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Abstract

A growing number of failing clinical trials for cancer therapy is substantiating the need to upgrade 

the current practice in culturing tumor cells and modeling tumor angiogenesis in vitro. Many 

attempts have been made to engineer vasculature in vitro by utilizing hydrogels, but the 

application of these tools in simulating in vivo tumor angiogenesis is still very new. In this review, 

we explore current use of hydrogels and their design parameters to engineer vasculogenesis and 

angiogenesis and to evaluate the angiogenic capability of cancerous cells and tissues. When 

coupled with other technologies such as lithography and three-dimensional printing, one can even 

create an advanced microvessel model as microfluidic channels to more accurately capture the 

native angiogenesis process.
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1. Introduction

Despite the overall decreasing trend of the cancer mortality rate, over 1.6 million people in 

the U.S are expected to suffer from cancer in 2013 with 580,000 estimated deaths [1]. In an 

effort to supersede the conventional treatments involving chemotherapy and radiation, 

various attempts have been made to discover new drugs with antitumor activity. However, 

clinical trials are very costly and often slowed down by high failure rates, commonly due to 

misguided preclinical models. Therefore, a more extensive analysis at the preclinical stage is 

required to more accurately predict the outcomes of clinical trials [2]. A growing number of 

researchers are now focusing on targeting biomarkers to accelerate the drug development 

process, minimize the cost, and maximize the benefit from early clinical trials [2, 3].
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Particularly, angiogenesis has been an attractive target for anti-cancer drugs [4]. As the 

unregulated tumor growth continues, exacerbated oxygen and nutrient deprivation turns 

tumors into the angiogenic phenotype, triggering the release of angiogenic growth factors 

and cytokines, such as vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8), 

to the microenvironment [5, 6]. This dysregulated signaling pathway activates the nearby 

endothelial cells (EC) and perivascular cells, which ultimately results in the recruitment of 

new blood vessels to the area to support further tumor growth [6]. Eventually, these vessels 

would provide means for metastasis [7]. Inhibiting this angiogenic process has been one of 

the main foci of modern cancer research, but many of the recent clinical studies have 

reported various side effects of antiangiogenic therapies that utilizes small molecule 

inhibitors (such as bevacizumab, sunitinib, and sorafenib), including hypertension, impaired 

wound healing, coagulation, and, in some cases, increased tumor activity and metastatic 

acceleration [8–12]. More importantly, currently observed benefits from this strategy are 

transient since tumors are capable of overcoming the anti-angiogenic condition by 

employing different pathways (for example, vasculogenesis, vascular mimicry and vessel 

co-option) to remodel their neighboring blood vessels [6, 13–15].

More comprehensive investigation of tumor angiogenesis and identification of robust tumor 

angiogenic biomarkers are thus vital to developing viable cancer treatments. However, a 

lack of competent preclinical models often hinders successful subsequent clinical trials. 

Animal in vivo xenograft models are commonly used, but often cannot represent the disease 

sufficiently due to physical differences from humans. For example, tumors in a murine 

xenograft model grow relatively faster than human tumors, which results in immature blood 

vessels that cannot compare with tumorigenic vessels that have been established for a longer 

period of time [16, 17]. In addition, key parameters that affect tumor progression, including 

oxygen tension, nutrient gradients, and mechanical forces, cannot be easily controlled and 

manipulated in these models [9]. Imaging tumor vasculature in vivo has been particularly 

challenging as well, making it difficult to evaluate the benefits from anti-angiogenic 

therapies [15, 18]. To address these issues, investigators have been developing various 

alternative in vitro models for cancer cell growth and vascularization [19–24]. For this 

approach, the validity of a model would depend on how closely it can mimic the in vivo 

conditions. Up to this date, the majority of in vitro cancer studies have used two-

dimensional (2D) monolayer cultures, where cells are usually grown on a plastic plane [25]. 

However, cell-cell and cell-extracellular matrix (ECM) interactions that are essential for 

tumor growth and angiogenesis cannot be recapitulated in 2D models, so these models may 

produce misleading results and provide wrong guidance for future clinical trials.

In fact, growing numbers of cancer studies are now utilizing three-dimensional (3D) culture 

models, and, not surprisingly, many have observed significantly distinct responses compared 

to the traditional 2D models. By encouraging cell-cell and cell-ECM interactions, 3D 

models support increased release of vascular growth factors, increased aggressiveness and 

metastatic potential, slower proliferation, increased resistance to anti-cancer drugs and 

radiation therapy, and physiological gene-expression profiles, all of which are characteristics 

of tumor cells in vivo [24–32]. In addition, integrin-mediated cell attachment to the 3D 

matrix and remodeling of ECM via matrix metalloproteinase (MMPs) is critical for 
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proliferation and survival for both tumor cells and ECs [27, 33]. Specifically for tumor 

angiogenesis, the remodeled ECM and immobilized molecular cues from tumor cells 

support EC recruitment and morphogenesis that leads to vascularization around the tissue [6, 

33]. It has also been shown that ECs respond to different topography, geometry, and the 

mechanical stiffness of their 3D microenvironment. In their physiological environment, 

vessels exist as multi-cellular tubes with hollow lumens of circular cross-section, where ECs 

are polarized to interact with the ECM surrounding the vessels and respond to the shear 

stress from the fluid flow inside the lumens [33, 34]. Together with shear stress, 3D 

geometrical cues have shown to contribute to the alignment and the elongation of the ECs 

inside the vessels, which directly relate to cell function and survival in vivo and cannot be 

observed in a static 2D culture [35–38]. In addition, we have recently demonstrated in vitro 

that the 3D curvature on which the ECs are grown results in circumferential ECM deposition 

and organization [39]. These observations demonstrate the advantages of utilizing 3D 

architectural designs in vitro to model the physiological microenvironments of various 

tissues in vitro. These models are prevalent in the field of tissue engineering, which has 

allowed researchers to design systems that mimic the physiological cell-cell and cell-ECM 

interactions of a variety of tissue types [21, 40–42]. Since tumor vascularization occurs 

within a 3D physiological environment just like other tissues, similar engineering principles 

and techniques can be applied to the model in order to study cancer biology.

Hydrogels are hydrophilic polymeric networks that are commonly used for creating 3D in 

vitro models of tissues. Hydrogels provide means of tuning the mechanical strength and 

chemical structures of the cellular microenvironment. Studies have shown that different 

stiffness of gels created by varying crosslinking densities can effect the proliferation, 

survival, and migration of the embedded cells and can also cue differentiation of stem cells 

to specific lineages [43–45]. In addition, hydrogels can be chemically modified to present 

cell-attaching sites (such as RGD amino acid sequence) and MMP-degradable sites which is 

crucial for tumor progression, endothelial migration, and, ultimately, tumor angiogenesis [6, 

28, 45, 46]. Recently, hydrogels have been incorporated with other technologies such as 

lithography, microfabrication, and microfluidics to develop complex blood vessels, which 

show promise for more advanced and clinically relevant tumor angiogenesis models [47–

49].

The importance of 3D in vitro models is becoming evident as more and more studies benefit 

from the tunable platform by hydrogels that gives us more control over the 

microenvironment of a tissue. Here, we first review the mechanisms of tumor 

vascularization, and explore natural and synthetic hydrogels and design parameters 

commonly employed to form tumors and create vasculatures in vitro. We then examine 

hydrogel-based angiogenesis assays that are currently being used in cancer studies and move 

on to explore recent advanced in vitro models that recapitulate tumor angiogenesis from 

microvascular networks.

2. Tumor vascularization mechanisms

Angiogenesis is an intricate process that involves cell-ECM interaction and cell-cell 

interaction not only between ECs, but also between ECs and other cell types such as mural 

Song et al. Page 3

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cells (pericytes and smooth muscle cells), fibroblasts, and inflammatory cells. It has been 

one of the key topics for cancer biology for decades due to its close association with tumor 

development, maintenance, and survival. The dysregulated nature of cancer growth provides 

unique features to tumor-associated blood vessels that may be critical for cancer therapies 

and should be sufficiently replicated in in vitro models to obtain better guidance for clinical 

trials. In this section, we briefly describe biomolecular and cellular mechanisms of tumor 

vascularization.

Initially, a tumor can grow with passive diffusion of oxygen and nutrients from the 

surrounding stroma without any support from blood vessels. However, as the tumor lesion 

grows to 1–2 mm3, the cells at its core start to experience hypoxia and nutrient deprivation 

and accumulate hypoxia inducible factors (HIFs) such as HIF–1α, which triggers a 

phenotypic transition known as the angiogenic switch [50, 51]. Activation of the pathway 

leads to overexpression of cytokines, growth factors, and other soluble factors that breaks 

the balance between pro- and antiangiogenic factors. This dysregulated cascade ultimately 

recruits new blood vessels to the tumor site. The generalized overview of tumor 

angiogenesis is illustrated in Figure 1.

The most well-understood tumor angiogenic signaling pathways involve VEGF, platelet-

derived growth factor (PDGF), fibroblast growth factor (FGF), and angiopoietin (Ang), 

which are intricately coordinated and overlapped. Tumor angiogenesis begins with 

activation of pericytes by tumor-secreted VEGF and Ang-2, which leads to the detachment 

of the cells from the vessel and acquiring more proliferative phenotype [8, 52]. The ECs at 

these sites thus are exposed to the cytokines and growth factors secreted by tumor cells and 

activated pericytes as well as to the interstitial collagen-rich ECM as the basement 

membrane is degraded [8, 33, 52]. In physiological conditions, the hyperpermeability of the 

vessel allows the plasma proteins to leak into the surrounding matrix, setting up a 

provisional matrix (composed of fibrin, vitronectin, and fibronectin from plasma mixed 

within the preexisting collagens) into which new vessels can sprout [33].

Vessel sprouting occurs through a close-knit combination of biomolecular signaling, ECM 

remodeling, and cellular migration. PDGFβ and VEGF secreted from tumor cells recruits 

pericytes to the tumor which secretes membrane MMP and paves the way for EC vessel 

sprout migration [53]. The ECs at the tips of the sprouts also express MMP on their 

membranes (membrane type-1 MMP) to help facilitate the expansion of the new vascular 

structure [54]. In the stalk cells of the new sprout, endothelium-specific vascular 

endothelial-phosphotyprosine phosphatase (VE-PTP) has shown to play an important role in 

EC polarization and lumen formation by inactivating VEGF receptor-2 in EC junctions [55]. 

