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Abstract

The dominant roles of the tumor microenvironment in regulating tumor formation, progression,
and metastasis have driven the application of tissue engineering strategies in cancer biology.
Highly dynamic and reciprocal communication of tumor cells with their surroundings suggests
that studying cancer in custom-designed biomaterial scaffolds may lead to novel therapeutic
targets and therapeutic regimens more reliably than traditional monolayer tissue culture models.
As tissue engineering becomes progressively more successful in recapitulating the native tumor
environment, critical insights into mechanisms of tumor resistance may be elucidated, to impact
clinical practice, drug development, and biological research. We review here the recent
developments in the use of custom-designed biomaterial scaffolds for modeling human tumors.
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Introduction

Approximately 40% of men and women in the United States will be diagnosed with at least
one form of cancer in their lifetime, with cancer being implicated in one in four deaths [1].
While great strides have been made in early diagnosis and treatment using standard regimens
of chemotherapy and radiation, resulting in an overall decrease in cancer mortality, tumor
initiation, growth and metastasis continue to evade control. The continued search for
effective and targeted drugs has been hindered by the high failure rate of costly clinical
trials, illuminating a need for more accurate preclinical models of the disease, not only for
pharmaceutical testing, but also for biological research and assay development.
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Recent studies have shown that cancer cell behavior and tumor formation, progression, and
metastasis are dominated by the tumor microenvironment. The tumor environment has also
been shown to be critical in promoting resistance and recurrence of tumors. These findings
have inspired the application of tissue engineering strategies in cancer biology, with the
expectation that the control over tumor environment will enable identification of therapeutic
targets and the development of new therapeutic regimens.

Biomaterial as a Cell Niche

For several decades, tissue engineers have utilized customized biomaterials to direct the
differentiation and organization of pluripotent and multipotent cells, with the understanding
that phenotypically plastic stem cells communicate in a dynamic and reciprocal manner with
their surroundings when adopting a particular cell fate. In the context of tissue regeneration,
research has been driven by the need for increasingly complex yet tunable biomaterials that
reliably mimic the extracellular matrix (ECM) of specific human organs with respect to
biocompatibility, mechanical stiffness, 3D architecture, structural organization, and cell
adhesion. Cell signaling molecules that have been shown to improve the yield and
maturation of desired cell lineages are often used in concert with engineered scaffolds, either
through direct application in cell culture or by incorporation into the biomaterials for
controlled release. Indeed, the prevailing wisdom in the field is that in an engineered
microenvironment, the cells themselves become the “tissue engineers” via a confluence of
cell-cell, cell-ECM, and signaling interactions. Not only do cells respond to their
microenvironment, but they also tune their microenvironment to suit their needs, initiating
physiological changes that govern tissue formation and function.

Differentiated cells still exhibit some phenotypic plasticity in response to changes in their
environment. The most promising tissue regeneration strategies to date have abandoned
traditional 2D cell culture on glass or polystyrene in favor of 3D culture systems, including
cell spheroids and cells encapsulated in scaffolds, due to the major differences between cells
grown in monolayers versus those in native environments. These differences include distinct
changes in cell morphology, proliferation, motility, global gene and protein expression, and
sensitivity to therapeutic agents. Importantly, these same characteristics of human tumor
cells are restored by 3D cell culture on biomimetic matrices, in keeping with the trends
observed in stem cell populations. For this reason, tissue engineers have come to rely heavily
on biomaterials no matter what their starting cell population. Generation of 3D tumor
models involves an integrated use of cancer cells, biomaterial scaffold customized to mimic
the particular tissue matrix, supporting non-cancer cells and the culture systems providing
cytokines, vascular perfusion and mechanical signals (Figure 1).

