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Abstract Traditional experimental platforms to study cancer biology consist of
two-dimensional (2D) cell culture systems and animal models. Although 2D cell
cultures have yielded fundamental insights into cancer biology, they do not provide
a physiologically representative three-dimensional (3D) volume for cell attachment
and infiltration. These systems also cannot recapitulate critical features of the tumor
microenvironment including hemodynamics, matrix mechanics, cellular crosstalk,
and matrix interactions in a dynamic manner, or impose chemical and mechanical
gradients. While animal models provide physiologic fidelity, they can be highly
variable and cost prohibitive for extensive biological investigation and therapeutic
optimization. Furthermore, the interplay of many different microenvironmental
variables, such as growth factors, immune reaction, and stromal interactions, make
it difficult to isolate the effect of a specific stimulus on cell response using animal
models. Due to these limitations, 3D in vitro tumor models have recently emerged
as valuable tools for the study of cancer progression as these systems have the abil-
ity to overcome many of the limitations of static 2D monolayers and mammalian
systems. Initial 3D in vitro models have consisted of static 3D co-culture platforms
and have been successful in providing a deeper insight compared to animal and
static 2D systems. However, the majority of these existing systems lack the pres-
ence of physiological flow, a pivotal stimuli in tumor growth and metastasis and
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important consideration for transport of diagnostic or therapeutic agents. In order to
consider the influence of flow on cancer progression microfluidic platforms are
being widely used. The integration of microfluidic technology and microfabrication
techniques with tumor biology has resulted in complex 3D microfluidic platforms
capable of investigating various key stages in cancer evolution including angiogen-
esis and metastasis. 3D microfluidic platforms are able to provide a physiologically
representative tumor environment while allowing for dynamic monitoring and
simultaneous control of multiple factors such as cellular and extracellular matrix
composition, fluid velocity and wall shear stress, and both biochemical and mechan-
ical gradients.

Keywords Collagen type I  Tumor platform ¢ Tumor microenvironment ¢ 3D
model ¢ Microfluidics ® Angiogenesis ® Sprouting ¢ Endothelial ¢ 3D cell culture
e In vitro * Tumor model

1 Collagen Characterization for the Use of Tumor Platform

It is well known that three dimensional (3D) cell culture platforms have numerous
advantages over their two dimensional (2D) cell monolayer counterparts, as they
more accurately represent the tumor environment in vivo [1-4]. Extracellular matrix
(ECM) protein collagen I, sourced from tissue, has been widely used for 3D tissue
engineering scaffolds and cell culture materials due to its capacity to promote cell
adhesion, growth, and proliferation [5—11]. However, challenges arise when colla-
gen hydrogels are used to mimic specific native tissue and ECM properties.
Traditionally, gels fabricated from collagen type I for tissue engineering scaffolds
possess highly variable material properties as compared to synthetic ECM materi-
als, with these properties being dependent on a number of fabrication parameters [7,
12—14]. Tight control over a broad range of parameters such as collagen source,
method of solubilization, polymerization pH and temperature, ionic strength, and
concentration of collagen could result in consistently reproducible hydrogel proper-
ties. However, the relationship between each of the key fabrication parameters and
the functional properties (e.g. matrix stiffness, pore size, fiber structure) of these
platforms have not been thoroughly investigated to sufficiently establish a robust
methodology for creating platforms that mimic specific tissue microenvironments.
These properties and methods for their characterization have been reviewed by the
Rylander group [15]. Figure 1 summarizes the wide variability in the distribution of
collagen sourcing, collagen extraction methods, and stock collagen concentrations
that result from various isolation techniques. Collagen concentrations in the range
of 1-5 mg/mL are most commonly used, however, these concentrations are lower
than the collagen content of many native tissues [16, 17]. Many types of disease,
particularly cancer, can be described using relationships between tissue elasticity
and cell response where increased matrix stiffness, together with greater collagen
content, is a common trait of many tumors [31, 18, 19].
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Fig. 1 Synopsis of collagen I sources and solubilization methods. (a) Source tissue compared
with source animal; (b) extraction methods as compared with source tissue; (¢) collagen concen-
traton in stock solutions [15]

Other factors that influence hydrogel properties are polymerization temperature
and pH at which self-assembly of collagen molecules occurs. Polymerization at
high temperatures results in less-ordered structures while low-temperatures create
desirable pore sizes for cell proliferation [18, 19]. Elevating pH has been shown to
increase collagen gel modulus but there is a decrease in cell viability outside the pH
range of 7.4-8.4 [11, 22-26]. Figure 2 shows a summary of established relation-
ships, correlating fabrication parameters and material properties [15]. This figure
shows the apparent complexity and breadth of fabrication-property relationships,
and it demonstrates the areas where relationships are unknown/unclear/contradic-
tory and need further investigation and characterization. Specifically, the relation-
ships between polymerization temperature and several mechanical properties
(compression modulus, tension modulus, shear modulus) and between collagen
concentration and fiber diameter require more exploration.
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Fig.2 Correlation between fabrication parameters and material properties for collagen hydrogels [15]

