consequences; similarly, organ distribution and side
effects are critical considerations during drug development. Therefore, pre-clinical tools that
contribute to holistic understanding of both disease progression and treatment will benefit
the development of better pharmaceuticals and dosing strategies. To this end,
microengineered tumor cultures may integrate with current “body-on-a-chip” technologies
for comprehensive culture models of disease progression across multiple tissues (Esch 2011;
Sin 2004; Sung 2010; Vivaraidya 2004). Such systems have already been used to validate
whole-body physiologically-based pharmacokinetic (PB-PK) models and improve
estimation of critical parameter such as Theile modulus or Peclet number, dimensionless
coefficients that describe relative rates of transport and reaction kinetics, and measurement
of variability and co-variation with disease or treatment among different organs (Sung
2010). These systems will potentially contribute to the prediction of metastatic homing,
dosing regimens, and side-effects, or selection of patients for specific clinical trials (Scott
2012). For example, priming an in vitro tumor with downstream osteogenic or pulmonary
compartments to resemble the pre-metastatic niche may help determine mechanisms of
organ homing, including characteristics or organ-specific tropisms such as stages of lung
inflammation due to smoking (Fig. 3A–B). In addition, microfluidic PB-PK models can
inform pharmacodynamic computational models and assist in the extrapolation of such
models to animal and human predictions (Fig. 3C). While such devices have been used in
toxicity and dosing studies (Esch 2011; Sung 2010), testing of new cancer therapies may
also benefit from this technology. Particularly, it could help to better understand the current
disconnect between promising preclinical data and lack of clinical efficacy of new
compounds, as well as inform dosing strategies and combination therapies to optimize
biological response.

3.3 In vitro platforms for integrative mathematical oncology
A final application for tissue-engineered tumor surrogates lies in the realization of
comprehensive mathematical cancer models (Anderson 2008). By selective incorporation of
individual or multiplexed physiological components of the tumor microenvironment, in vitro
tumor models can be used to determine critical in silico parameters, including correlation or
interaction coefficients between various elements (Chakrabarti 2012; Borau 2011; Kam
2009; 2012; Stylianopoulos 2010). For example, it is known that integrin engagement,
matrix stiffness, and growth factor receptor signaling are intimately linked, but quantitative
parameters and modeling of co-variation are yet undetermined. Tissue-engineered models
could test predictive behaviors and confirm computational hypotheses regarding disease
dynamics. One example where such systems may prove beneficial is the modeling of tumor
evolution, by which malignant or resistant populations propagate by somatic selection in
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resource-constrained tissues (Anderson 2005, 2006, 2009; Quaranta 2008). Computational
models of this process show that microenvironmental conditions are key determinants of
population phenotype. This observation is consistent with emerging appreciation for the
local heterogeneity within primary tumor site and in distant metastases, and it has spawned
new hypotheses for therapeutic dosing regiments based on ecological principles (Basanta
2012, 2012; Maruskyk 2012; Navin 2011; Snuderl 2011). However, such simulations are
difficult to examine biologically. In vitro systems that include diverse cell populations and
heterogeneous physicochemical environment would help validate the mathematical models
and perhaps elucidate novel parameters to improve such systems.

4. Conclusions
Microfabrication techniques have the potential to yield important new insights into the
pathogenesis of cancer. While great progress has been made in developing model systems
for deciphering mechanisms of tumorigenesis, improved throughput and applicability by
non-engineers (e.g. cancer biologists and clinicians) will further enhance the significance of
these platforms. Moreover, exploring currently unrealized opportunities of recapitulating
cancer complexity will help in elucidating molecular, cellular, tissue, and systems level
phenomena that could be explored in the future for more efficacious clinical therapies.
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Figure 1. Biological and physical changes inherent to the tumor microenvironment
Tumors are characterized by aberrant tissue organization (A) and mass transport (B). While
normal epithelia form sheets that adhere to a layer of basement membrane, which is
anchored to the underlying stroma, malignant transformation perturbs this architecture and
leads to the development of a 3D tumor mass. During this process, basement membrane
integrity is compromised and ECM composition, conformation, and mechanical properties
are altered due in part to transformation of normal fibroblasts into cancer-associated
fibroblasts (A). Excessive tumor cell proliferation results in diffusion-limited oxygen and
waste transport and consequential development of hypoxia and acidosis. This induces
secretion of pro-angiogenic factors including VEGF that activate neovascularization via
angiogenesis and recruitment of bone marrow progenitors. These newly formed vessels, in
turn, enable tumor growth and metastasis by providing vascular conduits for nutrients and
extravasated circulating tumor cells, respectively (B).

