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Strategies to Vascularize Biomaterials and Applications to Cancer Metastasis
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Cancer metastasis, the spread of cancer cells to distant organs, is responsible
for 90 percent of cancer-related deaths. Cancer cells need to enter and exit
circulation in order to form metastases, and the vasculature and endothelial cells
are key regulators of this process. While vascularized 3D in vitro systems have
been developed, few have been used to study cancer, and many lack key
features of vessels that are necessary to study metastasis. This review will focus
on current methods of vascularizing biomaterials for the study of cancer, and
three main factors that regulate intravasation and extravasation: endothelial cell
heterogeneity, hemodynamics, and the extracellular matrix of the perivascular
niche.
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1. Introduction

2

The National Cancer Institute estimates that over 600,000 people in the United States

3

will have died due to cancer in 2018 alone1. The vast majority of these cancer-related

4

deaths are due to metastasis2,3. In order to metastasize, cancer cells must undergo

5

several key steps following initial growth and malignant transformation of the cells 4,5.

2

1

Cancer

2

endothelial growth factor (VEGF)

3

and other proangiogenic factors6 to

4

recruit a capillary network to tumors.

5

Cancer cells then become invasive,

6

a process hypothesized by some to

7

be

8

mesenchymal transition, to escape

9

the primary tumor and move into the

10

lymphatics and vasculature and

11

spread throughout the body via

12

convection7,8.
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Figure 1. Vascular factors affecting cancer metastasis. a.
Cancer cells intravasate into blood vessels near or in the tumor to
enter the systemic circulation, where they then extravasate into
secondary metastatic sites. b. The important factors of the
vasculature and endothelium focused on in this review that affect
intravasation, circulation, and extravasation are EC heterogeneity,
hemodynamics, and the extracellular matrix.

13
14

Apart from releasing their own VEGF, cancer cells can recruit healthy cells to aid

15

trafficking to the vasculature. Epithelial cells are one of many different cell types within

16

the carcinoma microenvironment. In addition to epithelial cancer cells, stromal cells

17

and a plethora of immune cells reside in or adjacent to tumors. Cancer cells can secrete

18

chemokines to recruit many of these, including regulatory T cells, tumor-associated

19

macrophages, dendritic cells, and neutrophils9,10. These immune cells are known to

20

promote tumor progression and intravasation9–12.

21
22

After cancer cells intravasate, they are exposed to a multitude of stressors, including

23

loss of cell-cell and cell-matrix adhesion, shear stresses, and attacks by the immune

24

system. Nevertheless, some cancer cells manage to survive this tortuous trip and

3

1

eventually exit the vasculature to a secondary site, a process termed extravasation13,14.

2

As the vasculature is involved in several key steps of metastasis, it will be the focus of

3

this review. (Figure 1).

4
5

Cancer cells have been shown to extravasate through the endothelial cell (EC) barrier

6

in two ways: 1) transmigration through the EC barrier and 2) pocketing of cancer cells

7

by the endothelium14–19. The transmigration of cancer cells is often compared to that

8

of leukocytes. In fact, cancer cells exhibit some similarities to the rolling and adhesion

9

to ECs by leukocytes15. However, unlike leukocytes, cancer cells have been shown to

10

permanently disrupt the tight junction barrier of ECs during extravasation 15–17 (Figure

11

1a). Then, cancer cells form protrusions of their cell membrane, called invadopodia 18,

12

to exit the vessel. Alternatively, ECs can protrude into the lumen of the vessel to

13

surround a circulating cancer cell, a process termed pocketing, thus trapping cells and

14

facilitating adhesion to the vessel wall and extravasation 14,19. In this case, this

15

pocketing of circulating tumor cells and subsequent metastasis is hypothesized to

16

occur at sites with specific flow conditions, discussed in detail later in this review.

17

Furthermore, tumor cells can induce genetic changes in ECs, helping promote

18

micrometastatic outgrowth20–22.

19
20

Cancer cells form metastases at specific, non-random sites, due to many factors,

21

including but not limited to the stiffness and biochemical composition of the

22

extracellular matrix (ECM) at these organs2,23. For example, breast cancer most

23

commonly metastasizes to the brain, bone, lung, and liver; whereas prostate cancer

24

predominantly metastasizes to the bone24,25. Paget first proposed the “seed and soil”

4

1

hypothesis in 1889 - the idea that the seed (cancer cell) needs a favorable soil

2

(microenvironment) to metastasize26,27. In fact, specific genes have been identified that

3

correlate to this organ-specific metastasis, or organotropism28. In addition to genetic

4

factors and differences in the ECM, some literature suggests that ECs have different

5

characteristics depending on the tissue in which they reside29–32, which may play a role

6

in organotropism. It is therefore important to have model systems in place that include

7

vasculature and potentially tissue specific ECs to study organotropism.