Fiber structure and scaffold stiffness are significant features of engineered cell 3D
constructs, as they influence cell membrane stiffness, adhesion, differentiation, mor-
phology, and migration [10, 11, 21, 27-35]. Because of the range of collagen hydrogel
fabrication protocols, uniform characterization methods and reproducible material
characteristics are needed to create predictable tissue models. In the literature, there is
generally poor agreement among quantitative mechanical measurements due to differ-
ences in hydrogel fabrication parameters. The Rylander group has extensively charac-
terized collagen type I hydrogels, correlating physiological material and transport
properties (stiffness, pore and fiber diameter, diffusivity) and fabrication parameters
with the intent of designing hydrogels with matching properties of target tissues. The
fabrication parameters that were varied in this study were: (1) collagen concentration,
(2) polymerization temperature, and (3) polymerization pH. To study the transport
properties of collagen hydrogels, fluorescently tagged dextran of varying hydrody-
namic radii comparable to cytokines and other bioactive molecules were used [36].

As one would expect, increased collagen concentration resulted in faster initia-
tion of polymerization but there were no significant relationships between polymer-
ization kinetics and pH. With regard to mechanical properties, experiments showed
an increased compression modulus with all three fabrication parameters as shown in
Fig. 3a. Hydrogels polymerized at low temperature (Fig. 3b:a, b) exhibited more
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Fig. 3 (continued) (c¢) Pore and fiber diameter of collagen hydrogels in relation to fabrication
parameters: polymerization pH, polymerization temperature, and absolute collagen concentration.
Blue markers with dashed lines represent hydrogels polymerized at 23 °C while red markers with solid
lines represent hydrogels polymerized at 37 °C. Data shown are mean + SE with N = 12. Significance
was calculated for pH-averaged groups. At each concentration, the difference between means at
T-23 °C and T = 37 °C is significant at p < 0.0001 for both fiber diameter and pore diameter [36]
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Fig. 3 (a) Compression moduli of collagen I hydrogels at deformation rate of 0.1%/s. Blue bars
with dashed lines indicate hydrogels polymerized at 23 °C, and red bars with solid lines indicate
hydrogels polymerized at 37 °C. pH is depicted as color saturation. Data shown are mean + SE with
N =4-16 per bar. Significance was calculated for pH-averaged groups (N = 12-48) as indicated by
horizontal black bars. Temperature means comparison is indicated with # while hydrodynamic
radius means comparison is indicated with *. (b) Fiber structure images obtained using confocal
reflectance microscopy. Images shown are for hydrogels polymerized at pH 7.4. Scale bar is 25 pm.
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network-like structures while high temperature polymerized hydrogels (Fig. 3b:c,
d) resulted in evenly distributed fibers with decreased mesh size. All variations of
fabrication parameters and the effects on fiber structure are summarized in Fig. 3c.
Diffusivity was largely influenced by hydrodynamic radii of diffusing molecules,
with the effects of fabrication parameters made negligible compared to sizes of
fluorescent dextran molecules. This study not only illuminated relationships
between fabrication parameters and collagen material properties, but these relation-
ships were also used to generate a set of empirical equations that could be applied
when designing and optimizing tissue models as shown in Table 1 [36].

2 3D In Vitro Collagen Tumor Models

2D cell monolayers are unable to truly recapitulate the dynamic tumor microenviron-
ment (TME), as they do not incorporate accurate architectural features and critical
cell-cell and cell-matrix interactions [37—41]. 3D cell culture models have provided
significant insight regarding the role of the TME on tumor growth and development
[17, 42-48]. Fischbach, et al. have established a number of 3D in vitro tumor models
using both native and synthetic polymeric materials for tissue scaffolds [17, 42, 48].
These tumor constructs have shown angiogenic growth factor secretion and drug
responsiveness, effects of oxygen tension within tumors and 3D cell-ECM interac-
tions on angiogenic potential, and remodeling of collagen type I ECM by endothelial
cells in response to release of angiogenic factors from cancer cells.

A bioengineered collagen type I tumor model developed by the Rylander group
is representative of the pre-vascularized stage of solid tumor progression [49]. This
stage of tumor growth is characterized by altered TME properties such as uninhib-
ited proliferation, a necrotic core surrounded by hypoxic regions, and activation of
genetic factors that lead to the recruitment of local endothelial cells for promoting
angiogenesis [50-53]. Hypoxia, an oxygen deficient environment, occurs at a dis-
tance of 100 to 200 pm from the nearest vessel. Cells in the core of a growing tumor
mass that cannot adapt to hypoxic conditions begin to undergo apoptosis, forming a
necrotic core as shown in Fig. 4a. Hypoxia-inducible factor (HIF)-la is a key
marker for hypoxia [50, 53]; HIF-1a is a heterodimeric transcription factor that is
protected from degradation when hypoxic levels are reached in the surrounding
tissue. Tumors react to the altered hypoxic stress in the TME by progressing from a
pre-vascularized to a vascularized state, inducing an angiogenic response. During
this progression, tumor cells secrete cytokines and growth factors (e.g. vascular
endothelial growth factor A, VEGF-A) that stimulate vascular sprouting and neo-
vascularization from proximate endothelial cells [54].