Around certain types of tumors, hypoxia induces overexpression of lysyl oxidase (LOX) 

which stiffens ECM by cross-linking the collagen fibers in the tumor stroma [54]. Different 

types of tumors can overexpress other ECM remodeling enzymes and different types of 

MMPs that give tumor-associated ECMs features that differentiate them from normal ECM 

in terms of composition, orientation, density, and mechanical properties [56]. In addition, 

tumor-associated fibroblasts are known to deposit provisional or tumor-specific ECM in the 

tumor stroma as well [6]. These different enzymes remodel and cleave ECM into active 
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fragments such as endostatin, tumstatin, and canstatin, that can collaborate with other 

soluble factors to guide tumor vascularization [51, 54].

Recently, studies have suggested that tumor vascularization involves not only angiogenesis, 

but also vasculogenesis, where endothelial progenitor cells (EPCs) from the bone marrow 

are recruited to the vasculature site [8]. In fact, Kerbel and his colleagues observed marked 

suppression of tumor growth when antiangiogenic therapy was coupled with a low-dose of 

metronomic cyclophosphamide, a drug that inhibits EPC mobilization [57]. The mechanism 

for EPC recruitment and mobilization is not well established and remains to be explained, 

but several studies suggest it is regulated by factors such as VEGF, MMP-9, HIF-1α, FGF, 

and IL-8 [58–60]. This mechanism is covered in more detail in Rafii and his colleagues’ 

review [59]. In addition, cancer stem cells can also differentiate into endothelial cells and 

pericytes to support tumor vasculature, which is a topic thoroughly explored in Liu and 

Ouyang’s review [61].

In developmental angiogenesis, the last stage consists of new basement membrane formation 

and mural cell attachment to the newly formed vessels that leads to vascular stabilization 

and maturation [33]. In contrast, tumor-driven angiogenesis lacks this stage since tumors 

continue secreting hypoxic and angiogenic factors as they require more and more oxygen 

and nutrients to support their unlimited, dysregulated growth. For example, although 

pericytes are recruited to the tumor site, they do not properly attach to the newly formed 

vessels and facilitate basement membrane production [52]. These impaired vessels are 

therefore porous and leaky, causing irregular blood flow and providing a platform for tumor 

metastasis [6].

3. Engineering microenvironments for cancer cell growth and angiogenesis

Current approaches for the development of in vitro tumor models aspire to recapitulate the 

native microenvironments in vivo using 3D scaffolds in order to create better preclinical 

cancer models. Since the tumor microenvironments play critical roles in tumorigenesis [5, 

62], many researchers have focused on reconstructing the complex and myriad 

microenvironment conditions, in which the native ECMs, using bioinspired materials. 

Specifically, hydrogels have been widely utilized as 3D cellular microenvironments due to 

their ECM-like biophysical properties [63–66]. Hydrogel materials can provide dynamic 

microenvironments to regulate cell fate through either cell-cell or cell-matrix interactions. 

These hydrogel materials have shown to be adequate 3D cellular microenvironments for 

supporting cell adhesion and growth of various cell types as well as cancer cells [65–67]. To 

create engineered microenvironments for supporting cancer cell growth and angiogenesis, a 

variety of natural and synthetic hydrogel materials have been used as 3D artificial tumor 

microenvironments that can provide mechanical support while regulating tumor behaviors 

within the matrix. Figure 2 illustrates the representative engineered tumor 

microenvironments created by using natural and synthetic polymers. These hydrogel 

materials are fabricated through numerous physical and/or chemical crosslinking reactions 

[68, 69]. In addition, by controlling physicochemical and biological properties of the 

hydrogel materials, such as cell adhesion ligands, proteolytic degradable sites, matrix 

stiffness, and 3D topography, more improved in vitro tumor models are engineered to better 
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understand cancer biology. In this section, we discuss the hydrogel materials from natural 

and synthetic hydrogels to provide 3D artificial tumor microenvironment for supporting 

tumor growth and angiogenesis.

3.1. Natural hydrogel materials

The ECMs, consisting of proteoglycans, non-proteoglycans, protein fibers, and 

glycoproteins, play a critical role in regulating cellular behaviors [70–73]. Thus, materials 

derived from natural ECM have been widely used as 3D microenvironments for supporting 

tumor growth and angiogenesis.

Matrigel, a basement membrane-derived hydrogel with laminin as the primary component, is 

extracted from Engelbrecth-Holm-Swarm (EHS) mouse tumor cells [74]. Matrigel has been 

widely utilized as 3D microenvironment to support tumor growth and angiogenesis owing to 

its inherent cytocompatibility, cell adhesion sites, and capacity to vary its physical properties 

[75]. Bissell and colleagues have successfully recapitulated in vivo characteristics of breast 

cancer invasion and their phenotypes through 3D culture of human breast cancer cells using 

Matrigel [76]. They demonstrated that each of the cells showed four distinct morphologies 

including round, mass, grape-like, stellate shapes, which were associated with tumor cell 

invasiveness and with cell lines originating from metastases. In addition, they also 

demonstrated that reliable differences in gene encoding signal transduction proteins emerge 

when tumor cells were cultured in a 3D microenvironment. In addition, Matrigel has shown 

to be an effective angiogenic assay tool alone or with various vascular cells, which can be 

used to identify pro- and anti-angiogenic molecules including those involved in genetic and 

signaling pathways of angiogenesis [77, 78]. It has been used with vascular cells as well, 

such as EPCs, human umbilical vein cells (HUVECs), endothelial cells derived from SV 

mice (strain A) (SVEC4-10), and human dermal microvascular endothelial cell-1 

(HDMEC-1) [79–81]. For example, Watt and colleagues have utilized growth factor-

reduced Matrigel along with umbilical cord blood-derived endothelial colony-forming cells 

(ECFCs) in a recent study [81]. They tested the inhibition of angiogenesis using two 

angiogenic inhibitors, suramin and SU6668, to find the best quantification method for 

evaluating the efficacy of angiogenic stimulants or inhibitors compared to two quantification 

methods, such as Angiosys and Wimasis. In addition, angiogenic assays using Matrigel are 

now combined with other emerging technologies to create more advanced tools to evaluate 

angiogenesis. Kleinman and colleagues have established a protocol that can provide a rapid, 

quantitative and reliable in vitro high-throughput angiogenesis assay [77].

Collagen, the most abundant proteins in the native ECMs, has been reported to support 

vascular morphogenesis and network formation of various kinds of vascular cells. Collagen 

hydrogels have been extensively used as cellular microenvironments for a broad range of 

biomedical applications due to its biocompatibility and biodegradability [82, 83]. Collagen 

hydrogels can be fabricated through multiple cross-linking methods that result in fibrous 

architectures similar to collagen found in native ECM [84, 85]. These hydrogels can provide 

bioactive microenvironments for supporting cellular behaviors due to their cellular activities, 

such as cell adhesion ligands and proteolytic-degradable sites that are crucial for ECM 

remodeling. Marissa and colleagues have established a 3D engineered tumor models as a 
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platform for better understanding in vitro solid tumor biology [30]. They demonstrated that 

MDA-MB-231 breast cancer cells cultured within collagen type I hydrogel formed 3D 

cancer spheroids (diameter 150–200 μm), inducing necrosis and hypoxia in the core. They 

also demonstrated that the bioengineered tumor showed promising angiogenic potential 

through upregulation of HIF-1α and VEGF-A compared to the 2D monolayer culture of 

MDA-MB-231 cells. More recently, they have investigated tumor angiogenesis induced by a 

tumor and endothelial cell co-culture system using collagen type I hydrogels [86]. They 

successfully utilized an in vitro tumor angiogenesis model driven solely by paracrine effect 

between MDA-MB-231 cells and telomerase-immortalized human microvascular 

endothelial (TIME) cells. The engineered tumor model consists of three hydrogel layers; 1) 

bottom layer, MDA-MB-231cells within collagen hydrogels; 2) middle layer, acellular 

collagen hydrogel; 3) top layer, TIME cells within collagen hydrogels. Using the models, 

they found that TIME cells co-cultured with the MDA-MB-231 cells showed a significant 

increase in cell proliferation and promote vascular morphogenesis of TIME cells as well as 

invasively sprout into acellualr collagen matrix, and the angiogenic effect dependent on 

VEGF secretion, matrix concentration, and culture periods.

Fibrinogen is a large glycoprotein found in plasma that plays a critical role in blood clotting, 

fibrinolysis, cellular and matrix interactions, inflammatory response, wound healing, and 

neoplasia [87]. Fibrin hydrogels are formed via polymerization of fibrinogen with thrombin 

and calcium ions. Fibrin hydrogels have been widely used as an artificial microenvironment 

because they have a nano/macro fibrous architecture that mimics the native ECMs. Huang 

and his colleagues have found that hydrogel stiffness plays critical roles in stem-cell-like 

cancer cell characteristics of murine B16-F1 melanoma cells [88]. They encapsulated the 

cells within fibrin hydrogels with different mechanical properties ranging from 90 to 1050 

Pa and evaluated their morphology and stem-cell-like properties. When the cells cultured in 

90 Pa fibrin gel, they formed larger cancer spheroids and expressed higher levels of stem 

cell markers, resulting in aggressive tumor metastasis into lung tissue even injecting 10~100 

cells into mice subcutaneous tissues.

Despite the extensive uses of the natural hydrogel materials as 3D microenvironments for 

tumor growth and angiogenesis, they still have critical drawbacks to be utilized as well-

defined tumor microenvironments due to relatively narrow range of physical properties (i.e. 

stiffness), limited ability to control the matrix rigidity and cell adhesion peptide density 

independently and inherent batch-to-batch variability [89].

3.2. Synthetic hydrogel materials

To overcome the limitations of natural hydrogels, increasing effort has been focused on 

developing synthetic hydrogels from natural and synthetic polymers. Many synthetic 

hydrogels have been utilized as engineered microenvironment to support the growth of 

cancer cells and tumor angiogenesis by controlling myriad parameters, such as proteolytic 

degradability, cell adhesion site, and matrix stiffness.