Dominance of the Tumor Microenvironment

Cancer cell phenotype must be regulated by its microenvironment, given that oncogenic
mutations present in the genotype of every cell of a patient only manifests as cancer in
specific tissues and regions [3]. It has long been recognized that the ECM surrounding
human tumors is characterized by abnormal remodeling, with a variety of ECM components
including collagens (I, 11, 111, V, and IX) and proteoglycans present at higher than normal
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levels. Additionally, the architecture of these abnormally remodeled or secreted ECM
components is also altered; for example, collagen | fibrils become more linear and assume a
specific orientation relative to the tumor surface [4,5]. These changes are thought to arise
from the pathological interactions of cancer cells and tumor-associated stroma. These
interactions are dynamic and reciprocal in nature, similar to the intercommunication
between tissue cells and stroma in normal tissues. Furthermore, the angiogenesis and lymph-
angiogenesis that typically accompany the maturation of tumors contribute to increases in
interstitial fluid pressure [6,7]. Newly formed tumor vasculature is often leaky, increasing
fluid flux and shear stress throughout the stroma, and generating gradients of chemokines
and growth factors. Taken together, these changes result in ECM that is significantly stiffer
than normal. From these and similar findings, it can be concluded that tumor ECM is
different from normal tissue ECM, and that the pathology of tumor ECM progresses as the
tumor progresses, ultimately leading to metastasis.

Groundbreaking experiments performed by the Dolberg and Bissell in chick embryos
inoculated with the Rouse sarcoma virus (RSV) demonstrated the ability of the
microenvironment to restrain cancer progression. Previous studies have shown
unequivocally that injecting RSV into the wings of chickens induced the formation of large,
malignant tumors [8]. Interestingly, however, the injection of RSV into the wings of early
chick embryos never produced tumors or even malignantly transformed cells, suggesting that
the embryonic microenvironment was able to override the effects of potent oncogenes. When
cells from these same embryonic wings were subsequently harvested and cultured /n vitro, a
malignant phenotype revealed itself overnight. Further experiments in embryos nearer to
hatching demonstrated a loss of this regulatory ability, most likely due to the developmental
changes in the wing microenvironment [9].

Of greatest clinical importance is the phenomenon of multi-drug resistance (MDR), which is
a defining protective function of the tumor microenvironment [10]. The leaky vasculature
and increased interstitial fluid pressure in tumor ECM interfere with the delivery of
chemotherapeutics and the accumulation of an effective drug concentration. Moreover, the
heterogeneous nature of the tumor microenvironment is believed to support a range of
cancer cell phenotypes, some of which may be more isolated and resistant to apoptosis, and
therefore insensitive to anticancer agents [11]. Other phenotypic variants may lay dormant in
a quiescent state and evade chemotherapeutic treatment, providing the cellular basis for
primary tumor recurrence and metastasis once tumor-promoting signals are restored [12—
16]. These surviving cancer cells remain one of the most significant barriers to effective
cancer treatment.

Naturally Derived Biomaterials

In an effort to recapitulate the tumor ECM as faithfully as possible, natural materials have
been explored extensively for three-dimensional tumor modeling. While they are ideal for
replicating the cell-matrix interactions of the native tumor microenvironment, scaffolds of
this type suffer from batch-to-batch variability and can only be fabricated within a limited
range of mechanical stiffness, degradation rate, porosity, and cell adhesion site number.

Curr Opin Chem Eng. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Vunjak-Novakovic Page 4

Figure 2 shows the three classes of most frequently used naturally derived biomaterials:
collagen scaffolds, decellularized human tissue matrix, and fibrin hydrogels.