In the bioengineered collagen type I tumor model developed by the Rylander
group described in the previous paragraph, MDA-MB-231 breast cancer cells were
seeded in collagen type I (8§ mg/mL) hydrogel constructs for 7 days as shown in
Fig. 4b. By day 3 in culture in the hydrogels, cells developed a stellate, elongated
morphology with disorganized nuclei, and by day 7, cells proliferated and aggre-
gated into 3D clusters, exhibiting cell-cell and cell matrix interactions representative
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Fig. 4 (a) Regions of hypoxia surrounding a necrotic core, as a result of uninhibited proliferation
of tumor cells during pre-vascularized stages of in vitro solid tumor development. (b) Bioengineered
in vitro solid tumor platform consisting of collagen I hydrogels cultured with MBA-MB-231
human breast cancer cells [49]

of in vivo behavior [49]. Cell seeding density (1 or 4 million cells/mL) and scaffold
thickness (1.5 or 3 mm) were varied with the intent to promote the development of
hypoxia and necrosis via diffusion limitations for oxygen and nutrients. Figure 5 shows
the effects of cell seeding density on the nutrient and oxygen availability at depths
greater than 150 to 200 pm from the surface of the hydrogels, where cells are in direct
contact with oxygenated media. In the hydrogels with 4 million cells/mL density, large
amounts of dead cells (stained with propidium iodide) were present at this depth, fol-
lowed by a space containing no visible cells. The complete absence of cells in this void
could be due to cells migrating to the outer boundary to be in closer proximity to oxy-
gen and nutrients. Alternatively, since propidium iodide is a nuclear stain, the void
could be indicative of DNA degradation in dead cells nearest the center [55].

To demonstrate that hypoxia is an identifiable precursor to cell death, high-density
cell constructs (4 million cell/mL in 3 mm thick hydrogels) were used to induce
formation of a necrotic core. Immunofluorescence imaging of HIF-lo was per-
formed to assess intracellular levels of hypoxia. HIF-1a was detected on day 1 with
increasing intensity by day 5, attributed to tumor cell proliferation and the subse-
quent increase in competition for oxygen. It is assumed that cell access to oxygen
and nutrients in confined 3D constructs is more difficult than 2D cell monolayers.
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surface

Fig. 5 (a) Day 1 of MDA-MB-231 cells that were seeded at 1 million cells/ml in collagen hydro-
gels. Cells were evenly distributed throughout the hydrogel. (b) On day 5, cells show significant
proliferation and formation of 3D clusters. (¢) Cell seeding density was increased to 4 million cells/
ml, and on day 1, viable cells (green) were evenly distributed throughout the gel with few dead cells
(red). (d) On day 5, the higher-density cell constructs showed viability through 150-200 pm depth
below the surface, with limiations in oxygen and nutrients resulting in cell death toward the core of
the bioengineered tumor platforms. Scale bars are 250 pm (a, b) and 100 pm (¢, d) ([49])

Therefore, measurable amounts of HIF-1a on day 1 confirm the hypoxic cell reaction
to being cultured in 3D. When cells were seeded in 3 mm thick constructs containing
4 million cells/mL, HIF-1a gene expression, analyzed using quantitative RT-PCR,
was upregulated on days 3 and 5. By day 7, there was a decrease in HIF-1a expres-
sion, attributed to hypoxic cells dying from deficient oxygen and nutrient availabil-
ity. VEGF-A expression was upregulated on days 3, 5, and 7 compared to day 0, but
expression decreased between days 5 and 7. This decrease was likely an effect of
down regulation of HIF-1a observed on day 7. When cells were seeded in 3 mm
thick constructs at a lower density of 1 million cells/mL, the competition for nutri-
ents and oxygen was alleviated. This led to an initial down regulation of HIF-1« and
eventual upregulation of VEGF-A. Expression of HIF-1o was upregulated on days 3
and 5 compared to day 1, and on day 7 compared to day 0. Both HIF-1a and VEGF-A
gene expression peaked at day 5 in the high-density (4 million cells/mL) constructs,
but in the low-density (1 million cells/mL) constructs, constant upregulation of both
markers was observed over the 7-day period [49]. Increased VEGF-A expression is
a strong indicator of angiogenic potential in tumors, and a key aspect of tumor matu-
ration is VEGF-A inducement of endothelial cells to promote tumor vascularization
[54, 56]. After decreasing scaffold thickness to 1.5 mm while maintaining high-
density cell seeding of 4 million cells/mL, no significant upregulation of either
HIF-1a or VEGF-A was detected on any day compared to day 0. The reduced thick-
ness diminished diffusion limitations of oxygen and nutrients. This 3D bioengi-
neered tumor model was representative of the pre-vascularized stage of solid tumor
progression, and led to the development of multilayered, co-cultured tumor con-
structs demonstrating the angiogenic and neovascularization processes when cancer
cells interacted with endothelial cells [57].
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The Rylander group has also developed a 3D bilayer vascular tumor platform to
investigate the importance of matrix properties, cell-cell interactions, and growth
factors on promoting and supporting angiogenesis [57]. The tumor platform is a
bilayer collagen type I hydrogel in which the bottom layer is composed of 8 mg/mL
collagen type I seeded with MDA-MB-231 (highly aggressive) or MCF7 (less
aggressive) breast cancer cells. The top layer of the platform is an acellular hydrogel
composed of collagen type I with telomerase immortalized endothelial (TIME) cells
seeded on top as shown in Fig. 6. The acellular region in the bilayer hydrogel was
deemed necessary by preliminary studies which showed direct contact between
tumor and endothelial cells lead to apoptosis of endothelial cells [58—60]. The
bilayer collagen hydrogel was housed in a transwell system allowing for separation
of media components for the various cell types and ensures TIME cells from being
exposed to the acidic metabolites and wastes generated by the MDA-MB-231 or
MCFT7 cells. The following parameters in Table 2 were varied by the Rylander group
to determine the cellular and matrix properties that influence angiogenesis in a co-
culture of TIME and breast cancer cells.