Hyaluronic acid (HA) has shown to be a critical ECM molecule for tumor progression and 

invasiveness [90, 91]. Farach-Carson and colleagues have developed a 3D culture system for 

poorly adherent bone metastatic prostate cancer cells (C4-2B) as an in vitro platform for 
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anti-cancer drug screening [92]. To generate a biomimetic in vitro tumor model, they 

synthesized HA derivatives including HA-aldehyde and HA-hydrazide that can be 

crosslinked via imine formation with dehydration. Cultured cells within a 3D HA matrix 

exhibited distinct clustered structures, reminiscent of real tumors, and also showed higher 

drug resistance compared to 2D monolayer cultures.

The spatiotemporal complexity of soluble factor signaling has been implicated as a crucial 

factor in tumor progression [89]. Recently, they successfully utilized an engineered tumor 

microenvironment in a bilayer using HA hydrogels and epidermal growth factor-loaded 

heparin hydrogel particles (EGF-HGP) [93]. To mimic the tumor and stromal interaction, 

EGF-HGPs were incorporated within the top gel layer while LNCaP prostate cancer cells 

were encapsulated within the bottom layer. Sustained release of EGF allowed tumor growth 

enlarging tumoroids with an average diameter of 85 μm after 7 days in culture. They 

demonstrated that the engineered tumor spheroids significantly increased the expression of 

VEGF165 and IL-8, suggesting that the HA tumor models provided a useful platform for the 

study of tumor cell responses to growth factors.

In addition, HA hydrogels have been utilized as 3D microenvironments for creating de novo 

engineered vasculature. Toward this, HA hydrogels should be tailored with cell adhesion 

ligands (i.e. RGD peptide) and MMP-sensitive cleavable sites to be utilized as cellar 

microenvironments. Recently, we have developed in situ crosslinkable HA hydrogels 

decorated with RGD and MMP-sensitive peptide to support vascular morphogenesis of 

ECFCs [21, 94]. We synthesized acrylated HA (AHA) polymer as a backbone and mixed it 

with RGD peptide and MMP cleavable crosslinker to form hydrogels though Michael-type 

addition reaction. We demonstrated that the synthetic AHA hydrogels support the process of 

vascular morphogenesis, including vacuole and lumen formation, vascular branching and 

sprouting, through integrin-mediated cell adhesion and MMP-mediated matrix degradation. 

We also have created de novo vasculature using the HA hydrogels with ECFCs [94] and 

early vascular cells (EVCs), derived from human pluripotent stem cells (hPSCs) [95]. AHA 

hydrogels provided 3D cellular microenvironments for supporting self-organized 

microvascular networks from the cells to yield multicellular networks that survived 

implantation in vivo and integrated with the host circulatory system. Moreover, we evaluated 

the effect of matrix remodeling of HA hydrogels on vascular morphogenesis and sprout of 

ECFCs through creating spatial pattering via secondary radical polymerization [21]. The 

results demonstrated that through controlling matrix degradation cues, the AHA hydrogels 

could either support or inhibit in vitro vasculogenesis and angiogenesis of ECFCs as well as 

angiogenesis from ex ovo choriallantoic membranes.

Poly(ethylene glycol) (PEG)-based hydrogel materials are known as the representative 

synthetic biomaterials. These PEG-based hydrogel materials have been shown to be used as 

3D microenvironments to support cell fate due to biocompatibility, high water content, and 

multi-tunable properties. Due to the lack of bioactivities of PEG molecules, PEG hydrogels 

should be decorated with bioactive molecules (i.e. cell adhesion peptide, RGD; proteolytic 

degradable site, MMP-sensitive peptide sequence), or incorporated with biopolymers (i.e. 

collagen, gelatin, or fibrinogen) to serve as cellular microenvironments. These engineered 

matrices have been investigated for supporting tumor growth and angiogenesis. Recently, 
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West and colleagues have investigated the effect of PEG hydrogels with independently 

tunable biochemistry and mechanical properties on epithelial morphogenesis of a metastatic 

cell line (344SQ) and EMT in a lung adenocarcinoma model [67]. They demonstrated that 

344sQ cells cultured within PEG decorated with RGD and MMP-degradable sites showed 

lumenized epithelial spheres comparable to that seen with 3D cultures in Matrigel. 

Moreover, they found that altering the matrix stiffness and RGD concentrations significantly 

affected epithelial morphogenesis. These results demonstrated that the engineered 

microenvironment could be utilized to define matrix cues that can affect tumor 

morphogenesis, suggesting their potential for cancer biology. Similar studies were 

conducted by Jabbari and colleagues. They investigated the effect of matrix stiffness of PEG 

hydrogels on the maintenance of cancer stem cells (CSCs) and their spheroid formation [96]. 

The PEG-based hydrogels were prepared with different mechanical properties ranging from 

2.5 kPa to 47.1 kPa. Interestingly, 4T1 mouse breast cancer cells encapsulated within the 

hydrogels with 5.3 kPa modulus exhibited the largest tumorspheres and highest density of 

tumorspheres as well as highest expression of breast CSC markers CD44 and ABCG2. 

These results suggest that the PEG-based hydrogel can be used as a 3D engineered matrix to 

study the role of individual parameters in the tumor microenvironment on tumorigenesis and 

maintenance of CSCs.

4. Modeling tumor angiogenesis in vitro

One of the earliest preclinical methods for evaluating tumor angiogenesis was the use of in 

vivo murine models and histologically measuring the microvessel density using endothelial 

markers [97, 98]. Although this method is still a useful prognostic indicator, microvessel 

density is usually not predictive of antiangiogenic therapies, and its use has decreased over 

the years because of its inability to accurately predict clinical outcomes [18]. Recent efforts 

have focused on developing functional and targeted imaging techniques to better visualize 

and model tumor angiogenesis in vivo [99–101] but these approaches require specialized 

software and equipment to analyze, and in vivo samples are expensive and lack results that 

are consistent and highly comparable [102]. In addition, high-throughput drug screening 

through in vivo models is impractical.

Many 2D in vitro models’ incompetence in recapitulating physiological tumor 

microenvironment and producing predictive results has halted many researchers to use them 

for imperative preclinical studies. Recent progress in developing matrices with comparable 

in vivo conditions using hydrogels has slowly helped in vitro studies to gain more reliability. 

In this section, we review different strategies that are currently being used to evaluate 

angiogenesis using hydrogels and explore advanced biomimetic models that can potentially 

be used for studying tumor angiogenesis and screening of antiangiogenic drugs.

4.1. Three-dimensional tumor angiogenesis assays

As mentioned in the previous section, various matrices including nature-derived and 

synthetic materials have proven to be able to manipulate the behavior of ECs to form 

vascular structures inside the hydrogel. Many studies have been harnessing ECs’ ability to 

sprout in these environments to study the effect of different pro- and antiangiogenic factors 

on angiogenesis [102–104]. Generally, these models involve a thin hydrogel layer with a 
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monolayer of ECs seeded on the top of the gel (Fig. 3a). The degree of angiogenesis is 

evaluated and quantified by calculating the invasion density and measuring the distance the 

EC sprouts have invaded into the gel. Similar measurements can be obtained by coating 

microcarrier beads with ECs and embedding them in a matrix [104]. These approaches are 

currently used to study angiogenesis from a variety of perspectives, such as screening 

antiangiogenic reagents and varying the stiffness of the hydrogel matrix [21, 105]. 

Endothelial cells can also be co-cultured with tumor cells embedded inside the matrix to 

study angiogenesis induced by these cells in absence of exogenous growth factors [106]. In 

addition, one can manipulate different design parameters of the gel matrix to study the effect 

of ECM composition and mechanical properties on angiogenesis.

The EC invasion assay has allowed investigators to conduct basic experiments involving 

angiogenesis, but it lacks other cell types that play an imperative role during angiogenesis, 

such as pericytes. As discussed in the previous section, the recruitment of mural cells is a 

critical part of tumor vascularization, so modeling the interaction between tumor cells and 

other multiple cell types could provide a better understanding of tumor angiogenesis [107–

109]. Ex vivo assays can provide a more physiologically relevant in vitro angiogenesis 

model compared to the invasion assay by allowing the regulation of neovascularization that 

involves several cell types [110]. These assays generally involve embedding vascular 

explants from animals or humans inside a hydrogel matrix (Fig. 3b). A rat aortic ring assay 

was first developed in 1990, but now the explants are collected from pigs as well [104, 110]. 

Recently, Bussolino and colleagues have developed a new ex vivo assay that uses arterial 

explants from human umbilical cords as it is more clinically relevant [34]. Their model 

addresses disadvantages of other animal ex vivo models such as age- and strain-dependent 

variability, autonomous angiogenic capability, and species-specific angiogenic markers that 

results in misleading data for the translation to clinical trials [34]. They showed that this 

approach can be used to model human tumor angiogenesis by co-culturing the explants with 

cancer cell aggregates embedded in the basal membrane extract (BME) gel without 

additional growth factors. Maximal angiogenic outgrowth was observed at days 30 to 35 

with more branched structures compared to outgrowth in the presence of medium alone [34]. 

With the use of live-imaging technology, the authors note their model’s potential for 

dynamic analysis of tumor angiogenesis within a controlled microenvironment [34]. Another 

ex vivo model was also established not long ago by Radisic and colleagues which creates 

directed microvessel growth from vein and artery explants. The vein and artery explants 

from human umbilical cords were placed on each side of a PDMS surface coated with 

chitosan-collagen hydrogel, 0.5–1mm apart from each other [111]. The gap between the 

explants was micropatterned with 50μm wide grooves created by soft lithography, which 

served as topographical cues to guide the outgrowth of vessels from the explants. The 

authors stimulated and accelerated vessel growth by an angiogenic factor Tβ4 encapsulated 

inside the gel, but the model has a potential for studying tumor angiogenesis similar to 

Bussolino’s model.

4.2 Advanced biomimetic models for angiogenesis

Although the above assays may provide a general and preliminary guidance for studying the 

angiogenic capability of a given tissue model, these assays are limited in their ability to 
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predict the angiogenic activities in vivo due to their little anatomical resemblance to the 

native process, including continuous fluid flow that influences the EC gene expression 

profile [104]. In order to address these issues and incorporate additional complexity, recent 

efforts have combined hydrogel matrices with microfluidic channels to create native 

microvessels from which new vessels can sprout. Unlike the sprouting assay described 

above that studies invasion of individual ECs in one plane, these models allow true 3D 

observation of angiogenesis from native microvessels with fluid flow that closely resembles 

the in vivo conditions.