8
9

Although intravital imaging can capture extravasation of circulating tumor cells (CTCs),

10

it is invasive, expensive, cumbersome, and has limited accessibility to certain anatomic

11

sites33. Also, live animal imaging provides little opportunity to modulate local

12

microenvironment to identify rate limiting factors involved in CTC extravasation.

13

Furthermore, extravasation is a relatively rare event, making it very difficult to observe

14

with an in vivo imaging approach. In vitro, a major gap in extravasation studies is the

15

development of a vessel tissue model that can recapitulate physiologically relevant

16

blood flow, while simultaneously retaining high analytical capability and experimental

17

tunability. While there are multiple methods described in the literature to create

18

vascularized hydrogels34–37, few used to study cancer attempt to recapitulate the

19

heterogeneity of ECs, variable flow, and the makeup of the ECM of metastatic tissue

20

sites. In this review, current and emerging models to study cancer metastasis will be

21

discussed, as well as the importance of including attributes such as flow, EC and

22

vascular heterogeneity, and microenvironment (Figure 1b).

23
24

2. Methods to Vascularize Biomaterials

5

1

Currently, there is no perfect model that recapitulates every aspect of human cancer

2

biology. There have been many methods developed to study cancer, both in vivo and

3

in vitro, and several used to specifically study cancer metastasis and extravasation.

4

Some of these methods have been reviewed elsewhere38,39 (Bersini et. al, Reymond

5

et. al). Briefly, in vivo methods include both mouse and zebrafish models. In mouse

6

models, typically metastasis is modeled by performing tail vein injections of cancer

7

cells, and then studying metastatic sites. Unfortunately, it is not possible to monitor

8

extravasation in real time with this method, and must be observed following necropsy

9

and histologic examination. Zebrafish models are also becoming increasingly popular,

10

as they are optically clear and have defined vasculature. However, in both of these

11

methods the integrin receptors and ligands in mice and zebrafish often differ that of

12

humans. Therefore, results gained from studies done on mouse and zebrafish models

13

may not be completely applicable to human cancer.

14
15

In vitro, 2D plastic culture plates have historically been used for cell culture, but this

16

involves culturing cells on a stiff, flat surface, that does not recapitulate in vivo

17

physiology. Transwell assays bridge the gap between 2D and 3D models and use a

18

monolayer of endothelial cells cultured on a porous membrane, and cancer cells

19

introduced above the monolayer “extravasate” to the chemotactic medium below. A

20

hydrogel can be incorporated on top of the membrane to better mimic the migration of

21

cells through a 3D structure40 (Zamora et al.). However, this method does not typically

22

incorporate flow. Furthermore, the phenotype of endothelial cells grown on 2D surfaces

23

differs from endothelial cells grown on 3D matrices, potentially skewing the

24

experimental results41 (Sacharidou et al.).

6

1
2

Due to these limitations, vascularized 3D biomaterials have been developed as an

3

alternative to simplified 2D assays and difficult in vivo studies. Several methods for

4

vascularizing biomaterials have been developed. They can be categorized broadly into

5

three categories: (1) Vasculogenesis, where ECs are seeded and form vascularized

6

networks within a biomaterial, (2) the subtractive method, where a hollow tube or

7

network of tubes is created by polymerizing a material around a solid object, removing

8

the object, and then perfusing the resulting channel with ECs, and (3) the additive

9

method, which includes 3D bioprinting, where a vessel or network of vessels is built

10

from the “ground-up” (Figure 2). While only the vasculogenesis method has been

11

applied to cancer studies, each method has its advantages and disadvantages.

12
13

2.1 Vasculogenesis Models

14

Vasculogenesis models use microfluidics and incorporate hydrogels that can be

15

seeded with various types of media and cell co-cultures. One popular method uses a

16

microfluidic device. This device is made from a silicon wafer, which can be used as a

17

mold to cast PDMS which serves as the device housing. In the center of this housing

18

is a space that can be filled with a collagen gel. This is surrounded by several ports

19

where media and cells can be introduced microfluidic device uses a collagen gel with

20

several media ports surrounding a central gel port42. ECs are induced to sprout and

21

form capillary networks across the gel. These devices have been used to successfully

22

study cancer cell extravasation (Figure 2a)43. Using this model, it was determined that

23

the permeability of the EC monolayer, as measured by fluorescently labeled dextran

24

diffusion, increased 4-fold after introducing tumor cells into the microfluidic device.

7

1
2

In another microfluidic device, a vascular network was established using a fibrinogen-

3

based hydrogel with ECs and fibroblasts44. In this system, vessels ranged from 15-50

4

µm in diameter and the flow velocity from 0-4000 µm/s. This method has also

5

successfully been used with ECs derived from human induced pluripotent stem cells 45.