To determine if tumor cells could elicit an angiogenic response from the TIME
cells without any exogenous growth factors, TIME cells were grown in 3D bilayer
tumor platforms with either MDA-MB-231 or MCF7 cells on either 2, 4, or 8 mg/
mL acellular collagen layers as illustrated in Fig. 6. To remove the influence of
exogenous growth factors, TIME cells were cultured in endothelial growth media
(EGM) that did not include traditional supplements of vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF) (promoters of angiogen-
esis). In both co-culture groups, TIME cells displayed an elongated and aligned
morphology and the MDA-MB-231 and TIME co-culture also resulted in an
increase in endothelial proliferation with confluence reached by day 7. Conversely,
MCFT7 co-cultures led to a decrease in endothelial proliferation and confluence of
TIME cells was not achieved. This behavior is supported by preliminary studies
performed by the Rylander group consisting of MDA-MB-231 and MCF7 mono-
cultures grown in collagen type I hydrogels. The results from preliminary studies
revealed that from day 1, MDA-MB-231 cells produced VEGF levels much higher
than 2 ng/mL present in complete EGM whereas MCF7 cultures required 5 days to
produce the amount of VEGF similar to that found in EGM. The increased endothe-
lial proliferation can be attributed to the high levels of VEGF produced by the

transwell system
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Table 2 Details of the various parameters that were investigated for their influence on inducing an

angiogenic response

Experimental parameters for testing angiogenic response

MDA-Mb-231 MCF7
Tumor cell density 1 x 10° cells/mL 5 x 10° cells/mL
TIME cell density 3 x10* 1 x10°
Acellular collagen type I | 2 mg/mL 4 mg/mL 8 mg/mL
concentration
Growth factors EGM with VEGF | Complete EGM (2 ng/ EGM with 10 ng/
and bFGF removed | mL VEGEF, 4 ng/mL mL bFGF
bfGF)
Time of TIME cell 1 day into culture |5 days into culture
seeding

MDA-MB-231 cells from the beginning which prompted their proliferation whereas
MCFT7 cells were unable to produce necessary levels of VEGF at an early time point
necessary for the growth of the TIME cells. Additionally, these results were consis-
tent in all three concentrations of acellular collagen layers suggesting that endothe-
lial morphology is influenced by tumor-endothelial interactions but endothelial
proliferation is most influenced by the presence of VEGF.

Angiogenic sprouting was studied in bilayer co-cultures of TIME cells with
either MDA-MB-231 or MCF7 cells, and in bilayer monoculture of TIME cells with
TIME cells grown on a 2, 4, or 8 mg/mL acellular collagen layer. Sprouting of
TIME cells was observed on the 2 and 4 mg/mL acellular collagen layers in
MDA-MB-231 and TIME co-culture and in the TIME monoculture but not in the
MCF7 co-culture with sprouting more prominent on the 2 mg/mL acellular collagen
layers. MDA-MB-231 and TIME co-culture produced capillary like tubule net-
works that penetrated into the acellular collagen, while TIME monoculture showed
no signs of tubule formation beneath the surface revealing a connection between
matrix concentration (stiffness), presence of tumor cells (aggressive vs non aggres-
sive), and angiogenic sprouting (invasive vs not invasive).

To further elucidate the angiogenic response of tumors, correlation between
angiogenic sprouting and growth factors bFGF and VEGF was investigated by alter-
ing media composition and initial seeding density of MDA-MB-231 cells. Following
the results from the previous experiment, TIME cells were cultured on either 2 or 4
mg/mL acellular collagen as these levels were capable of inducing sprouting. To
determine if MDA-MB-231 cells can induce sprouting without exogenous growth
factors, TIME cells were cultured in either complete EGM (2 ng/mL VEGF and 4
ng/mL bFGF), complete EGM supplemented with additional bFGF (2 ng/mL VEGF
and 10 ng/mL bFGF), or EGM without the addition of VEGF and bFGF supple-
ments. MDA-MB-231 and TIME co-cultures grown in EGM with bFGF and VEGF
present showed enhanced angiogenic sprouting compared to media with exogenous
growth factors lacking as presented in Fig. 7. Increasing bFGF levels from 4 to 10
ng/mL did not increase sprouting and this behavior persisted regardless of the initial
seeding density of MDA-MB-231 cells (1 vs 5 million MDA-MB-231 cells). Even
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Fig. 7 Influence of matrix concentration and supplemented bFGF on angiogenic sprouting of
TIME cells cultured for 7 days on MDA-MB-231 bioengineered tumors. (a) Greater degree of
angiogenic sprouting was observed within the 2 mg/mL acellular collagen layers as compared with
the 4 mg/mL acellular collagen with augmented sprouting in both 2 and 4 mg/mL in the presence
of media containing bFGF. (b) Three-dimensional image reconstruction shows two separate
tubules anastomosing and extending down beneath the surface monolayer (2mg/mL acellular col-
lagen layer; 10ng/mL bFGF). Green, F-actin; blue, nuclei. Scale bars are 50 pm [57]
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when exogenous VEGF component was not present in EGM, VEGF wasn’t com-
pletely absent from the system due to the presence of endogenous VEGF produced
by MDA-MB-231 cells. Results revealed that VEGF had an influence on endothelial
proliferation and presence of both bFGF and VEGF is necessary for a complete
angiogenic response agreeing with previous studies that showed that co-stimulation
of bFGF and VEGF augmented angiogenic sprouting in an endothelial monoculture
assay [61].