The robust method to create a microfluidic channel within a hydrogel matrix is to place a 

cylindrical mold (such as a needle) through the gel as it crosslinks. After the crosslinking of 

the hydrogel matrix, the needle is gently withdrawn, and the matrix is then left with a 

cylindrical microfluidic channel that can be used for perfusion studies. For example, Tien 

and colleagues used a 120μm diameter, 15mm long stainless steel needle coated with 1% 

bovine serum albumin to create a microfluidic tube inside their collagen hydrogel [112]. 

They then introduced ECs (HUVECs or HDMECs) into the tubes in a suspension to create a 

confluent cell layer attached along the tube. This created a microvessel with a viable barrier 

function and quick response to inflammatory stimuli [112]. Khademhosseini and his 

colleagues also used this method to test the capacity of their methacrylated gelatin hydrogel 

for creating microvessels. A gauge needle with 300μm diameter was used to mold the 

channel, and the gelatin hydrogel was embedded with fibroblasts [113]. Seeding HUVECs 

through the fabricated tube created functional perfusable microvessels that also 

demonstrated the potential for co-culture models for angiogenesis [113].

Strook and his colleagues have recently established in vitro microvascular networks 

supported by fluid flow by embedding microfluidic channels inside a collagen hydrogel [49, 

114]. The 100μm wide grooves at the bottom of the top hydrogel layer are created by a 

lithographic process, which outlines the microvascular networks. When sealed in a 

plexiglass chamber with a bottom hydrogel layer, the grooved areas become microfluidic 

channels through which media can flow. Seeding HUVECs through the channel created a 

microvascular structure with a permeability barrier comparable to the physiological structure 

[49]. The ECs remodeled the surrounding collagen hydrogel during spreading and 

proliferation. Proangiogenic factors can be flowed through the channels and/or different 

types of cells can be embedded within the collagen hydrogel to induce angiogenesis in this 

model, which can be evaluated by the degree of EC sprouting from the established 

microvascular networks. In their study, Strook and his colleagues observed endothelial 

sprouting from the networks when human brain vascular pericytes, which are known to 

secrete both VEGF and FGF, were embedded into the interstitial collagen matrix [49]. Their 

model can also be used to investigate thrombosis by perfusing blood with physiological 

composition instead of media. The main purpose of the technique is to create vascularized 

tissue in vitro, but Strook highlights the model’s high versatility that can also be applied to 

tumor systems to study the angiogenic capabilities and inflammatory profiles of tumors in 

vitro [6, 8]. A detailed method for fabricating the device can be found in their published 

protocol [114].
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Advancement of 3D printing technology has recently inspired bioengineers to develop 

methods to —print organs in vitro. Termed —bioprinting, this technique utilizes layer-by-

layer addition of —bioink in either droplets or strands that contain living cells [115]. 

Hydrogels have been used widely as the bioink that encapsulates the cells due to their high 

biocompatibility and tunable viscosity that allows the maintenance of the printed tissue’s 

structural integrity [116]. Over time, these individual layers self-assemble into 3D 

organizations through spatial and environmental cues, similar to the process observed during 

the embryonic development [117]. By incorporating different cells types and hydrogels, 

bioprinting research aims to one day create complete functional organs with physiological 

complexity and sufficient vascularization. Using these principles, several attempts have been 

made to fabricate vessel-like constructs (Fig. 3c) [118, 119]. However, these efforts revealed 

several challenges, such as low scalability of the fabrication methods and prolonged time 

necessary for tissue self-assembly [120]. In addition, the resolution of the bioprinter presents 

a limitation in the size of the vascular structure that can be fabricated. Most importantly, 

engineering perfusable vascular lumen structures is also a difficult challenge [120].

Recently, Chen and his colleagues demonstrated a method to fabricate in vitro perfusable 

vascular networks using 3D-printed sacrificial molds (Fig. 3d). Unlike the traditional 

bioprinting method described above, their method can fabricate vessel molds with diameters 

as small as 150μm by changing the traveling velocity of the printing nozzle [121]. The 3D 

schematic of the vascular networks are first printed with carbohydrate glass, and this lattice 

is then embedded inside a monolithic ECM. The chemical stability and mechanical strength 

of the sacrificial lattice allow it to maintain its structural integrity during a wide range of 

ECM cross-linking processes, including chain entanglements (agarose), ionic interactions 

(alginate), enzymatic activity (fibrin), and protein precipitation (Matrigel) [121]. In addition, 

its optical transparency allows the matrix, such as a PEG-based hydrogel, to crosslink via 

photopolymerization without leaving shadowing artifacts [121]. Once the lattice is 

embedded, it is dissolved and flushed out of the network with water inflow, leaving hollow 

microfluidic channels from which vasculature can be constructed. To demonstrate their 

model’s angiogenic capability, they co-cultured HUVECs with 10T1/2 mouse fibroblasts 

embedded in the interstitial ECM which resulted in single and multicellular sprouts 

extending from the established vessels into the gel [121]. Like Strook’s model described 

above, a wide range of cells, including tumorigenic cells, can be embedded in the gel to 

investigate their angiogenic capabilities.

Lewis and colleagues took a step further and developed a new 3D bioprinting technique that 

combines Chen’s sacrificial molding method with the traditional layer-by-layer bioprinting 

method. By co-printing sacrificial molds with two bioinks encapsulating different cell types, 

they were able to fabricate heterogeneous tissue constructs with perfusable microvascular 

channels [122]. For the molds for their vascular channels, they used Fluronic F127 triblock 

copolymer that transitions reversibly between liquid and gel state with a temperature change 

[123]. They were able to vary the diameter of these molds from 45μm to 500μm by changing 

the printing pressure and nozzle height [122]. To create a vascularized tissue construct, the 

fugitive Pluronic F127 ink is first printed directly onto a surface with methacrylated 

denatured collagen (GelMA) inks that encapsulate different cell types. The printed structure 
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is then embedded in pure GelMA ink to fully submerge the construct, and the final GelMA 

matrix is terminally crosslinked with a UV light source. After, the fugitive Pluronic F127 

ink is liquefied and aspirated under low temperature, which creates hollow microfluidic 

channels that can be lined with ECs. Using this technique, Lewis and colleagues created a 

vascularized tissue construct with human neonatal dermal fibroblasts and 10T1/2 mouse 

fibroblasts that showed high viability after 7 days [122]. Like Chen’s model, this technique 

allows the control of microvascular channel geometry, but in addition to that, type of cells as 

well as the location of these cell subunits can also be controlled by the co-printing method. 

Printing a complete organ is still far away, but with simple modifications, this model can 

enable a tighter control on engineering 3D cellular microenvironments and provide a pivotal 

in vitro platform for studying wound healing, angiogenesis, and tumor vascularization, all of 

which involve multiple cell types in physiological conditions [122].

5. Considerations and future directions for drug screening and 

nanomaterials applications

All the models above allow observation of angiogenesis from native-like vessels and exhibit 

features that can easily be adapted for cancer biology and oncology research. Possibilities 

extend from optimizing hydrogel parameters for tumor angiogenesis modeling to screening 

anti-angiogenic drugs for potential clinical studies in the near future. In addition, applying 

these models for studying cancer metastasis through blood vessels would require only a few 

adjustments to the designs. Changing the type of ECs may also be considered to model the 

lymphatic vessels as cancer cells can also metastasize through this system [124, 125]. Also, 

chemical composition of the flowing medium and the interstitial matrix as well as the 

cellular microenvironment of the system can be simultaneously controlled, which opens up 

an even wider variety of phenomena to be investigated. One can also utilize different cell-

types of endothelial and tumor cells. For example, EPCs can be added to the flowing media 

to study their mobilization and recruitment to the tumor stroma in vitro to study tumor 

vasculogenesis in addition to angiogenesis.

Most synthetic hydrogels provide a uniform microenvironment with isotropic mechanical 

properties, but cells in vivo are exposed to a fibrous network of ECM that they interact with 

(such as collagen and fibronectin). Hydrogels that are formed by the self-assembly of 

amphiphilic peptides have gained much popularity for their ability to mimic the anisotropic 

fibrous nanotopography of natural ECM at a dimension that cannot be mimicked by 

electrospun fibers [126–129]. Recent studies suggest that these hydrogels can be tuned to 

create a favorable environment for angiogenesis and tumor growth [130, 131]. Recently, 

there has also been an effort to develop materials that combine the architectural features of 

the fibrous natural matrices with the tunability of synthetic hydrogels [132]. For example, 

Yu and his colleagues have developed a PEG-based hydrogel with collagen mimetic 

peptides that are incorporated to form crosslinks that mimic the hierarchic self-assembly of 

collagen fibers [133]. Incorporating advanced composite materials like this into the in vitro 

biomimetic models discussed in the above section could certainly be considered to make the 

models more physiologically relevant and specific for the tumor types under investigation.
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In recent years, many studies have been exploring the use of nanomaterials for cancer 

therapeutics and tissue engineering [134]. Although an enormous amount of nanomaterials 

has been designed as tools for cancer therapeutics and diagnosis (defined as theragnosis), 

development of these therapies are still mostly done in traditional 2D or in vivo animal 

models. However, as discussed in the introduction, the 2D culture systems do not 

recapitulate the native 3D microenvironments, and in vivo models still have limitations. 