Early 3D tumor models were generated using Matrigel, a hydrogel derived from Engelbreth-
Holm-Swarm (EHS) mouse tumor cell basement membrane, which is primarily composed of
collagen and laminin. Several elegant studies performed by the Bissell group compared the
effects of conventional 2D tissue culture with 3D Matrigel culture on the phenotype of
malignant (T4-2) and non-malignant (S-1) human breast cancer cell lines (HMT-3522),
whereby divergent profiles in morphology and proliferation rate could only be observed in
the 3D context. The T4-2 line is characterized by aberrantly high expression of f1 and p4
integrins, and disruption of cell-matrix interactions using p1 and 4 integrin inhibitors
caused massive apoptosis in the non-malignant cultures and a reversion to a non-malignant
phenotype in the malignant cultures. Interestingly, this phenotype reversion was reversible,
proven by subsequent “reversion rescue” studies wherein removal of the integrin-inhibiting
molecules and return to a fresh 3D Matrigel matrix recovered the malignant phenotype in
T4-2 cells [17,18]. Further studies of invasive human breast cancer cell lines including
MCF-7 and MDA-MB-231 demonstrated similar phenotypic reversion effects with
treatments of epidermal growth factor receptor (EGFR) inhibitor and transfection with an E-
cadherin expression vector, respectively [19].

More recently, the Leedman group investigated the influence of tumor microenvironment on
microRNA expression in colon cancer cell lines (SW480, SW620). MicroRNAs are small,
non-coding RNAs that regulate gene expression and are believed to play a role in cancer cell
adhesion, proliferation, and invasion. When the SW480 and SW620 cell lines were cultured
on conventional tissue culture plastic versus 3D Matrigel matrices, microarray profiles
revealed that expression levels of several miRNAs were significantly altered. The miRNASs
exhibiting the most significant Matrigel-induced expression level changes were further
probed in different human epithelial cancer cell lines, including HT-29 (colon cancer), A549
(non-small cell lung cancer), and MDA-MB-231 (breast cancer). The same trends in
Matrigel-induced upregulation and downregulation of miRNAs were observed in all cancer
cell lines, suggesting a consistent pattern in the regulation of miRNA expression by Matrigel
across various epithelial cancer cell types [20].

Apart from Matrigel, ECM-derived scaffolds have been used to generate 3D models of
human tumors. These include the use of decellularized matrices harvested from human
adipose and small intestinal submucosal tissues, as well as decellularized rat lung matrices
[21-23]. In each of these studies, the authors found that the 3D ECM scaffolds more closely
mimic the /n vivo microenvironment when compared with conventional 2D culture, as
determined by the metrics of cell morphology, migration, adhesion molecule expression, and
chemosensitivity. More notably, MCF7, BT474, and SKBR3 human breast cancer cell lines
cultured on 3D decellularized adipose tissue more closely resembled /77 vivo mouse
xenografts than when cultured on 3D Matrigel scaffolds [21].

A compelling variation on ECM-derived scaffold fabrication was explored by the
Hutmatcher group, by harvesting primary human osteoblasts from patients undergoing knee
replacement surgery and seeding them in high density on tissue culture flasks. Following 28
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days in culture, the osteoblasts had deposited a highly mineralized matrix, which was then
decellularized and seeded with LNCaP and PC3 prostrate cancer cells, yielding a biomimetic
model of the prostate cancer bone metastasis observed in 90% of prostate cancer patients
[24].

A similar approach was taken by the Cheng group, which used NIH-3T3 cells
overexpressing fibroblast activation protein (FAP) to deposit a tumor-associated stroma-like
ECM onto tissue culture plates. Following eight days in culture and decellularization, these
3D fibroblast-derived matrices were seeded with metastatic (Capan-1, Panc-1) and less
aggressive (AsPC-1, HPAF-I11) pancreatic cancer cell lines, as well as benign (MCF-10A)
and malignant (MCF-7, MDA-MB-231) human breast cancer cell lines. The FAP* matrices
were shown to promote the invasiveness of both pancreatic and breast cancer cell lines [25].