DelNero et al. Page 15

Biomed Microdevices. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Microfabrication techniques to recapitulate vascular networks in vitro
Cylindrical 3D networks can be incorporated into hydrogels using carbohydrate glass as
sacrificial templates. Labeled human umbilical vein endothelial cells (HUVECs) seeded into
these channels form perfusable vascular networks that can be induced to sprout
(arrowheads), while incorporation of a second labeled cell type (e.g.10T1/2 cells) into the
hydrogel bulk permits recapitulation of stromal tissue. Scale bars represent 1 mm and 200
µm (Miller 2012) (A). Similarly, lithographically patterned microfluidic devices may be
used to generate functional vascular networks within remodelable hydrogels. In particular,
incorporation of pericytes (indicated by α-SMA staining) into the bulk leads to the
recruitment of these cells to HUVEC-lined vessels (indicated by CD31 staining) and their
corresponding stabilization. Scale bar, 100 µm (Zheng 2012) (B). Microdevices composed
of two parallel endothelial cell-coated channels (GFP-labeled HUVECs in top and dsRed-
labeled HUVECs in bottom channel) separated by an invadable collagen matrix allow
studies of vascular anastomosis in response to VEGF gradients as well as interstitial flow
(dashed arrow) and axial shear flow (solid arrow). Scale bar, 100 µm (Song 2012) (C).
Microvascular structures generated in microfluidic type I collagen gels using a pull-through
technique can be stabilized by cyclic AMP (cAMP)-elevating agents as shown via perfusion
of endothelial cell-coated vessels with fluorescently labeled BSA; *indicates focal leaks.
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Scale bar, 100 µm (Wong 2010) (D). Culture of stromal cells (10T1/2) and endothelial cells
(HMVEC) in adjacent channels separated by a 3D collagen scaffold allows studying the
effect of bi-directional paracrine signaling on invasion and sprouting behavior of these cells,
respectively. 10T1/2 invaded at an enhanced rate in the presence of HMVECs. Additionally,
HMVECs formed sprouts towards the blank collagen scaffold located in the left channel (red
arrowheads), whereas vessels were stabilized in regions directed towards 10T1/2s (Chung
2009) (E). Images are modified and reproduced with permissions from the publishers.
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Figure 3. Integration of microengineered tumor cultures with “body-on-a-chip” models
Cancer progression and therapy are controlled by systemic interactions. For example,
endocrine signaling between tumors and distant tissues such as brain, bone, lungs, and liver
regulate the tropism of certain cancers to particular sites (e.g. breast cancer to bone).
Additionally, the efficacy of anti-cancer therapies is regulated by systemic distribution and
metabolism in various tissues and organs such as adipose tissue, kidney, heart and liver.
Therefore, connecting multiple organ components via vascular conduits in ‘cancer on a chip’
models has the potential to improve our understanding of metastatic homing mechanisms of
tumor cells as well as drug therapy (A–B). Already, microscale cell culture analogs have
been used to improve the predictability of pharmacokinetic-pharmacodynamic models in
vitro (Sung 2010) (C). This platform, comprising bone, liver, and tumor compartments, was
used to assess the toxicity of 5-fluorouracil in a 3D tissue context with multi-organ
interactions. The combination of in vitro experimental data and mathematical PB-PK
modeling may improve screening for drug development, as well as inform our understanding
of cancer pathogenesis during therapy. Images are reproduced with permission from the
publisher.
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