Therefore, many 3D engineered tumor models, which have the potential to bridge the gap 

between 2D culture systems and in vivo xenograft models, have been utilized as a platform 

to evaluate the therapeutic effects of nanomaterials. For example, Jia and colleagues have 

developed hydrogel-derived prostate cancer models to evaluate the therapeutic effect of 

doxorubicin (DOX)-loaded nanoparticles [135]. They prepared HA based hydrogels 

encapsulated with NCaP prostate cancer cells as a 3D tissue-engineered tumor model. They 

also generated DOX loaded-nanoparticles composed of amphiphilic polymer chains 

(hydrophilic PEG chains and hydrophobic polyester-based cyclic pendants) that can self-

assemble in aqueous solutions. They observed that the cells cultured in HA hydrogels 

expressed significantly higher levels of multidrug-resistance (MDR) proteins compared to 

the cells cultured in 2D monolayer, resulting in higher resistance to the DOX-loaded 

nanoparticles. Zaman and colleagues have also utilized a 3D tumor model created by the 

encapsulation of multicellular tumor spheroids (MTS) into hydrogels to study tumor 

behavior and to evaluate the response of pharmacological activity of anti-cancer drugs in 

nanoparticles. Their MTSs were prepared with MDA-MB-231 cells and pediatric 

osteosarcoma (U2OS) cells and were encapsulated in collagen hydrogels [136]. In addition, 

they generated paclitaxel-loaded expansile nanoparticles (Pax-eNP) by oil-in-water mini-

emulsion. Their Pax-eNP effectively prevented the growth of cancer spheroids within the 3D 

microenvironments compared to drug-free controls. These studies demonstrate that 3D 

engineered hydrogels can provide an in vitro tumor model with physiologically relevant 

drug resistance to evaluate the efficacy of nanomaterials based cancer therapeutics at the 

preclinical level. As the transport across the vessels into the tumor sites provides an 

additional drug delivery barrier, the in vitro biomimetic vascular models presented in the 

above section could recapitulate this challenge in combination with the drug-resistance that 

is emulated by the 3D engineered tumor model.

As mentioned previously, tumor-associated vessels have unique features such as higher 

permeability and tortuous vasculature organization. Recently, these unique features of 

tumor-associated vessels, termed enhanced permeability and retention (EPR), have shown to 

potentially be exploited for targeted drug delivery [137, 138]. However, the degree of the 

EPR effect can vary significantly depending on the type, the location, and the stage of tumor 

[139]. In addition, there can be significant heterogeneity of the vessel leakiness even within 

a single tumor type depending on the vessel structure, which is difficult to control in in vivo 

models [139]. Designing robust, biomimetic 3D in vitro models will enable researchers to 

test nanoparticles in a controlled environment. One way to generate a more physiologically-

relevant models is by using with tumor-associated ECs, as these cells exhibit unique 

properties such as increased permeability, drug resistance, adhesion to tumor cells, 

angiogenic activities, and motility [6, 140, 141]. Another consideration could be controlling 

the leakiness of vessels in the in vitro model by utilizing nanoparticles that has been shown 
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to increase the vessel permeability, such as iron oxide or titanium dioxide, to develop an 

enhanced drug delivery strategy. Recent studies have shown that these nanoparticles induce 

EC leakiness via reactive oxygen species production or direct disruption of cell-cell 

junctions [142–144]. The degree at which these nanoparticles can extend the limitation of 

EPR effect would be an interesting topic to investigate, which would evidently benefit from 

using advanced in vitro vascular models based on the merits discussed in this review.

6. Conclusion

Three-dimensional culture models provide cell-cell and cell-matrix interactions that 

influences the morphology, gene expression profile, drug resistance, and other behaviors for 

multiple cancer cell types that cannot be recapitulated in 2D culture systems. Hydrogels 

have provided a powerful platform for fine-tuning and recapitulating the cancerous and 

angiogenic microenvironment, and many studies using natural or synthetic polymer 

hydrogels have successfully directed vasculogenesis from ECs. Also providing a favorable 

microenvironment for tumor growth, hydrogels are commonly used in ECs invasion assay 

and aortic ring assay to assess the angiogenic capability of tumor tissues. When coupled 

with other technologies such as lithography and 3D printing, it can create an advanced 

biomimetic model with microfluidic channels that serves as a schematic for microvascular 

structure. Further understanding of the differences between normal and cancerous 

environments is needed to enable the accurate mimicking of the vasculo- and angiogenesis 

in pathological conditions. Many parameters must be first defined before fully adapting 

these models to tumor angiogenesis, but hopes for creating efficient preclinical models that 

obviate the need for costly in vivo models remain high.

Acknowledgments

Funding for this work was supported by the National Cancer Institute Physical Sciences-Oncology Network 
(U54CA143868).

References

1. Howlader, NA.; Krapcho, N.; Garshell, M.; Neyman, J.; Altekruse, N.; Kosary, SF.; Yu, CL.; Ruhl, 
M.; Tatalovich, J.; Cho, Z.; Mariotto, H.; Lewis, A.; Chen, DR.; Feuer, EJHS. SEER Cancer 
Statistics Review, 1975–2010. CKA, editor. National Cancer Institute; Bethesda, MD: 2013. Based 
on November 2012 SEER data submission, posted to the SEER web site, April 2013

2. Cao Y, DePinho RA, Ernst M, Vousden K. Cancer research: past, present and future. Nature 
reviews Cancer. 2011; 11:749–754.

3. Carden CP, Banerji U, Kaye SB, Workman P, de Bono JS. From darkness to light with biomarkers 
in early clinical trials of cancer drugs. Clinical pharmacology and therapeutics. 2009; 85:131–133. 
[PubMed: 19151637] 

4. Jain RK. Delivery of molecular and cellular medicine to solid tumors. Advanced drug delivery 
reviews. 2012; 64:353–365. [PubMed: 24511174] 

5. Fischbach C, Chen R, Matsumoto T, Schmelzle T, Brugge JS, Polverini PJ, Mooney DJ. 
Engineering tumors with 3D scaffolds. Nature methods. 2007; 4:855–860. [PubMed: 17767164] 

6. Weis SM, Cheresh DA. Tumor angiogenesis: molecular pathways and therapeutic targets. Nature 
medicine. 2011; 17:1359–1370.

7. Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: the role of physical interactions 
and mechanical forces in metastasis. Nature reviews. Cancer. 2011; 11:512–522.

Song et al. Page 15

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



8. Gordon MS, Mendelson DS, Kato G. Tumor angiogenesis and novel antiangiogenic strategies. 
International Journal of Cancer. 2010; 126:1777–1787.

9. Infanger DW, Pathi SP, Fischbach C. Microenvironmental Regulation of Tumor Angiogenesis: 
Biological and Engineering Considerations. 2011:167–202.

10. Rivera, L.; Pandika, M.; Bergers, G. Tumor Microenvironment and Cellular Stress. Springer; 2014. 
Escape Mechanisms from Antiangiogenic Therapy: An Immune Cell’s Perspective; p. 83-99.

11. Smith NR, Baker D, Farren M, Pommier A, Swann R, Wang X, Mistry S, McDaid K, Kendrew J, 
Womack C, Wedge SR, Barry ST. Tumor stromal architecture can define the intrinsic tumor 
response to VEGF-targeted therapy. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2013; 19:6943–6956. [PubMed: 24030704] 

12. Claesson-Welsh L, Welsh M. VEGFA and tumour angiogenesis. Journal of internal medicine. 
2013; 273:114–127. [PubMed: 23216836] 

13. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis. Nature. 
2011; 473:298–307. [PubMed: 21593862] 

14. Kozin SV, Duda DG, Munn LL, Jain RK. Neovascularization after irradiation: what is the source 
of newly formed vessels in recurring tumors? Journal of the National Cancer Institute. 2012; 
104:899–905. [PubMed: 22572994] 

15. Lieu CH, Tan AC, Leong S, Diamond JR, Eckhardt SG. From bench to bedside: lessons learned in 
translating preclinical studies in cancer drug development. Journal of the National Cancer Institute. 
2013; 105:1441–1456. [PubMed: 24052618] 

16. Beecken W-DC, Fernandez A, Joussen AM, Achilles E-G, Flynn E, Lo K-M, Gillies SD, 
Javaherian K, Folkman J, Shing Y. Effect of antiangiogenic therapy on slowly growing, poorly 
vascularized tumors in mice. Journal of the National Cancer Institute. 2001; 93:382–387. 
[PubMed: 11238700] 

17. Nelson NJ. Angiogenesis research is on fast forward. Journal of the National Cancer Institute. 
1999; 91:820–822. [PubMed: 10340897] 

18. Hlatky L, Hahnfeldt P, Folkman J. Clinical application of antiangiogenic therapy: microvessel 
density, what it does and doesn't tell us. Journal of the National Cancer Institute. 2002; 94:883–
893. [PubMed: 12072542] 

19. Burdett E, Kasper FK, Mikos AG, Ludwig JA. Engineering tumors: a tissue engineering 
perspective in cancer biology. Tissue Engineering Part B: Reviews. 2010; 16:351–359. [PubMed: 
20092396] 

20. Dickinson LE, Lütgebaucks C, Lewis DM, Gerecht S. Patterning microscale extracellular matrices 
to study endothelial and cancer cell interactions in vitro. Lab Chip. 2012; 12:4244–4248. 
[PubMed: 22992844] 

21. Hanjaya-Putra D, Wong KT, Hirotsu K, Khetan S, Burdick JA, Gerecht S. Spatial control of cell-
mediated degradation to regulate vasculogenesis and angiogenesis in hyaluronan hydrogels. 
Biomaterials. 2012; 33:6123–6131. [PubMed: 22672833] 

22. Hielscher AC, Gerecht S. Engineering approaches for investigating tumor angiogenesis: exploiting 
the role of the extracellular matrix. Cancer research. 2012; 72:6089–6096. [PubMed: 23172313] 

23. Kusuma S, Zhao S, Gerecht S. The extracellular matrix is a novel attribute of endothelial 
progenitors and of hypoxic mature endothelial cells. The FASEB Journal. 2012; 26:4925–4936.