Finally, the Rylander group investigated the influence of TIME cells on angio-
genic response by comparing two different seeding densities of TIME cells: low
(3 x 10*) and high (1 x 103, equivalent to a confluent monolayer). Using the optimal
sprouting conditions determined from previous bilayer collage type I hydrogel
experiments (MDA-MB-231 co-culture, 2 mg/mL acellular collagen layer, initial
MDA-MB-231 seeding density of 1 million cells) they observed that increasing the
initial density of TIME cells resulted in an increase in the number of sprouts but the
presence of tubule networks occurred at the same time point of 5 days into co-
culture regardless of the seeding density. Additionally, the time at which TIME cells
were introduced to the co-culture, day 1 vs day 5 (time point at which MDA-MB-231
cells secrete high levels of VEGF), did not increase the rate of tubule formation
which once again was observed 5 days into co-culture. These results illustrated that
along with necessary levels of VEGF and appropriate matrix concentration, a time
dependent tumor-endothelial interaction is necessary for tubule formation. The 3D
in vitro vascularized tumor-endothelial co-culture model developed by the Rylander
group revealed that the type of tumor cells present, cell-cell interactions, seeding
density, matrix concentration, and growth factors are all involved in eliciting an
angiogenic response, and it is important to use a system that allows for the presence
of all these factors to understand the complexity of tumor developments.

3 Microfluidic Vascularized Tumor Platform

Microfluidic technology was introduced as an analysis tool for biology and chemis-
try in the early 1990s [62]. It is the manipulation of micro scale volumes of fluids in
a microchannel system with dimensions that range from 1 to 1000 pm [63, 64]. The
combination of microfluidic technology with cancer biology and drug delivery has
enabled development of complex 3D tumor models that provide a more controllable
environment while allowing researchers to isolate specific interactions that are
absent in 2D models and difficult in animal models [65]. 3D microfluidic platforms
are able to recapitulate the complex cell-cell and cell-ECM interactions within
dynamic microenvironments characterized by controllable spatial cell distribution
and tunable gradients of biochemical and biophysical factors [66].

Microfluidic tumor platforms have a number of advantages over existing tumor
models. They use small quantities of cells and reagents and are able to perform
experiments with short processing times yielding high resolution and sensitivity
[63, 67]. Incorporation of microfabrication techniques has led to development of
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physiologically relevant TMEs with tissue properties present in vivo such as cross-
talk between cells and their microenvironment, vascularization, perfusion, and for-
mation of gradients in nutrients, oxygen, and other soluble factors [68]. Mass
transport in microfluidic technology is governed by diffusion due to the small scale
resulting in precise spatial and temporal control over gradients of soluble biological
factors and cell-cell and cell-ECM interactions. This allows for formation of gradi-
ents and the retentions of molecules such as signaling factors and nutrients, in close
proximity to cells increasing response sensitivity. Additionally, controlled fluid flow
through microchannels simulates the vascular system and interstitial flow and pro-
vides constant culture medium refreshment for prolonged culture [65, 69]. Other
advantages of 3D microfluidic platforms are that they can mimic important mechan-
ical and biochemical parameters including hypoxia, increased pressure, and shear
stress [67, 68]. Finally, multiple microfluidic devices can be connected to form an
integrated multi organ platform that allows for a more comprehensive understand-
ing of tumor behavior [70]. These benefits of 3D in vitro microfluidic platforms
have resulted in their emergence as powerful systems for gaining a better under-
standing of cancer progression and development of new therapies.