Finally, Hoshiba and Tanaka modeled staged tumorigenesis by culturing human breast
cancer cell lines of increasing malignancy and invasiveness (MCF-10A, MCF-7, MDA-
MB-231) at high concentration for one week on tissue culture polystyrene. The resultant
cancer cell-derived matrices were decellularized and re-seeded with each individual cell type
to evaluate the effect of increasingly pathological tumor microenvironments on cell
attachment, proliferation, and chemoresistance. It was found that cell attachment decreased
and cell proliferation increased with increasingly malignant matrices, most prominently on
those derived from MDA-MB-231 cells. Chemoresistance to 5-fluorouracil (5-FU) and
doxorubicin (Dox) was variable amongst all cell types and staged matrices, suggesting a
more complex mechanism of drug resistance [26].

Collagen is the most abundant ECM protein found in humans, and for that reason collagen
hydrogels and sponges have been used extensively for tumor modeling and anti-cancer drug
testing. A chemically cross-linked collagen | scaffold was used by the Dai group to simulate
in vivo conditions and study changes in cellular properties of MCF-7 cells with respect to
2D culture. The secretion of angiogenic factors (VEGF, bFGF, IL-8) and matrix
metalloproteinases (MMPs) increased with cells in 3D culture, and an enhanced cancer stem
cell (CSC)-like profile was simultaneously observed, as evidenced by the increased
expression of breast cancer stem cell markers (OCT4A, SOX2, SOX4, JAG1, CD49F).
These findings were further substantiated by the higher tumorigenicity of 3D—cultured
MCEF-7 cells in in vivo mouse models, which formed significantly larger tumors than 2D—
cultured cells [27].

Using the same material, the McGuigan group designed a 3D tumor model that could be
rapidly disassembled for easy cell isolation from specific tumor locations, allowing for
spatial mapping of cellular metabolism in response to hypoxia. Porous cellulose membrane
strips were infiltrated with a concentrated cancer cell suspension into collagen type |
solution, then rolled around an impermeable 6 mm-diameter metallic core to yield a layered
configuration that recapitulated the length scales over which oxygen and nutrient gradients
occur /n vivo. This clever design proved superior to homogenous 2D or suspension cultures
for mimicking and analyzing metabolic adaptations in cells from spatially defined regions
within the tumor microenvironment [28].
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Of note are tumor models incorporating multiple cell types, including those associated with
tumor angiogenesis that were generated by the Rylander group using a bi-layered collagen |
hydrogel with encapsulated MCF-7 or MDA-MB-231 human breast cancer cells.
Telomerase-immortalized human microvascular endothelial (TIME) cells co-cultured with
cell-encapsulated hydrogels across an acellular collagen | hydrogel barrier exhibited a
significant increase in cell number, elongated morphology, and invasive sprouting into the
acellular layer. This neovascular formation due to paracrine signaling was only observed in
co-cultures with the more highly aggressive MDA-MB-231 cell line [29].

Finally, clever addition of paramagnetic beads and fibronectin into a collagen | hydrogel
allowed for modeling of the effects of mechanical stimulation on HT1080 human
fibrosarcoma cells and B16F10 mouse melanoma cells, as compared to a non-invasive
mouse embryonic fibroblast (MEF) controls. Mechanical stimulation applied via a rotating
rare earth magnet beneath the cultures enhanced invasiveness of the cancerous cells, but only
when fibronectin was present within the scaffold [30].

Other naturally derived materials worth mentioning include fibrin [31], alginate [32], and
silk fibroin protein [33]. 3D models generated using these materials have shown superiority
over 2D culture as defined by the same metrics applied to 3D Matrigel, decellularized ECM,
and collagen scaffolds, and have also yielded co-culture models of tumor angiogenesis [34].
Interestingly, these materials were also useful for isolating specific cancer cell populations
that are necessary for developing more effective anti-cancer drugs. For example, a porous
3D chitosan-alginate scaffold was used by the Zhang group to select for and proliferate
CD133+ cancer stem cell (CSC)-like cells found within U-87 and U-118 MG glioblastoma
cell lines. CSCs, believed to be a foundation of MDR, are present in very low concentrations
and are typically isolated using time-consuming and costly methods. The comparative ease
of CSC enrichment using 3D scaffold culture is an unexpected but intriguing development
[35]. In yet another application, the same chitosan-alginate scaffold was used to study
tumor-associated fibroblast (TAF)-mediated suppression of breast tumor specific T cells.
TAFs were shown to induce potent T cell suppression via transforming growth factor beta
(TGF-beta) and interleukin-10 (1L-10) [36].