24. Liang Y, Jeong J, DeVolder RJ, Cha C, Wang F, Tong YW, Kong H. A cell-instructive hydrogel to 
regulate malignancy of 3D tumor spheroids with matrix rigidity. Biomaterials. 2011; 32:9308–
9315. [PubMed: 21911252] 

25. Hutmacher DW, Loessner D, Rizzi S, Kaplan DL, Mooney DJ, Clements JA. Can tissue 
engineering concepts advance tumor biology research? Trends in biotechnology. 2010; 28:125–
133. [PubMed: 20056286] 

26. Decaup E, Jean C, Laurent C, Gravelle P, Fruchon S, Capilla F, Marrot A, Al Saati T, Frenois F, 
Laurent G. Anti-tumor activity of obinutuzumab and rituximab in a follicular lymphoma 3D 
model. Blood cancer journal. 2013; 3:e131. [PubMed: 23933705] 

27. Ghajar CM, Bissell MJ. Tumor engineering: the other face of tissue engineering. Tissue 
Engineering Part A. 2010; 16:2153–2156. [PubMed: 20214448] 

Song et al. Page 16

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



28. Loessner D, Rizzi SC, Stok KS, Fuehrmann T, Hollier B, Magdolen V, Hutmacher DW, Clements 
JA. A bioengineered 3D ovarian cancer model for the assessment of peptidase-mediated 
enhancement of spheroid growth and intraperitoneal spread. Biomaterials. 2013; 34:7389–7400. 
[PubMed: 23827191] 

29. Pickl M, Ries C. Comparison of 3D and 2D tumor models reveals enhanced HER2 activation in 3D 
associated with an increased response to trastuzumab. Oncogene. 2008; 28:461–468. [PubMed: 
18978815] 

30. Szot CS, Buchanan CF, Freeman JW, Rylander MN. 3D in vitro bioengineered tumors based on 
collagen I hydrogels. Biomaterials. 2011; 32:7905–7912. [PubMed: 21782234] 

31. Håkanson M, Cukierman E, Charnley M. Miniaturized pre-clinical cancer models as research and 
diagnostic tools. Advanced drug delivery reviews. 2013

32. Liang Y, Jeong J, DeVolder RJ, Cha C, Wang F, Tong YW, Kong H. A cell-instructive hydrogel to 
regulate malignancy of 3D tumor spheroids with matrix rigidity. Biomaterials. 2011; 32:9308–
9315. [PubMed: 21911252] 

33. Senger DR, Davis GE. Angiogenesis. Cold Spring Harbor Perspectives in Biology. 2011; 3

34. Seano G, Chiaverina G, Gagliardi PA, di Blasio L, Sessa R, Bussolino F, Primo L. Modeling 
human tumor angiogenesis in a three-dimensional culture system. Blood. 2013; 121:e129–e137. 
[PubMed: 23471306] 

35. Aubin H, Nichol JW, Hutson CB, Bae H, Sieminski AL, Cropek DM, Akhyari P, Khademhosseini 
A. Directed 3D cell alignment and elongation in microengineered hydrogels. Biomaterials. 2010; 
31:6941–6951. [PubMed: 20638973] 

36. Huang NF, Lai ES, Ribeiro AJS, Pan S, Pruitt BL, Fuller GG, Cooke JP. Spatial patterning of 
endothelium modulates cell morphology, adhesiveness and transcriptional signature. Biomaterials. 
2013; 34:2928–2937. [PubMed: 23357369] 

37. Huang NF, Okogbaa J, Lee JC, Jha A, Zaitseva TS, Paukshto MV, Sun JS, Punjya N, Fuller GG, 
Cooke JP. The modulation of endothelial cell morphology, function, and survival using anisotropic 
nanofibrillar collagen scaffolds. Biomaterials. 2013; 34:4038–4047. [PubMed: 23480958] 

38. Smith Q, Gerecht S. Going with the flow: microfluidic platforms in vascular tissue engineering. 
Current Opinion in Chemical Engineering. 2014; 3:42–50. [PubMed: 24644533] 

39. Barreto-Ortiz SF, Zhang S, Davenport M, Fradkin J, Ginn B, Mao H-Q, Gerecht S. A Novel In 
Vitro Model for Microvasculature Reveals Regulation of Circumferential ECM Organization by 
Curvature. PloS one. 2013; 8:e81061. [PubMed: 24278378] 

40. Bian L, Guvendiren M, Mauck RL, Burdick JA. Hydrogels that mimic developmentally relevant 
matrix and N-cadherin interactions enhance MSC chondrogenesis. Proceedings of the National 
Academy of Sciences. 2013; 110:10117–10122.

41. Grayson WL, Fröhlich M, Yeager K, Bhumiratana S, Chan ME, Cannizzaro C, Wan LQ, Liu XS, 
Guo XE, Vunjak-Novakovic G. Engineering anatomically shaped human bone grafts. Proceedings 
of the National Academy of Sciences. 2010; 107:3299–3304.

42. Sun G, Zhang X, Shen Y-I, Sebastian R, Dickinson LE, Fox-Talbot K, Reinblatt M, Steenbergen 
C, Harmon JW, Gerecht S. Dextran hydrogel scaffolds enhance angiogenic responses and promote 
complete skin regeneration during burn wound healing. Proceedings of the National Academy of 
Sciences. 2011; 108:20976–20981.

43. Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design variables and 
applications. Biomaterials. 2003; 24:4337–4351. [PubMed: 12922147] 

44. Hoffman AS. Hydrogels for biomedical applications. Advanced Drug Delivery Reviews. 2012; 
64:18–23.

45. Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Hydrogels in biology and medicine: from 
molecular principles to bionanotechnology. Advanced Materials. 2006; 18:1345–1360.

46. Burdick JA, Prestwich GD. Hyaluronic acid hydrogels for biomedical applications. Advanced 
Materials. 2011; 23:H41–H56. [PubMed: 21394792] 

47. Cuchiara MP, Gould DJ, McHale MK, Dickinson ME, West JL. Integration of Self - Assembled 
Microvascular Networks with Microfabricated PEG - Based Hydrogels. Advanced functional 
materials. 2012; 22:4511–4518. [PubMed: 23536744] 

Song et al. Page 17

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



48. Nguyen D-HT, Stapleton SC, Yang MT, Cha SS, Choi CK, Galie PA, Chen CS. Biomimetic model 
to reconstitute angiogenic sprouting morphogenesis in vitro. Proceedings of the National Academy 
of Sciences. 2013; 110:6712–6717.

49. Zheng Y, Chen J, Craven M, Choi NW, Totorica S, Diaz-Santana A, Kermani P, Hempstead B, 
Fischbach-Teschl C, López JA. In vitro microvessels for the study of angiogenesis and thrombosis. 
Proceedings of the National Academy of Sciences. 2012; 109:9342–9347.

50. Bergers G, Benjamin LE. Tumorigenesis and the angiogenic switch. Nature reviews. Cancer. 2003; 
3:401–410.

51. Chung AS, Lee J, Ferrara N. Targeting the tumour vasculature: insights from physiological 
angiogenesis. Nature Reviews Cancer. 2010; 10:505–514.

52. Raza A, Franklin MJ, Dudek AZ. Pericytes and vessel maturation during tumor angiogenesis and 
metastasis. American journal of hematology. 2010; 85:593–598. [PubMed: 20540157] 

53. Yana I, Sagara H, Takaki S, Takatsu K, Nakamura K, Nakao K, Katsuki M, Taniguchi S-i, Aoki T, 
Sato H. Crosstalk between neovessels and mural cells directs the site-specific expression of MT1-
MMP to endothelial tip cells. Journal of cell science. 2007; 120:1607–1614. [PubMed: 17405818] 

54. Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in cancer progression. The 
Journal of cell biology. 2012; 196:395–406. [PubMed: 22351925] 

55. Hayashi M, Majumdar A, Li X, Adler J, Sun Z, Vertuani S, Hellberg C, Mellberg S, Koch S, 
Dimberg A. VE-PTP regulates VEGFR2 activity in stalk cells to establish endothelial cell polarity 
and lumen formation. Nature communications. 2013; 4:1672.

56. Schedin P, Keely PJ. Mammary gland ECM remodeling, stiffness, and mechanosignaling in 
normal development and tumor progression. Cold Spring Harbor perspectives in biology. 2011; 3

57. Daenen LG, Shaked Y, Man S, Xu P, Voest EE, Hoffman RM, Chaplin DJ, Kerbel RS. Low-dose 
metronomic cyclophosphamide combined with vascular disrupting therapy induces potent 
antitumor activity in preclinical human tumor xenograft models. Molecular cancer therapeutics. 
2009; 8:2872–2881. [PubMed: 19825805] 

58. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H, Inai Y, Silver M, Isner JM. 
VEGF contributes to postnatal neovascularization by mobilizing bone marrow-derived endothelial 
progenitor cells. The EMBO journal. 1999; 18:3964–3972. [PubMed: 10406801] 

59. Butler JM, Kobayashi H, Rafii S. Instructive role of the vascular niche in promoting tumour 
growth and tissue repair by angiocrine factors. Nature Reviews Cancer. 2010; 10:138–146.

60. Masuda H, Asahara T. Post-natal endothelial progenitor cells for neovascularization in tissue 
regeneration. Cardiovascular research. 2003; 58:390–398. [PubMed: 12757873] 

61. Liu AY, Ouyang G. Tumor Angiogenesis: A New Source of Pericytes. Current Biology. 2013; 
23:R565–R568. [PubMed: 23845244] 

62. Bissell MJ, Radisky D. Putting tumours in context. Nature reviews. Cancer. 2001; 1:46–54.

63. Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular microenvironments for 
morphogenesis in tissue engineering. Nature biotechnology. 2005; 23:47–55.

64. Place ES, Evans ND, Stevens MM. Complexity in biomaterials for tissue engineering. Nature 
materials. 2009; 8:457–470.

65. Putnam AJ, Mooney DJ. Tissue engineering using synthetic extracellular matrices. Nature 
medicine. 1996; 2:824–826.

66. Cushing MC, Anseth KS. Hydrogel cell cultures. Science. 2007; 316:1133–1134. [PubMed: 
17525324] 

67. Gill BJ, Gibbons DL, Roudsari LC, Saik JE, Rizvi ZH, Roybal JD, Kurie JM, West JL. A synthetic 
matrix with independently tunable biochemistry and mechanical properties to study epithelial 
morphogenesis and EMT in a lung adenocarcinoma model. Cancer research. 2012; 72:6013–6023. 
[PubMed: 22952217] 

68. Ko DY, Shinde UP, Yeon B, Jeong B. Recent progress of in situ formed gels for biomedical 
applications. 2013; 38:672–701.

69. Chung HJ, Park TG. Self-assembled and nanostructured hydrogels for drug delivery and tissue 
engineering. 2009; 4:429–437.

Song et al. Page 18

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



70. Friedl P. Prespecification and plasticity: shifting mechanisms of cell migration. Current opinion in 
cell biology. 2004; 16:14–23. [PubMed: 15037300] 

71. Galbraith CG, Sheetz MP. Forces on adhesive contacts affect cell function. Current opinion in cell 
biology. 1998; 10:566–571. [PubMed: 9818165] 

72. Maheshwari G, Brown G, Lauffenburger DA, Wells A, Griffith LG. Cell adhesion and motility 
depend on nanoscale RGD clustering. J Cell Sci. 2000; 113(Pt 10):1677–1686. [PubMed: 
10769199] 

73. Geiger B, Bershadsky A, Pankov R, Yamada KM. Transmembrane crosstalk between the 
extracellular matrix--cytoskeleton crosstalk. Nature reviews. Molecular cell biology. 2001; 2:793–
805.