6

Vascularized microtumors have also been developed using this model. Various tumor

7

cell types are introduced in the vascularized hydrogel with stromal cells to establish

8

tumors containing microvessels46. However, this model has not been used to directly

9

study metastasis.

10
11

The major advantage of vasculogenesis models is that they result in small diameter

12

vascular networks that more closely resemble capillaries both in size and through

13

branching. By imaging during development, vascular branching and sprouting can be

14

quantified. However, introducing flow into these models is often not simple, because

15

syringe pumps cannot be attached to inlet vessels as they can in other models created

16

with 3D printing or subtraction. Flow can be applied, often pressure-driven through

17

gravity wells (Figure 2a). Despite this limitation, the success of these models in

18

studying cancer extravasation is promising for future research.

19
20

2.2 Subtractive Models

21

Several methods have been employed to create a channel in a subtractive fashion.

22

Chrobak et al. polymerized collagen around a needle with an initial diameter of 120

23

µm36. After polymerization of the collagen hydrogel and removal of the needle, a

24

negative space was created, which was perfused with ECs (approximately 10 7

8

1

cells/mL) to create a cell-seeded vessel. Final diameters after maturation ranged from

2

75-150 µm, with shear stresses of approximately 10 dyne/cm 2 (Figure 2b, top). This

3

method was used to study the effect of cyclic AMP (cAMP) concentrations on the

4

permeability of these vessels47. Lower concentrations (3 µM) did not affect vessel

5

permeability, but at higher concentrations (80 and 400 µM), vessels exhibited

6

decreased permeability and less leakage. Other work has demonstrated a similar effect

7

with cAMP stabilizing endothelial tight junctions48. Conversely, VEGF appears to have

8

the opposite effect, where VEGF increases vascular permeability, resulting in leakier

9

vessels22,49. Altering cAMP and VEGF concentration in a vascularized material could

10

thus be used to simulate different aspects of cancer biology, by simulating the leaky

11

vessels in the primary tumor with less cAMP and more VEGF, or alternatively creating

12

a less permeable endothelium with high cAMP to simulate metastatic sites.

13
14

Another subtractive method involves creating a tube out of a dissolvable material rather

15

than removing a needle. Miller et al. developed a technique which used a 3D printed

16

carbohydrate lattice structure, embedded in a fibrin hydrogel that contained

17

fibroblasts35. The carbohydrate lattice was easily dissolved because it was water-

18

soluble whilst the fibrin was not, leaving behind a complex, perfusable network that

19

could then be lined with ECs. This network resulted in channels with diameters ranging

20

from 150-800 µm that could be perfused with a shear stress of 1 dyne/cm 2 (Figure 2b,

21

bottom).

22
23

Subtractive methods of vascularization are attractive due to their relative simplicity and

24

ease of tuning the exact size of vessel desired. In general, the sizes of the vessels

9

1

created range from approximately 75-800 µm in diameter36,50,51. Furthermore, flow can

2

easily be introduced and controlled if using a single, simple vessel structure, with shear

3

stress comparable to physiological stresses (1-10 dyne/cm2). The downside to using

4

subtractive methods is that they typically require large amounts of ECs (on the order

5

of 107 cells/mL) to obtain a confluent vascular layer. In addition, it is difficult to make a

6

subtractive model with a capillary-sized vessel, due to the physical limitations of the

7

materials used to create the vessel. Despite this, these models can be applied to study

8

the role of the endothelium in cancer metastasis. Because of the simplicity in design,

9

it may be easier to track individual cancer cells extravasating in a single vessel rather

10

than in multiple branching vessels present in vasculogenesis models.

11
12

2.3 Additive Models

13

Due to advancements in 3D printing technology and development of less cost-

14

prohibitive printers, 3D bioprinting has gained traction as a method to create

15

vascularized tissues. Using 3D bioprinting to vascularize a biomaterial can potentially

16

combine the advantages of vasculogenesis methods and subtractive methods.

17

Networks can be made with varying levels of complexity, and prints are reproducible

18

and scalable52. Via bioprinting, larger diameter blood vessels can be directly printed

19

(with sizes 150µm and up), and smaller microvessels can be created by printing with

20

bioinks that contain pro-angiogenic factors53. Furthermore, printing allows the ability to

21

print an inlet and outlet vessel which can easily be hooked up to a syringe pump for

22

controllable flow, similar to subtractive models.