Dr. Rylander’s group has developed an optically clear collagen-based microflu-
idic vascularized tumor platform that recreates the cancer microenvironment and
cellular crosstalk through the incorporation of an endothelialized microchannel
within a collagen 3D matrix containing human cancer cells. Their previous studies
utilized a 3D in vitro vascularized tumor-endothelial co-culture model to study the
influence of paracrine signaling on angiogenesis. Results revealed that the type of
tumor cells present, cell-cell interactions, seeding density, matrix concentration,
and growth factors are all involved in eliciting an angiogenic response, and it is
important to use a system that allows for the presence of all these factors to under-
stand the complexity of tumors To gain a further understanding of cancer and its
progression, additional parameters such as flow, pressure and soluble factor
gradients, need to be investigated. This led to the development of the collagen-based
microfluidic vascularized tumor platform. The platform, shown in Fig. 8 allows for
high imaging resolution and dynamic monitoring of drug/nanoparticle transport and
angiogenic vessel sprouting [71]. The microchannel is composed of collagen type I
embedded with green fluorescent protein (GFP) tagged MDA-MB-231 breast can-
cer cells with an inner lumen of TIME cells and enclosed in fluorinated ethylene
propylene (FEP) capped with polydimethylsiloxane (PDMS) sleeves. Complete
details for the development of the microfluidic tumor model can be found in previ-
ous publications from the Rylander group [1, 71]. Briefly, collagen type I solution
containing MDA-MB-231 cells was injected into the FEP housing with a needle
placed through the center. After polymerization, the needle was removed and a solu-
tion of TIME cells was injected into the hollow lumen left behind by the needle.
Next, a 72 h graded flow preconditioning treatment was applied to the microchan-
nels exposing the TIME cells to shear stress from 0.01 to 0.1 dyn/cm? in order to
develop a confluent endothelium as displayed in Fig. 8b, c. Once the channels are
prepped, the FEP enclosure and a water bath enable refractive matching allowing
for undistorted imaging of the system. This system was used to study tumor and
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Fig. 8 Tumor-endothelial co-culture in microfluidic collagen hydrogels (a) Experimental setup of
microfluidic vascularized tumor platform. (b) Schematic of a 3D microfluidic tumor vascular
model in which cancer cells seeded in the bulk of hydrogel surround endothelial cells lining the
lumenal surface of the central microchannel. (¢) Co-culture maintains growth of MDA-MB-231-
GFP breast cancer cells and TIME red fluorescent protein (RFP) cells within physiologically rel-
evant geometries. Image 24 h post-culture. Scale bar is 200 pm [1]

endothelial intercellular signaling and particle transport in response to hemody-
namic flow typical of the TME [1, 71, 72].

Using the collagen based microfluidic vascularized tumor model described
above, the Rylander group has gained insight into the difference between intracel-
lular signaling in mono vs co-culture and in static vs flow models. They investigated
and compared the influence of mono and co-cultures of MDA-MB-231 and TIME
cells in 2D tissue culture flasks and in the 3D microfluidic vascularized tumor plat-
form exposed to either static or flow conditions. Perfusion of media through the
microchannel was used to impose physical fluid shear stresses on the endothelium
as well as simulate tumor-relevant hemodynamic stresses in the system, which are
important for regulating reciprocal tumor-endothelial expression of angiogenic
growth factors. Studies have shown that fluid shear stresses are linked to endothelial
cell transcription, proliferation, barrier transport properties, and modulation of their
cytoskeleton [69, 72—77] as well as stimulating and directing the migration of can-
cer cells [65, 78, 79]. Gene expression measured with reverse transcription poly-
merase chain reaction (RT-PCR) revealed that MDA-MB-231 cells cultured in static
3D microfluidic platforms compared to 2D culture had a significant increase in
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expression of matrix metalloproteinase 9 (MMP9), an enzyme that degrades the
ECM, as well as proangiogenic factors platelet-derived growth factor B (PDGFB)
and angiopoietin 2 (ANG2). In the presence of flow, PDGFB and VEGF-A expres-
sions were higher in comparison to 3D static conditions. Additionally, when co-
cultures of MDA-MB-231 and TIME cells were studied, 3D co-culture exposed to
flow showed an increased expression of proangiogenic factors of VEGF-A, ANG?2,
PDGFB, and MMP9 compared to 3D monocultures of MDA-MB-231 cells. In the
absence of flow, only VEGFA expression was upregulated [1] These results indicate
the importance of multicellular interactions in tumor platforms as well as the pres-
ence of hydrodynamic tumor vascular environment.