74. Kleinman HK, McGarvey ML, Liotta LA, Robey PG, Tryggvason K, Martin GR. Isolation, 
characterization of type IV procollagen, laminin, and heparan sulfate proteoglycan from the EHS 
sarcoma. Biochemistry. 1982; 21:6188–6193. [PubMed: 6217835] 

75. Benton G, Kleinman HK, George J, Arnaoutova I. Multiple uses of basement membrane-like 
matrix (BME/Matrigel) in vitro and in vivo with cancer cells. International journal of cancer. 
Journal international du cancer. 2011; 128:1751–1757. [PubMed: 21344372] 

76. Kenny PA, Lee GY, Myers CA, Neve RM, Semeiks JR, Spellman PT, Lorenz K, Lee EH, 
Barcellos-Hoff MH, Petersen OW, Gray JW, Bissell MJ. The morphologies of breast cancer cell 
lines in three-dimensional assays correlate with their profiles of gene expression. Molecular 
oncology. 2007; 1:84–96. [PubMed: 18516279] 

77. Arnaoutova I, Kleinman HK. In vitro angiogenesis: endothelial cell tube formation on gelled 
basement membrane extract. Nature protocols. 2010; 5:628–635.

78. Auerbach R, Lewis R, Shinners B, Kubai L, Akhtar N. Angiogenesis assays: a critical overview. 
Clinical chemistry. 2003; 49:32–40. [PubMed: 12507958] 

79. O'Connell KA, Edidin M. A mouse lymphoid endothelial cell line immortalized by simian virus 40 
binds lymphocytes and retains functional characteristics of normal endothelial cells. Journal of 
immunology. 1990; 144:521–525.

80. Ades EW, Candal FJ, Swerlick RA, George VG, Summers S, Bosse DC, Lawley TJ. HMEC-1: 
establishment of an immortalized human microvascular endothelial cell line. The Journal of 
investigative dermatology. 1992; 99:683–690. [PubMed: 1361507] 

81. Khoo CP, Micklem K, Watt SM. A comparison of methods for quantifying angiogenesis in the 
Matrigel assay in vitro, Tissue engineering Part C. Methods. 2011; 17:895–906.

82. Chevallay B, Herbage D. Collagen-based biomaterials as 3D scaffold for cell cultures: applications 
for tissue engineering and gene therapy. 2000; 38:211–218.

83. Gordon MK, Hahn RA. Collagens. Cell and tissue research. 2010; 339:247–257. [PubMed: 
19693541] 

84. Shoulders MD, Raines RT. Collagen structure and stability. Annual review of biochemistry. 2009; 
78:929–958.

85. Ramachandran GN. Structure of collagen. Nature. 1956; 177:710–711. [PubMed: 13321944] 

86. Szot CS, Buchanan CF, Freeman JW, Rylander MN. In vitro angiogenesis induced by tumor-
endothelial cell co-culture in bilayered, collagen I hydrogel bioengineered tumors, Tissue 
engineering. Part C. Methods. 2013; 19:864–874.

87. Mosesson MW. Fibrinogen and fibrin structure and functions. Journal of thrombosis and 
haemostasis : JTH. 2005; 3:1894–1904. [PubMed: 16102057] 

88. Liu J, Tan Y, Zhang H, Zhang Y, Xu P, Chen J, Poh YC, Tang K, Wang N, Huang B. Soft fibrin 
gels promote selection and growth of tumorigenic cells. Nature materials. 2012; 11:734–741.

89. Infanger DW, Lynch ME, Fischbach C. Engineered culture models for studies of tumor-
microenvironment interactions. Annual review of biomedical engineering. 2013; 15:29–53.

90. Kosaki R, Watanabe K, Yamaguchi Y. Overproduction of hyaluronan by expression of the 
hyaluronan synthase Has2 enhances anchorage-independent growth and tumorigenicity. Cancer 
research. 1999; 59:1141–1145. [PubMed: 10070975] 

91. Bharadwaj AG, Kovar JL, Loughman E, Elowsky C, Oakley GG, Simpson MA. Spontaneous 
metastasis of prostate cancer is promoted by excess hyaluronan synthesis and processing. The 
American journal of pathology. 2009; 174:1027–1036. [PubMed: 19218337] 

Song et al. Page 19

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



92. Gurski LA, Jha AK, Zhang C, Jia X, Farach-Carson MC. Hyaluronic acid-based hydrogels as 3D 
matrices for in vitro evaluation of chemotherapeutic drugs using poorly adherent prostate cancer 
cells. Biomaterials. 2009; 30:6076–6085. [PubMed: 19695694] 

93. Xu X, Gurski LA, Zhang C, Harrington DA, Farach-Carson MC, Jia X. Recreating the tumor 
microenvironment in a bilayer, hyaluronic acid hydrogel construct for the growth of prostate 
cancer spheroids. Biomaterials. 2012; 33:9049–9060. [PubMed: 22999468] 

94. Hanjaya-Putra D, Bose V, Shen YI, Yee J, Khetan S, Fox-Talbot K, Steenbergen C, Burdick JA, 
Gerecht S. Controlled activation of morphogenesis to generate a functional human 
microvasculature in a synthetic matrix. Blood. 2011; 118:804–815. [PubMed: 21527523] 

95. Kusuma S, Shen YI, Hanjaya-Putra D, Mali P, Cheng L, Gerecht S. Self-organized vascular 
networks from human pluripotent stem cells in a synthetic matrix. Proceedings of the National 
Academy of Sciences of the United States of America. 2013; 110:12601–12606. [PubMed: 
23858432] 

96. Yang X, Sarvestani SK, Moeinzadeh S, He X, Jabbari E. Three-dimensional-engineered matrix to 
study cancer stem cells and tumorsphere formation: effect of matrix modulus. Tissue engineering. 
Part A. 2013; 19:669–684. [PubMed: 23013450] 

97. Weidner N, Carroll P, Flax J, Blumenfeld W, Folkman J. Tumor angiogenesis correlates with 
metastasis in invasive prostate carcinoma. The American journal of pathology. 1993; 143:401. 
[PubMed: 7688183] 

98. Weidner N, Semple JP, Welch WR, Folkman J. Tumor angiogenesis and metastasis—correlation in 
invasive breast carcinoma. New England Journal of Medicine. 1991; 324:1–8. [PubMed: 1701519] 

99. Hylton N. Dynamic contrast-enhanced magnetic resonance imaging as an imaging biomarker. 
Journal of clinical oncology. 2006; 24:3293–3298. [PubMed: 16829653] 

100. Martínez-Corral I, Olmeda D, Diéguez-Hurtado R, Tammela T, Alitalo K, Ortega S. In vivo 
imaging of lymphatic vessels in development, wound healing, inflammation, and tumor 
metastasis. Proceedings of the National Academy of Sciences. 2012; 109:6223–6228.

101. Vakoc BJ, Lanning RM, Tyrrell JA, Padera TP, Bartlett LA, Stylianopoulos T, Munn LL, 
Tearney GJ, Fukumura D, Jain RK. Three-dimensional microscopy of the tumor 
microenvironment in vivo using optical frequency domain imaging. Nature medicine. 2009; 
15:1219–1223.

102. Bayless KJ, Kwak H-I, Su S-C. Investigating endothelial invasion and sprouting behavior in 
three-dimensional collagen matrices. Nature protocols. 2009; 4:1888–1898.

103. de Nigris F, Crudele V, Giovane A, Casamassimi A, Giordano A, Garban HJ, Cacciatore F, 
Pentimalli F, Marquez-Garban DC, Petrillo A. CXCR4/YY1 inhibition impairs VEGF network 
and angiogenesis during malignancy. Proceedings of the National Academy of Sciences. 2010; 
107:14484–14489.

104. Staton CA, Reed MW, Brown NJ. A critical analysis of current in vitro and in vivo angiogenesis 
assays. International journal of experimental pathology. 2009; 90:195–221. [PubMed: 19563606] 

105. Kwak H-I, Kang H, Dave JM, Mendoza EA, Su S-C, Maxwell SA, Bayless KJ. Calpain-mediated 
vimentin cleavage occurs upstream of MT1-MMP membrane translocation to facilitate 
endothelial sprout initiation. Angiogenesis. 2012; 15:287–303. [PubMed: 22407449] 

106. Verbridge SS, Chandler EM, Fischbach C. Tissue-engineered three-dimensional tumor models to 
study tumor angiogenesis. Tissue Engineering Part A. 2010; 16:2147–2152. [PubMed: 
20214471] 

107. Bansal R, Tomar T, Östman A, Poelstra K, Prakash J. Selective Targeting of Interferon γ to 
Stromal Fibroblasts and Pericytes as a Novel Therapeutic Approach to Inhibit Angiogenesis and 
Tumor Growth. Molecular Cancer Therapeutics. 2012; 11:2419–2428. [PubMed: 22933708] 

108. Jain RK, Booth MF. What brings pericytes to tumor vessels? Journal of Clinical Investigation. 
2003; 112:1134–1136. [PubMed: 14561696] 

109. Taeger J, Moser C, Hellerbrand C, Mycielska ME, Glockzin G, Schlitt HJ, Geissler EK, 
Stoeltzing O, Lang SA. Targeting FGFR/PDGFR/VEGFR impairs tumor growth, angiogenesis, 
metastasis by effects on tumor cells, endothelial cells, and pericytes in pancreatic cancer. 
Molecular cancer therapeutics. 2011; 10:2157–2167. [PubMed: 21885862] 

Song et al. Page 20

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



110. Baker M, Robinson SD, Lechertier T, Barber PR, Tavora B, D'Amico G, Jones DT, Vojnovic B, 
Hodivala-Dilke K. Use of the mouse aortic ring assay to study angiogenesis. Nature protocols. 
2012; 7:89–104.

111. Chiu LL, Montgomery M, Liang Y, Liu H, Radisic M. Perfusable branching microvessel bed for 
vascularization of engineered tissues. Proceedings of the National Academy of Sciences. 2012; 
109:E3414–E3423.