23

10

1

3D printed vascularized biomaterials are typically thicker than those created with either

2

vasculogenesis or subtractive methods. For instance, Kolesky et al. created 3D

3

bioprinted tissue over 1cm in thickness54. This tissue incorporated multiple cell types

4

as well as ECM and vasculature (Figure 2c). Skylar-Scott et al. created organ-specific

5

vascularized constructs by first creating organoids from induced pluripotent stem

6

cells55. These organoids are embedded in an ECM solution made of collagen I and

7

Matrigel. Finally, sacrificial ink made of gelatin is printed into the solution and is then

8

evacuated and perfused with endothelial cells. Vasculature created using this method

9

had diameters of 400-1000µm. Others have used 3D bioprinting to print tumor cells

10

and ECs without accompanying ECM, with a result that is similar to an actual tumor

11

with cell deposited ECM and organization of vasculature[50]. Here, the bioink used

12

included an alginate-based hydrogel that could be tuned to provide a desired stiffness

13

during cell seeding but could then be removed to leave a structure containing only cells.

14

In this way, the authors created tumor subtypes with defined architecture. While this

15

method could be useful for studying cancer, the cost of the bioprinter used may be

16

prohibitive to some researchers. However, prices of commercial printers are

17

decreasing, and there are cost-effective solutions that can be utilized. Hinton et al.

18

modified a $400 plastic 3D printer to inject hydrogel precursor solutions into a support

19

bath, thus creating a bioprinter[51]. Characteristics of the methods discussed are

20

summarized in Table 1.
Method of
Vascularization

Vessel
Diameter

Flow Rate

Vasculogenesis
Chan et al.

~15 µm

NS

Velocity

Shear
(Stress or
Rate)

Number of Cells
Seeded Initially

Time to
Create Stable
Vasculature

NS

NS

2 x 106 cells/mL

6-8 days

11

Moya et al.

15-50 µm

NS

0-4000
µm/s

75-150 µm

~3 µL/min

NS

0-1000 1/s

7.5 x 106 cells/mL
(2:1 fibroblasts:ECs)

14 days

10
dyne/cm2

~107 cells/mL

~3 days

Subtractive
Chrobak et al.
Miller et al.

150-800 µm

10 µL/s

5 mm/s

1 dyne/cm

NS

13-27
µL/min

NS

NS

2

6

35 x 10 cells/mL

1 day

1 x 107 cells/mL

~1 day

Additive
Kolesky et al.
Langer et al.

NS

Static
Static
Static
*NS = Not specified in text

8

1.5-2 x 10 cells/mL

Table 1. Summary of the vessel characteristics of the literature discussed in Section 2.

1
2

3
4

Figure 2. Common methods to vascularize biomaterials. a. Vasculogenesis models induce sprouting of ECs into a biomaterial.
A schematic of a commonly used vasculogenesis model is displayed in the top right. This model allows visualization of trapped
tumor cells (top left and middle, with arrows indicating trapped tumor cells or clusters of tumor cells), as well as extravasated tumor
cells (bottom image arrows). b. Subtractive models create an empty space in a material that can be lined with ECs. In the top
image, a collagen gel was polymerized over a needle, which was then removed, and the remaining empty space was perfused
with ECs to create a single channel. In the bottom image, a carbohydrate lattice was 3D printed and then encapsulated in ECM
mimic. The lattice can then be dissolved, with the resulting empty space perfused and lined with ECs. c. Additive models (3D
bioprinting) directly deposit the biomaterial of choice as well as multiple cell types to build a model tissue from the ground up.
Here, a bioprinter was used to print ECs, fibroblasts, and stem cells to create a thick vascularized tissue. Adapted with
permission[35,36,39,49,79].

NS

12

1

3. Endothelial Cell Heterogeneity

2

ECs make up the inner lining of all blood and lymphatic vessels and play an important

3

role in tumor angiogenesis and metastasis[30,31]. ECs can differ phenotypically based

4

on organ location, potentially impacting organotropism of cancer, and their gene

5

expression can be altered by flow or by the presence of tumor cells. Furthermore, the

6

behavior of EC lines, including sprouting, branching, and permeability, can vary based

7

on the tissue origin of the cell line. When engineering a vascularized biomaterial, it is

8

important to keep these differences in mind and to choose the type of cell that is

9

relevant to the disease process being studied.

10
11

3.1 Development of the Endothelium

12

Hemangioblasts differentiate into endothelial progenitor cells (EPCs) and then into the

13

ECs lining arteries, veins, and capillaries (Figure 3a, left). While arteries and veins

14

contain a continuous layer of ECs bound by tight junctions, the endothelium in

15

capillaries can vary based on the tissue type and may be continuous, fenestrated, or

16

discontinuous/sinusoidal (Figure 3a, right).

17
18

Continuous and non-fenestrated endothelium is found in the capillaries of the brain,

19

heart, lung, and skin[30,31]. Fenestrated endothelium is a subtype of continuous

20

endothelium and is found in locations that require filtration or transport of small solutes,

21

such as the kidney, intestine, and endocrine glands (Figure 3a, right). Discontinuous,

22

or sinusoidal, endothelium is found in the liver, spleen, and bone marrow and contains

23

much larger openings within individual cells allowing for the transport of large proteins.