Subsequent published work by the Rylander group further investigated the effect
of shear stress on angiogenic response and barrier function of endothelial cells [71].
They exposed the microfluidic vascularized tumor platform composed of
MDA-MB-231 monoculture or co-culture of MDA-MB-231 and TIME cells to
three different shear stresses, 4 dyn/cm? (normal microvascular wall shear stress), 1
dyn/cm? (low microvascular wall shear stress), and 10 dyn/cm? (high microvascular
wall shear stress). Angiogenic response was quantified by performing PCR and
ELISA for the presence of angiogenic markers such as VEGF, bFGF, and angiopoi-
etins 1 and 2 (ANG1, ANG?2). Vessel permeability was determined by perfusing the
channel with fluorescent nanoparticles ranging from 20 to 1000 nm and fluores-
cently labeled dextran. The study revealed that the wall shear stress caused by the
fluid flow down regulated angiogenic factors released by MDA-MB-231 cells in the
presence of an endothelium but had no effect in the MDA-MB-231 mono-cultures
as shown in Fig. 9a, suggesting that wall shear stress influences the behavior of the
endothelial cells which then in turn regulate the behavior of surrounding tumor
cells. Barrier function of the endothelial cells was also shown to be influenced by
both the wall shear stress and the presence of tumor cells as revealed in Fig. 9b.
Dextran permeability studies revealed that exposure of the endothelium in both
mono and co-culture conditions to the three wall shear stresses resulted in decreas-
ing permeability with increasing wall shear stress. Endothelial cells have been
shown to elongate and align in the direction of flow and a higher shear stress can
lead to the formation of a tighter and confluent endothelium [69, 74, 77]. Additionally
under all three flow conditions, co-cultures of tumor and endothelial cells resulted
in a leakier vessel compared to an endothelial monoculture. Previous studies have
shown that contact between tumor and endothelial cells results in detachment and
apoptosis of the endothelial cells [58—60]. This phenomenon combined with the
paracrine signaling release of proangiogenic factors could be responsible for the
increased vessel permeability in the tumor-endothelial co-culture microfluidic plat-
form. Further permeability studies performed with fluorescently labeled dextran
and 1 pm particles depicted in Fig. 10 reveal a size exclusion function of the endo-
thelial barrier as the small dextran particle were able to easily extravasate in the
collagen type I matrix whereas the 1 pm particles were too large to cross the endo-
thelium. While the platform developed by the Rylander group has been used primar-
ily to understand breast cancer, the platform has the ability to be employed for a
variety of cancers. By tuning the ECM stiffness, composition, porosity, and using
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Fig. 9 Effect of wall shear stress on expression of engiogenic factors and endothelial permeability.
(a) High wall shear stress down-regulates tumor-expressed angiogenic factors in the presence of an
endothelium. Tumor mono-cultures or co-cultures with endothelial cells were cultured under the
72 h. preconditioning flow rate, after which the target wall shear stress (tw = 1, 4, or 10 dyn/cm?)
was introduced through the microchannel for a total 6 h. Total tumor mRNA was then isolated for
gene expression analysis. Relative mRNA to GAPDH mRNA expressed as a fold induction *
standard deviation (n = 4) *P < 0.05. Scale bars are 200 pm [71]. (b) Effective permeability coef-
ficient, Py, decreases as a function of increasing wall shear stress and increases during co-culture
with tumor cells. P; of 70 kDa Oregon Green-conjugated Dextran across the endothelialized
microchannel decreases as Ty increases for both mono-culture and co-culture with tumor cells,
with a statistically significant reduction at Ty = 10 dyn/cm? relative to the preconditioned endothe-
lium *P < 0.05. P4 during co-culture was significantly increased for all Ty relative to mono-cul-
tures #P < 0.05. Representative images of 70 kDa Oregon Green-conjugated Dextran diffusion
across the endothelialized microchannel for the case of Ty = 10 dyn/cm?. Scale bar is 200 pm [71]

appropriate cell types, microenvironments of desired properties can be created reca-
pitulating cell-cell and cell-ECM interactions of different cancers by following the
same preparation protocol. This model can also be easily adapted to study specific
stages of tumor progression such as angiogenesis or metastasis.

In addition to the Rylander group, several other groups have developed microflu-
idic platforms to investigate tumor mechanisms such as angiogenesis or metastasis.
Tien et al. have been developing platforms fabricated from PDMS to house layers of
macromolecular hydrogels that can be stacked together to form channels incased by
the hydrogel scaffold using additive methods [81]. The Beebe group used a viscous
finger patterning method to create endothelialized lumen structures composed of
human umbilical vein endothelial cells (HUVECSs) within a collagen type I and
matrigel hydrogel to study the role of VEGF and 10 T1/2 smooth muscle cells on
angiogenesis [81]. They were able to create channels of various geometries with
proper endothelial barrier function confirmed through permeability studies of fluo-
rescein isothiocyanate (FITC) labeled bovine serum albumin (BSA). Using their
finger patterning method, they created VEGF gradients and showed that HUVEC
sprouting occurred in the direction of VEGF source and co-culture of HUVECs
with 10 T1/2 cells resulted in a decrease in sprouting regardless of VEGF presence.
Other groups have combined additive methods with lithographic techniques to
develop in vitro microfluidic vascular networks (1VN) in a three dimensional col-
lagen scaffold for studying angiogenesis and thrombosis [82]. pVNs seeded with
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210 min

Fig. 10 Extravasation of 70 kDa Oregon Green-conjugated Dextran (a) and 1 pm nanoparticles
from the microchannel (b). (a) Each image shows a microfluidic vascularized 3D tumor platform.
The two bright red lines seen in the first image correspond to TIME-RFP cells that form the border
between the microchannel in the middle of each image and the collagen surrounding it. Unlabeled
MDA-MB-231 breast cancer cells are embedded in the collagen surrounding the microchannel.
The green signal apparent in each image was produced by 70 kDa Oregon Green-conjugated
Dextran. The first image corresponds to 15 min after flow containing the 70 kDa Oregon Green-
conjugated Dextran was introduced to the microchannel at a flow rate corresponding to a wall
shear stress of Ty = 1 dyn/ cm?. Each corresponding image is 10 min after the previous one. As can
be seen by the increase in green signal, the 70 kDa Oregon Green-conjugated Dextran continu-
ously diffuses out of the microchannel through the endothelium and into the collagen for the dura-
tion of the 70 min study. (b) Endothelium prevents extravasation of 1 pm nanoparticles from
microchannel. Each image shows half of a microfluidic vascularized 3D tumor platform. The red
signal seen in the left half of the image was produced by 1 pm red fluorescent polystyrene nano-
spheres. The bright red line in the middle of each image corresponds to TIME-RFP cells which
form a barrier between the microchannel and collagen ECM. The green signal seen in the right half
of each image corresponds to MDA-MB-231-GFP breast cancer cells embedded within the colla-
gen. The first image corresponds to 30 min after flow containing the 1 pm red fluorescent plastic
nanospheres was introduced to the microchannel at a flow rate corresponding to a wall shear stress
of Ty = 1 dyn/ cm?. Each corresponding image is 60 min after the previous one. As can be seen, the
1 pm nanospheres are prevented from extravasating out of the microchannel into the collagen by
the endothelium for the duration of the 6 hour study