Synthetic Biomaterials

To overcome the limitations of natural materials, many groups have been developing novel
biocompatible materials with a superior capacity for structural complexity and tunable
physical properties, within a much wider range. While these materials are synthetic, they
provide a “blank slate” onto which the desired ECM characteristics can be engineered
depending on cell or tumor type, allowing for the study of individual microenvironmental
cues in a highly controlled manner. Nonetheless, factors that still limit their use include
fabrication methods that may be cytotoxic, and the limited bioactivity of many synthetic
materials. In contrast to natural materials, cell adhesion to synthetic polymers often depends
on non-specific protein adsorption from serum in culture media. Figure 3 shows the
synthetic and semi-synthetic biomaterials used in modeling tumors: porous and electrospun
polymer scaffold, peptide nanofiber scaffolds and hyaluronic acid-methacrylate hydrogels.
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The Mooney group generated a 3D model of human oral cancer by culturing oral squamous
cell carcinoma (OSCC-3) cells on synthetic poly(lactide-co-glycolide) (PLG) scaffolds with
defined porosity. The angiogenic capacity, invasive potential, and chemosensitivty of
OSCC-3 cells in 3D PLG culture were enhanced comparable to what is observed /n vivo
when compared with cells cultured in 2D and 3D Matrigel. Notably, the PLG-cultured cells
exhibited more significant upregulation of angiogenic factor 1L-8 expression than Matrigel-
cultured cells, suggesting that PLG restores microenvironmental cues specific to the material
rather than simple 3D architecture. Similar experiments were performed with additional
tumor cell lines including MCF-7 and the U87 glioblastoma cell line, yielding similar results
and establishing the wide applicability of PLG for tumor modeling [37].

Subsequent studies incorporating hydroxyapatite (HA), the main mineral component of
bone, into the PLG scaffolds provided a bone-like microenvironment in which to study
breast cancer metastasis [38]. Also, poly(e-caprolactone) (PCL), another polymer popular in
tissue engineering applications, was electrospun into a porous, fibrous scaffold and seeded
with TC-71 Ewing’s sarcoma cells. This tumor model engineered by the Ludwig group
exhibited increased chemoresistance and a distinct gene expression profile when compared
with cells cultured in 2D [39].

An important feature of synthetic materials is the relative ease with which they can be
functionalized in a controlled manner to reestablish bioactivity. Incorporating cell-binding
sites (e.g. arginine-glycine-aspartate (RGD) peptide sequences) and MMP-degradable
regions (e.g. GGGPQGIWGQGK (PQ) peptide) within the 3D architecture of scaffolds
facilitates normal cell-matrix interactions such as matrix remodeling. For example,
polyethylene glycol) (PEG) hydrogels functionalized with RGD and MMP-sensitive
peptides were used to generate models of epithelial ovarian cancer (EOC) and lung
adenocarcinoma by the Rizzi and West groups, respectively. The Rizzi group used the
functionalized PEG matrices to culture OV-MZ-6 and SKOV-3 cells in biomimetic
conditions, and observed distinct proliferation profiles, multicellular spheroid formation, and
enhanced chemoresistance from cells cultured in 2D. Specific integrin activation was also
implicated in EOC progression [40]. The West group encapsulated a murine metastatic lung
adenocarcinoma cell line (344SQ) on comparable PEG hydrogels of varying stiffness to
study the influence of cell-matrix interactions on microRNA-200 (miR-200)-dependent
epithelial-mesenchymal transition (EMT) and metastasis. They concluded that matrix
stiffness and the concentration of cell adhesion peptides significantly influenced the
expression of miR-200 and EMT marker genes [41].