24

As the structure of the endothelium can vary by location, it is important to consider

13

1

sourcing ECs from a particular tissue type or differentiating ECs into the desired lineage

2

for the in vitro tissue model being studied.

3
4

3.2 Tissue Specificity of Endothelial Cells

5

The characteristics of ECs differ based on their origin and location in the

6

vasculature[30,52]. For example, EC thickness can vary from 0.1µm in capillaries to 1

7

µm in the aorta, and overall size and shape can vary by tissue type as well. While most

8

ECs are flat in shape, ECs in venules are cuboidal[30,53]. In the aorta, ECs are long and

9

narrow, but ECs in the pulmonary artery are shorter and broader [54]. EC morphology,

10

especially in the aorta, is dictated by the blood flow environment where regions of

11

undisturbed flow promote elongation of ECs, while regions of disturbed flow cause the

12

more classic cobblestone shape[55].

13
14

In addition to structural differences, the tissue origin of an EC line impacts its behavior.

15

Using a vasculogenesis model in a microfluidic device, Uwamori et al. compared the

16

characteristics of human brain microvascular endothelial cells (BMECs) to human

17

umbilical vein endothelial cells (HUVECs)[29]. Compared to BMECs, HUVECs

18

developed microvasculature with greater sprout numbers, length, and branching

19

(Figure 3b, left). Vessels derived from HUVECs also had greater permeability (Figure

20

3b, right), and decreased expression of tight junction proteins zonula occludens

21

protein 1 (ZO-1) and occludin. While these differences may be due to tissue source, it

22

is also possible they are a result of comparing a less mature (HUVEC) to a more mature

23

(BMEC) EC. Nevertheless, it is important to keep cell source in mind when designing

24

vascularized biomaterials.

14

1
2

Due to differences in EC behavior based on origin, some researchers have begun to

3

use EPCs in their hydrogel systems in order to differentiate ECs into a desired lineage.

4

Peters et al. seeded EPCs and HUVECs in a poly(ethylene) glycol (PEG) hydrogel

5

system[56] and found that after 2 weeks, vascular networks originating from EPCs had

6

longer total tubule length and branch points compared to HUVEC networks.

7

Furthermore, tissue-specific ECs have been shown to rapidly de-differentiate and lose

8

expression of many of the genes that define their tissue specificity, so increasingly

9

researchers are investigating how EPCs can be differentiated into tissue specific ECs,

10

as this process is not well understood[57,58]. This approach may be useful for creating

11

tissue mimics for cancer metastatic sites.

12
13

3.3 Tumor Endothelial Cells

14

Tumor blood vessels differ from normal blood vessels in several ways. Normal blood

15

vessels have an organized hierarchy with defined flow patterns and progress from

16

artery to arteriole to capillary to venule to vein. In contrast, tumor blood vessels lack

17

this defined structural hierarchy. Furthermore, compared to normal vessels, tumor

18

blood vessels are more dilated and tortuous in course, with uneven and chaotic flow

19

patterns[20]. On a cellular level, the ECs lining tumor blood vessels have larger

20

intercellular junctions and are more fenestrated, often growing on top of one another

21

with projections into the lumen of the blood vessel.

22
23

In addition to vessel phenotypic differences, tumor endothelial cells (TECs) differ from

24

normal ECs at the genetic level[21,22,59]. TECs have higher proliferative rates and

15

1

proangiogenic properties, and different gene expression patterns when compared to

2

normal ECs (Figure 3c). In TECs associated with highly metastatic tumors, expression

3

increases were observed in genes related to cell invasion (MMP2, MMP9),

4

angiogenesis (VEGF-A, HIF-1α, CXCL12), drug resistance (MDR-1), and stemness

5

(Sca-1, CD90, CD133). When choosing an EC type to use in a vascularized model of

6

cancer, it would make sense to start with a less mature EC (such as EPCs) and

7

differentiate them into a desired lineage. Unfortunately, the mechanisms of

8

differentiation

of

EPCs

are

currently

not

well

understood[60,61].

9

Figure 3. Endothelial cell heterogeneity. a. Development of end-organ EC from EPCs (left) is a multi-step process affected
by epigenetic factors and microenvironmental factors. Ultimately, the resulting capillary endothelium varies by tissue type. The
endothelium can be continuous, fenestrated, or sinusoidal (right). b. The behavior of BMECs and HUVECs vary by source.
Sprouting (left) and permeability (right) are less prominent in BMECs versus HUVECs. c. Tumor ECs associated with highly
metastatic tumors have enrichment in genes corresponding to invasion, angiogenesis, drug resistance, and stemness.
Adapted with permission[29-31,61].