HUVECs demonstrated appropriate endothelial morphology, intracellular junc-
tions, and barrier function. In pVN co-cultures of HUVECs with human brain vas-
cular pericytes (HBVPCs), half of the groups showed sprouting of HUVECs
whereas the other half revealed a retracted endothelium from the walls of the micro-
channels. Additionally, they confirmed that their pVNs could be adapted to study
thrombosis.

Another notable group in cancer microfluidics is the Kamm group who has
developed multiple cancer microfluidic models to study angiogenesis and metasta-
sis. Examples of their work include using microfluidic platforms to recreate cell-cell
signaling present in bone and muscle microenvironments to investigate the metasta-
sis of breast tumor cells to these particular organs [83]. They used 5 mg/ml fibrin
gels that were embedded with primary hBM-MSCs, osteo differentiated (OD)
hBM-MSCs, and HUVECS to create the bone microenvironment and for the muscle
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mimic, they replaced the OD hBM MSCs with C2C12 cells. They introduced a
MDA-MB-231 cell solution into a neighboring channel and observed the extravasa-
tion of the MDAs into the bone microenvironment was much higher than extravasa-
tion into the muscle microenvironment. This group has also developed a collagen
type I microfluidic model embedded with endothelial cells to study the influence of
transendothelial flow as a mechanical regulator of angiogenesis [84]. Endothelial
cells were cultured on stiff collagen gels and subjected to no flow (control), apical-
to-basal, or basal-to-apical flow for 24 hours. They found basal-to-apical transendo-
thelial flow induced sprouting and triggered invadopodia supporting the group’s
hypothesis that transendothelial pressure gradients produced by basal-to-apical flow
promote sprouting angiogenesis.

Other groups developing novel microfluidic platforms for cancer research
include Song et al., who have designed a microfluidic vasculature system capable of
site specific activation of the endothelium to model the interactions between circu-
lating cancer cells and the endothelium during metastasis [85]. They used their
microfluidic system to produce site-specific stimulation of endothelium with
CXCLI12, a chemokine involved in metastasis, on adhesion of circulating breast
cancer cells to endothelium. Results from the study demonstrate that circulating
breast cancer cells adhere to endothelium when stimulated from the basal side with
CXCL12 suggesting the signaling system CXCL12-CXCR4 as a potential target for
therapies aimed at blocking metastasis.

In addition to tumor platforms, microfluidic technology has been adapted to cre-
ate organ level models such as those for liver and heart tissue with varying degrees of
vascularization. These models were primarily developed independently and few
attempts have been made to enable the interaction of all these microenvironments to
study their collective influence on tumor behavior. Some microfluidic-based organ-
on-a-chip systems have multiple cell culture chambers connected with microchannels
[70, 86—-89]. However, the cell volume in these microsystems is limited and does not
allow statistically significant observations. Most of these systems are 2D and cannot
truly represent the 3D in vivo cellular microenvironment. In addition, the fabrication
and operation of these multi-organ microsystems are costly and cumbersome, and
not suited for high-throughput implementation. These limitations need to be
addressed because organ level functions and multi-organ interactions are crucial
when evaluating drug toxicity or studying metastasis of tumor cells to specific organs.
As a result, many groups including the Rylander team, are investigating methods to
create multi organ and tumor systems to gain insight into multi-system response.

4 Conclusion

In vitro models have been invaluable tools for gaining improved understanding of
cancer biology and progression. Conventional 2D systems and animal models have
provided researchers with a framework upon which to elucidate the basic principles
of cancer biology but are limited. Attributes such as relative cost and complexity
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have necessitated the development of 3D models to act as a bridge between conven-
tional 2D cell culture systems and animal models. 3D tumor platforms are able to
recapitulate the cell-cell and cell-matrix interactions found in vivo. The introduction
of microfluidic technology has resulted in the development of advanced 3D tumor
platforms that allow researchers to recreate the dynamic tumor niche. Ongoing can-
cer research utilizes various 3D models such as transwell assays, polymer hydro-
gels, spheroids, and microfluidic systems and these models vary from group to
group in cell type, ECM protein composition, geometry, and fabrication technique.
Currently, no one platform can recreate all the dynamic complexities present in the
TME such as stromal cells, various gradients, and the immune response.
Advancements in the development of more physiologically relevant platforms will
provide a deeper understanding of the complex behavior of tumors and uncover new
approaches to diagnosis and treatment.
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