112. Chrobak KM, Potter DR, Tien J. Formation of perfused, functional microvascular tubes in vitro. 
Microvascular research. 2006; 71:185–196. [PubMed: 16600313] 

113. Nichol JW, Koshy ST, Bae H, Hwang CM, Yamanlar S, Khademhosseini A. Cell-laden 
microengineered gelatin methacrylate hydrogels. Biomaterials. 2010; 31:5536–5544. [PubMed: 
20417964] 

114. Morgan JP, Delnero PF, Zheng Y, Verbridge SS, Chen J, Craven M, Choi NW, Diaz-Santana A, 
Kermani P, Hempstead B, Lopez JA, Corso TN, Fischbach C, Stroock AD. Formation of 
microvascular networks in vitro. Nature protocols. 2013; 8:1820–1836.

115. Mironov V, Kasyanov V, Markwald RR. Organ printing: from bioprinter to organ biofabrication 
line. Current opinion in biotechnology. 2011; 22:667–673. [PubMed: 21419621] 

116. Malda J, Visser J, Melchels FP, Jungst T, Hennink WE, Dhert WJ, Groll J, Hutmacher DW. 25th 
anniversary article: Engineering hydrogels for biofabrication. Advanced materials. 2013; 
25:5011–5028. [PubMed: 24038336] 

117. Mironov V, Visconti RP, Kasyanov V, Forgacs G, Drake CJ, Markwald RR. Organ printing: 
tissue spheroids as building blocks. Biomaterials. 2009; 30:2164–2174. [PubMed: 19176247] 

118. Norotte C, Marga FS, Niklason LE, Forgacs G. Scaffold-free vascular tissue engineering using 
bioprinting. Biomaterials. 2009; 30:5910–5917. [PubMed: 19664819] 

119. Skardal A, Zhang J, Prestwich GD. Bioprinting vessel-like constructs using hyaluronan hydrogels 
crosslinked with tetrahedral polyethylene glycol tetracrylates. Biomaterials. 2010; 31:6173–6181. 
[PubMed: 20546891] 

120. Visconti RP, Kasyanov V, Gentile C, Zhang J, Markwald RR, Mironov V. Towards organ 
printing: engineering an intra-organ branched vascular tree. Expert opinion on biological therapy. 
2010; 10:409–420. [PubMed: 20132061] 

121. Miller JS, Stevens KR, Yang MT, Baker BM, Nguyen D-HT, Cohen DM, Toro E, Chen AA, 
Galie PA, Yu X. Rapid casting of patterned vascular networks for perfusable engineered three-
dimensional tissues. Nature materials. 2012

122. Kolesky DB, Truby RL, Gladman A, Busbee TA, Homan KA, Lewis JA. 3D Bioprinting of 
Vascularized, Heterogeneous Cell – aden Tissue Constructs. Advanced materials. 2014

123. Wu W, DeConinck A, Lewis JA. Omnidirectional Printing of 3D Microvascular Networks. 
Advanced Materials. 2011; 23:H178–H183. [PubMed: 21438034] 

124. Alitalo A, Detmar M. Interaction of tumor cells and lymphatic vessels in cancer progression. 
Oncogene. 2012; 31:4499–4508. [PubMed: 22179834] 

125. Hirakawa S, Detmar M, Karaman S. Lymphatics in nanophysiology. Advanced drug delivery 
reviews. 2014

126. Galler KM, Aulisa L, Regan KR, D’Souza RN, Hartgerink JD. Self-assembling multidomain 
peptide hydrogels: designed susceptibility to enzymatic cleavage allows enhanced cell migration 
and spreading. Journal of the American Chemical Society. 2010; 132:3217–3223. [PubMed: 
20158218] 

127. Hartgerink JD, Beniash E, Stupp SI. Self-assembly and mineralization of peptide-amphiphile 
nanofibers. Science. 2001; 294:1684–1688. [PubMed: 11721046] 

128. Hosseinkhani H, Hong PD, Yu DS. Self-assembled proteins and peptides for regenerative 
medicine. Chemical reviews. 2013; 113:4837–4861. [PubMed: 23547530] 

129. Matsusaki M, Case CP, Akashi M. Three–dimensional cell culture technique and 
pathophysiology. Advanced Drug Delivery Reviews. 

130. Ghanaati S, Webber MJ, Unger RE, Orth C, Hulvat JF, Kiehna SE, Barbeck M, Rasic A, Stupp 
SI, Kirkpatrick CJ. Dynamic< i> in vivo</i> biocompatibility of angiogenic peptide amphiphile 
nanofibers. Biomaterials. 2009; 30:6202–6212. [PubMed: 19683342] 

Song et al. Page 21

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



131. Zhang, S.; Gelain, F.; Zhao, X. Seminars in cancer biology. Elsevier; 2005. Designer self-
assembling peptide nanofiber scaffolds for 3D tissue cell cultures; p. 413-420.

132. Trappmann B, Chen CS. How cells sense extracellular matrix stiffness: a material's perspective. 
Current opinion in biotechnology. 2013; 24:948–953. [PubMed: 23611564] 

133. Stahl PJ, Romano NH, Wirtz D, Yu SM. PEG-based hydrogels with collagen mimetic peptide-
mediated and tunable physical cross-links. Biomacromolecules. 2010; 11:2336–2344. [PubMed: 
20715762] 

134. da Rocha EL, Porto LM, Rambo CR. Nanotechnology meets 3D in vitro models: tissue 
engineered tumors, cancer therapies, Materials science & engineering. C. Materials for biological 
applications. 2014; 34:270–279. [PubMed: 24268259] 

135. Xu X, Sabanayagam CR, Harrington DA, Farach-Carson MC, Jia X. A hydrogel-based tumor 
model for the evaluation of nanoparticle-based cancer therapeutics. Biomaterials. 2014; 35:3319–
3330. [PubMed: 24447463] 

136. Charoen KM, Fallica B, Colson YL, Zaman MH, Grinstaff MW. Embedded multicellular 
spheroids as a biomimetic 3D cancer model for evaluating drug and drug-device combinations. 
Biomaterials. 2014; 35:2264–2271. [PubMed: 24360576] 

137. Maeda H, Nakamura H, Fang J. The EPR effect for macromolecular drug delivery to solid 
tumors: Improvement of tumor uptake, lowering of systemic toxicity, and distinct tumor imaging 
in vivo. Advanced Drug Delivery Reviews. 2013; 65:71–79. [PubMed: 23088862] 

138. Taurin, S.; Greish, K. Tight Junctions in Cancer Metastasis. Springer; 2013. Enhanced Vascular 
Permeability in Solid Tumors: A Promise for Anticancer Nanomedicine; p. 81-118.

139. Prabhakar U, Maeda H, Jain RK, Sevick-Muraca EM, Zamboni W, Farokhzad OC, Barry ST, 
Gabizon A, Grodzinski P, Blakey DC. Challenges and key considerations of the enhanced 
permeability and retention effect for nanomedicine drug delivery in oncology. Cancer research. 
2013; 73:2412–2417. [PubMed: 23423979] 

140. Xiong Y-Q, Sun H-C, Zhang W, Zhu X-D, Zhuang P-Y, Zhang J-B, Wang L, Wu W-z, Qin L-X, 
Tang Z-Y. Human hepatocellular carcinoma tumor–derived endothelial cells manifest increased 
angiogenesis capability and drug resistance compared with normal endothelial cells. Clinical 
Cancer Research. 2009; 15:4838–4846. [PubMed: 19638466] 

141. Franses JW, Drosu NC, Gibson WJ, Chitalia VC, Edelman ER. Dysfunctional endothelial cells 
directly stimulate cancer inflammation and metastasis. International journal of cancer. Journal 
international du cancer. 2013; 133:1334–1344. [PubMed: 23463345] 

142. Apopa PL, Qian Y, Shao R, Guo NL, Schwegler-Berry D, Pacurari M, Porter D, Shi X, 
Vallyathan V, Castranova V, Flynn DC. Iron oxide nanoparticles induce human microvascular 
endothelial cell permeability through reactive oxygen species production and microtubule 
remodeling. Particle and fibre toxicology. 2009; 6:1. [PubMed: 19134195] 

143. Brun E, Carriere M, Mabondzo A. In vitro evidence of dysregulation of blood-brain barrier 
function after acute and repeated/long-term exposure to TiO(2) nanoparticles. Biomaterials. 
2012; 33:886–896. [PubMed: 22027597] 

144. Setyawati MI, Tay CY, Chia SL, Goh SL, Fang W, Neo MJ, Chong HC, Tan SM, Loo SC, Ng 
KW, Xie JP, Ong CN, Tan NS, Leong DT. Titanium dioxide nanomaterials cause endothelial cell 
leakiness by disrupting the homophilic interaction of VE-cadherin. Nat Commun. 2013; 4:1673. 
[PubMed: 23575677] 

Song et al. Page 22

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 December 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1. 
Graphical illustration of tumor vascularization. Cytokines and growth factors secreted from 

tumor cells induce recruitment of detached pericytes and activation of ECs that lead to 

vessel expansion and branching. Extracellular matrix in tumor stroma is remodeled by 

enzymes secreted by tumor cells, and its collagen-rich matrix is combined with plasma 

proteins leaking out the growing sprout. Drawing not to scale.
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Fig. 2. 
A schematic representation of engineered tumor microenvironments using natural/synthetic 

hydrogel materials for in vitro tumor models. Hydrogel matrices are fabricated through a 

number of physical/chemical reactions under physiological conditions. These hydrophilic 

networks provide 3D microenvironments to support tumor growth (e.g. tumor 

morphogenesis, proliferation, migration as well as tumor angiogenesis) by controlling 

myriad cues, such as cell adhesion site, proteolytic degradability, and matrix stiffness. 

Drawing not to scale.
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Fig. 3. 
A schematic representation of in vitro angiogenesis models including a. monolayer EC 

invasion model, b. aortic ring model, c. bioprinted model, and d. advanced perfusable 

biomimetic model created by i) needle molding [113], ii) lithographic microfabrication [49], 

and iii) 3D-printed sacrificial molding [121, 122]. These models, when coupled with cancer 

cells embedded in the interstitial hydrogel matrix, can be applied to simulate tumor 

angiogenesis. Drawing not to scale.
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