10
11
12

4. Hemodynamic Factors

13

The vast majority of in vitro studies, even those incorporating ECs, are performed in

14

static conditions on 2D substrates. 3D vascularized biomaterials can incorporate flow

16

1

via several different mechanisms. In fact, including flow is necessary to build better

2

models of cancer metastasis, as varying hemodynamics can affect the gene

3

expression of ECs, as well as the transport and extravasation potential of cancer cells.

4
5

4.1 Role of Shear Stress on the Endothelium

6

Under normal conditions, human veins have average shear stress values of 5

7

dyne/cm2, whereas arteries have average shear stress values approaching 15

8

dyne/cm2. Shear stress increases with higher heart rates and can reach 30 dyne/cm 2

9

at a heart rate of 140 beats per minute[62]. In microvessels such as capillaries, the

10

average wall shear stress has been suggested to approximate 4 dyne/cm 2

[63,64].

11

However, the multiphase nature of blood dominates capillary blood flow and deviates

12

from single-phase approximations.

13
14

Shear stress alters gene expression profiles in vascular ECs[64–66]. In human aortic

15

ECs, 24 hours of shear stress at 12 dyne/cm2 increased levels of Tie2 and Flk-1, which

16

are receptors associated with EC survival and angiogenesis, as well as increased

17

MMP1[65]. In EPCs, shear stress stimulated proliferation and increased expressions of

18

EC-specific markers KDR, FLT-1, and VE-cadherin at early time points. Shear stress

19

also accelerated tube formation in EPCs[67]. However, EPCs do exhibit some

20

differences in flow sensitivity when compared to more mature ECs. Under lower shear

21

stresses (0.1-2.5 dyne/cm2), EPCs changed morphology and aligned to the direction

22

of flow. However, HUVECs and bovine aortic ECs do not align to flow until higher shear

23

stresses of 8-10 dyne/cm2

[67].

These differences between more mature HUVECs

17

1

versus EPCs are important to keep in mind when developing in vitro models that more

2

accurately reflect in vivo physiology.

3
4

Finally, although not a focus of this paper, lymphatic and interstitial flow has been

5

shown to impact cell behavior. In the low-flow lymphatic system, reversing shear stress

6

induces gene expression for further lymphatic vessel maturation and development [68].

7

In the brain, interstitial fluid flow increased invasion of glioma cells[69].

8
9

4.2 Hemodynamics and Circulating Tumor Cells

10

Hemodynamics play a role in cancer cell extravasation and should be considered when

11

designing tumor models. While in the circulation, tumor cells are in a highly dynamic

12

environment which can differ vastly from the environment of the primary tumor. In this

13

new environment, CTCs are subject to a variety of insults including attack by immune

14

cells, collisions with blood cells, and shear forces, yet some CTCs manage to survive

15

and extravasate[14]. It is suggested that CTCs arrest and extravasate at sites of optimal

16

flow, and a high shear stress of 60 dyne/cm2 has been shown to cause necrosis of

17

CTCs[14,70]. However, the precise role of hemodynamics in extravasation of CTCs has

18

not been widely studied. Zebrafish embryo models have been used due to the ability

19

to easily label and image their endothelium. To study hemodynamics in vitro, it will be

20

important to create vasculature that is long-lasting, easy to image, with flow that is

21

controllable.

22
23

Follain et al. utilized zebrafish and mouse in vivo models and human in vitro models to

24

study the impact of flow rates on arrest and extravasation of CTCs[14]. In the zebrafish

18

1

model, while intermediate and low flow

2

rates (below blood velocities of 600

3

µm/s) allowed for arrest of CTCs and

4

adhesion

5

extravasation occurred more often at

6

intermediate flow rates of 400 µm/s

7

(Figure 4a). They found that the majority

8

of CTCs extravasated by inducing EC

9

remodeling around the tumor cells, rather

10

than via transmigration through the

11

vessel wall. This “pocketing” of CTCs by

12

ECs

13

intermediate flow rates compared to low

14

flow rates. In an in vitro microfluidic

15

model, ECs demonstrated protrusions

16

under flow rates of 400 µm/s, with or

17

without the presence of CTCs, and these

18

protrusions were absent under no flow,

19

suggesting that these intermediate flow

20

profiles may promote the adhesion of

21

CTCs

22

protrusions seen in the in vitro model

23

may be precursors to the pocketing

24

observed in the in vivo model.

to

occurred

to

the

the

more

endothelium,

rapidly

endothelium.

at

The

Figure 4. Hemodynamic effects on circulating tumor cells. a.
Diagram of work by Follain et al., describing the pocketing of CTCs by
endothelial cells that occurs at intermediate flow rates. While arrest
and adhesion of CTCs to the endothelium occurs at low and
intermediate flow rates, pocketing was only seen at intermediate flow
rates. b. Zebrafish can be used to directly observe extravasation of
CTCs. c. A subtractive method was used to create a vascularized
collagen hydrogel (top) which can be perfused. This model was used
with an MDA-MB-231 breast cancer and EC co-culture (bottom right).
Authors observed decreased gene expression of angiogenesis-related
factors at high shear stress (bottom left).
Adapted with
permission[14,63,71].