The Lin group developed a novel PEG-peptide hydrogel system comprised of 8-arm PEG-
octa-norbornene (PEG8BNB) units with integrated protease-sensitive or MMP-degradable
regions (dithiothreitol (DTT), KCGPQGIWGQCK) using thiol-ene photoclick chemistry. A
known epidermal growth factor receptor (EGFR) peptide inhibitor (NYQQNC) was also
incorporated during fabrication to probe the effect of EGFR inhibiton on pancreatic ductal
adenocarcinoma (PDAC) cells (Panc-1) encapsulated in scaffolds of varying stiffness.
Epidermal growth factor (EGF) expression is a known hallmark of the epithelial-to-
mesenchymal transition (EMT), and PDAC metastasis is characterized by EGFR
overexpression. Interestingly, the expected apoptotic effects of EGFR inhibition were only
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observed in stiff matrices, indicating that anti-cancer drug efficacy can be governed by
matrix properties [42].

On account of their highly tunable degradation profiles, several groups have also designed
synthetic matrices for controlled drug or bioactive molecule delivery. Depending on the
delivery profile desired, polymeric scaffolds can be tailored to produce a burst (fast-
degrading) or controlled (slow-degrading) release. To investigate the role of the
inflammatory response in melanoma cancer metastasis, the Tang group loaded poly(lactic-
co-glycolic acid) (PLGA) scaffolds with chemokines (SDF-1a, erythropoietin) and
implanted them in a murine model of metastasis. The combination of local inflammatory
response and chemokine release resulted in the significantly higher accumulation of
melanoma cells at the implant site, and approximately 30% extension in mouse lifespan. The
authors postulated that the chemokine-releasing scaffolds acted as “traps” for circulating
cancer cells that would have otherwise formed metastases and accelerated animal mortality
[43].

Finally, the Mohapatra group developed 3D nanofibrous scaffold by electrospinning a
mixture of PLGA, polylactic acid (PLA), and monomethoxypolyethylene glycol (mPEG).
When seeded onto these scaffolds, the MCF-10A and MCF-7 breast cancer, PC3 prostate
cancer, B16 melanoma, BG1 ovarian, and LLC1 Lewis lung cancer cells aggregated to form
irregularly-shaped tumoroids and underwent EMT, upregulating vimentin expression and
downregulating E-cadherin expression. As expected, the tumoroids exhibited increased
chemoresistance and increased sensitivity to known EMT inhibitors when compared with
monolayer culture controls, resembling some aspects of the /7 vivo tumor behavior. Notably,
the authors demonstrated that the scaffold could be used to culture tumor biopsies (fine-
needle aspirates of implanted mouse tumors) and evaluate host-specific drug sensitivity.
LLC1 cells were injected into C57BL/6 mice and allowed to form subcutaneous tumors over
a two-week period. Single-cell suspensions obtained from the implanted tumors formed
tumoroids with higher drug resistance than LLC1 tumoroids, indicating that these scaffolds
may be used as models of cancer [44].

Hybrid and Semi-Synthetic Biomaterials

To leverage the best features of both natural and synthetic materials, tissue engineers began
developing semi-synthetic matrices by chemically modifying natural materials in order to
engender the control over scaffold fabrication and design typically achieved only with
synthetic materials. Alternatively, composite matrices with integrated natural and synthetic
components were also explored to augment the bioactivity of synthetic materials.