19

1
2

Using zebrafish, Ma et al. injected breast cancer cells into the vasculature and directly

3

observed extravasation[71] (Figure 4b). The authors also performed transwell in vitro

4

experiments, where various human metastatic breast cancer cell lines were exposed

5

to shear stress. These cells exhibited higher migration capacity after fluid flow

6

exposure, as measured by number of cells that migrated through the membrane of the

7

transwell chamber. At a shear stress of 15 dyne/cm 2, migration increased by

8

approximately 3-fold.

9
10

An in vitro collagen system was used by Buchanan et al. to quantify how barrier

11

function and gene expression of ECs varied as a function of flow rate. They used a

12

subtractive method to create a channel in a collagen hydrogel with a 22G needle

13

(Figure 4c, top) [63]. Low (1 dyne/cm2), normal (4 dyne/cm2), and high (10 dyne/cm2)

14

shear stresses were introduced via a syringe pump to study the impact of varying shear

15

stresses on the endothelium. In their co-culture model, low and normal shear stresses

16

increased the gene expression of angiogenic factors by the breast cancer cell line, and

17

increased endothelial permeability compared to high shear stress (Figure 4c, bottom).

18
19

Hemodynamic forces play an important role in the behavior of ECs and the

20

extravasation potential of CTCs. While there have been several methods to study this,

21

it is difficult to compare results as some studies report shear stress values and others

22

report flow rates. Furthermore, these methods mainly use steady flow, whereas the

23

body primarily experiences varying degrees of unsteady flow. As more researchers

24

introduce flow into vascularized networks, it will be important that studies clearly report

20

1

the hemodynamics of their systems.

2
3

5. The ECM and the Perivascular Niche

4

In the perivascular niche, disseminated cancer cells can lie dormant until a biochemical

5

signal spurs their growth and the development of a symptomatic metastasis. This

6

process has not been well studied in 3D vascularized models of cancer. In addition,

7

the biochemical and biophysical signals from ECM can both impact angiogenesis,

8

which has implications for how vessels may control disseminated CTCs at distant sites.

9
10

5.1 Biochemical Signals in the ECM that Promote Metastasis

11

Dormant, disseminated cancer cells often lie adjacent to the endothelial layer in the

12

perivascular niche[72]. Ghajar et al. demonstrated that biochemical cues such as

13

thrombospondin-1, perlecan, and certain laminins promote cancer cell dormancy in the

14

perivascular niche, while periostin, fibronectin, transforming growth factor beta 1 (TGF-

15

β1), and others promoted outgrowth of the dormant cancer cells to form

16

micrometastases (Figure 5a). Here, ECs were cultured with stromal cells and induced

17

to form a microvascular niche on 2D plastic in a 96-well plate. Following this, a

18

suspension of breast cancer cells was introduced into these same wells, and a laminin-

19

rich ECM mimic was introduced in the well to provide a 3D environment. A limitation of

20

this method is the inability to easily control flow. Although not possible with Matrigel as

21

used by Ghajar et al., one could vary the ECM makeup with a synthetic hydrogel.

22
23

The ECM has been shown to impact cancer metastasis, particularly via integrin

24

binding[28,73,74]. Integrins are transmembrane proteins that bind to the ECM and to the

21

1

cytoskeleton and are important for mechanical and biochemical signaling. As such,

2

elucidating the role of integrins is important in understanding the mechanisms of cancer

3

metastasis. In a 3D vasculogenesis-based microfluidic model, tumor cells extravasated

4

by first protruding invadopodia and associated with subendothelial basement

5

membrane via β1 integrins[28]. Following this, invadopodia engaged with the ECM via

6

α3β1 and α6β1 integrins. Both of these integrins bind specifically to laminins, with α 3β1

7

specific for laminin-5 and laminin-10/11, and α6β1 specific for laminin-10/11, laminin-5,

8

laminin-1, and laminin-2/4[73]. Altering integrin binding sites in biomaterials can also

9

impact angiogenesis and vascular patterning. Li et al. demonstrated that by tuning

10

integrin activation in hydrogels, vascular patterning and permeability can be altered [74].

11

Here, a hyaluronic acid-based hydrogel was tuned to be specific to α3/α5β1 integrin or

12

to αvβ3 integrin. In both in vitro and in vivo experiments, vasculature in αvβ3-specific

13

hydrogels was more disorganized, more tortuous, and had greater permeability

14

compared to α3/α5β1-specific hydrogels. Integrin binding sites are important for tumor

15

cell behavior and angiogenesis, and thus are an important factor to incorporate into

16

vascularized hydrogel designs.

17
18

5.2 Altering Vasculature through ECM Modulus

19

Alterations in modulus have been shown to impact the sprouting of blood vessels.

20

Turturro et al. used a PEG diacrylate (PEGDA) hydrogel with a gradient of elastic

21

moduli ranging from 3.17 to 0.62 kPa compared to a control (no gradient) hydrogel with

22

an elastic modulus of 2 kPa[75]. When seeded with ECs, vascular sprouts formed in an

23

organized fashion in the gradient gels but were more disorganized in the hydrogel with

24

a constant modulus (Figure 5b). Furthermore, changing modulus can promote

22

1

formation of vasculature that is closer to

2

in vivo tumor vasculature. Bordeleau et al.

3

created collagen hydrogels with varying

4

equilibrium compressive moduli from 0.18

5

to 1.4 kPa and polyacrylamide (PA) gels

6

ranging from 0.2 to 10 kPa to study vessel

7

permeability, EC migration, and EC gene

8

expression[76]. Increased moduli resulted

9

in

more

angiogenic

sprouting

and

10

vasculature

11

permeability and disrupted architectures.

12

Taken together, these studies illustrate

13

the importance of modulus on formation

14

of vasculature. Researchers wanting to

15

create

16

phenotype should ensure their material

Figure 5. Biochemical and mechanical effects on vasculature.
17
a. Interactions with the perivascular niche ECM can promote
cancer cell exit from dormancy. An engineered model was used
with a laminin rich ECM drip used to culture breast cancer cells18
on
top of formed microvasculature. Biochemical cues were identified
that promoted cancer cell dormancy (TSP-1, perlecan, laminins,
etc.) or micrometastatic outgrowth (periostin, fibronectin, tenascin
19
C, etc.) b. Introducing gradients in modulus can create organized
vasculogenesis, which may be important when engineering 3D
vascularized models. PEGDA hydrogels that had either a uniform
20
bulk modulus or a gradient in modulus were seeded with ECs.
Vascular sprouting appeared more disorganized in the uniform
modulus gel (bottom left) but was more organized in the gradient
21
gel (bottom right). Adapted with permission[72,75].

has a modulus similar to the target tumor

22

simulate normal tissue modulus or tumor

a

with

more

increased

tumor-like

vessel

vascular

ECM.

Reid et al. cultured ECs on soft (0.4 kPa)
or hard (22 kPa) PA gels in order to

23

modulus, respectively[77]. They found that the 22 kPa substrate resulted in upregulation

24

of CCN1. CCN1 is upstream of N-Cadherin, which plays an important role in

23

1

transendothelial migration of cancer cells[78]. Furthermore, in a mouse model, knocking

2

out CCN1 in ECs inhibited the binding of melanoma cells to the endothelium and

3

reduced transendothelial migration compared to control mice [77]. This literature

4

suggests that it is important to include the relevant modulus in a 3D vascularized

5

biomaterial

system

to

study

cancer.

6
7

Conclusion

8

Various methods have been used to create vascularized in vitro tissue models,

9

although many of these have not yet been used to study cancer metastasis. Among

10

the three models discussed, only the vasculogenesis model has been applied to study

11

cancer cell extravasation. As this model involves sprouting vasculature across a growth

12

factor gradient, the resulting vasculature is most similar to native capillaries. As cancer

13

metastasis occurs at the capillary level, this model is more naturally suited to studying

14

extravasation compared to other models. However, it can take longer to form

15

vasculature using this method, and it is more difficult to precisely control flow across

16

the resulting network. Subtractive methods are attractive due to their overall simplicity

17

and ease of controlling flow. However, the size of the vasculature is limited to the size

18

of the object used to create the channel, usually 75µm or larger. As native capillaries

19

are approximately 10µm in diameter, this size limitation is a significant drawback of

20

subtractive methods. Finally, additive methods, including bioprinting, have recently

21

gained popularity. This method is also limited by size, as the vessel is only as small as

22

the resolution of the printer being used. However, this method does allow for the ability

23

to easily print potentially more complex, multicellular structures, with the ability to

24

control ECM makeup.

24

1
2

No matter which method is used, researchers need to take many factors into

3

consideration when creating these models to more adequately recapitulate in vivo

4

tumor physiology. Specifically, the properties of and surrounding the endothelium need

5

to be taken into account, including EC type, shear stresses, appropriate ECM proteins,

6

and relevant moduli. EC behavior, including sprouting and permeability, can vary

7

based on the tissue origin of the cell. Furthermore, EC behavior can be modified by

8

shear stress and the presence of tumor cells. Through better design of vascularized

9

biomaterials and incorporation of the properties discussed here, researchers will be

10

able to create more accurate models of cancer, thereby better elucidating the

11

mechanisms of metastasis.
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