One prominent semi-synthetic material used extensively for tissue engineering is the
modified hyaluronic acid (HA). HA is a ubiquitous glycosaminoglycan found in both normal
tissue and tumor ECM that has been implicated in tumor progression. Most commonly, HA
chains are modified with acrylate or methacrylate to yield a crosslinkable hydrogel with
tunable mechanical and degradation properties that can also be functionalized to enhance
cell engagement. A study performed by the Kumar group established the applicability of HA
gels in tumor modeling by engineering brain-mimetic hydrogel scaffolds of varying stiffness
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and RGD peptide density to recapitulate normal and tumorigenic brain ECM. U373-MG and
U87-MG glioblastoma multiforme (GBM) cells were cultured as multicellular spheroids and
embedded within functionalized HA gels, and compared with parallel cultures on HA-coated
tissue culture plates and in 3D collagen hydrogels. GBM spheroids embedded in brain-
mimetic scaffolds exhibited invasive capacity and morphological patterns similar to what is
seen in human brain slices, in contrast to glioma cells in the 2D and 3D collagen contexts
[45]. Similar studies carried out by the Harley group using U87-MG cells encapsulated in a
gelatin and PEG-based hydrogels grafted with a HA hydrogel network produced
corroborating results, while also identifying CD44 as a key driver of glioma malignancy
[48].

Alternatively, the Zhang group reported chitosan-PCL polyblend nanofibrous mats made by
electrospinning to use as a model of brain ECM and study the effect of nanotopography on
GBM cell invasion. Aligned and unaligned nanofibers in the 200 nm - 1.1 um diameter
range were seeded with U87 MG cells. Cells cultured on aligned substrates were elongated
and aligned with the orientation of the fibers, and upregulated expression of invasion-related
markers when cultured on small-diameter (200 nm and 400 nm) aligned fibers. Importantly,
GBM cells showed similar migration profiles to those observed /n vivo. Conversely, cells
cultured on randomly oriented fibers and aligned substrates with large diameter fibers
exhibited less phenotypic changes. These highly controlled and reproducible fibrous
substrates were validated for application to high-throughput testing of anti-invasion tumor
therapies [47].

In a more elaborate system, the Jia group modeled the characteristic multi-drug resistance
(MDR) of prostate cancer using the LNCaP prostate cancer cell line encapsulated in 3D HA
hydrogels. A copolymer mixture of PEG and PCL was used to fabricate Doxorubicin (Dox)-
loaded nanoparticles (d = 54 + 1 nm), reflective of novel drug delivery methods currently
under development. As expected, the 3D microenvironment upregulated expression of MDR
proteins, enhancing chemoresistance to Dox applied freely in the culture medium.
Interestingly, however, the Dox-loaded nanoparticles were able to bypass the resistive
functions of the MDR proteins by homogenously permeating throughout the scaffold and
getting taken up directly into the cytoplasm of LNCaP cells, and therefore increased
cytotoxic effects of the drug. This study clearly demonstrated the broad applicability of
synthetic and semi-synthetic materials as tumor scaffolds and drug delivery vehicles [48].

Finally, advances in peptide engineering technology have spawned a new class of
nanofibrous hydrogels derived from self-assembling peptides. The Nguyen group
synthesized h9e peptides (FLIVIGSIIGPGGDGPGGD), capable of hydrogelation at room
temperature at concentrations as low as 1mM, for a 3D model of human breast cancer.
Features particular to this fibrous scaffold (d = 20 nm) include its fast assembly (15 min,
concentration-dependent), high deformability, and simple conversion back to liquid by
shearing for cell isolation. MCF-7 cells were encapsulated in peptide gels of varying
concentrations, and hence stiffness, within which they formed tumor-like clusters.
Evaluation of cell morphology, proliferation, and apoptosis revealed that cell behavior in the
hydrogels more closely approximated that of /n vivo tumors when compared with 2D
cultures [49]. Similarly, the Zhao group used commercially available RADAL6-I peptides,
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capable of generating nanofibrous (d = 10 nm) hydrogels with pore size ranging from 5 to
200 nm, for a 3D tumor model of ovarian cancer (A2780, A2780/DDP, SK-OV-3) [50].

Microfabricated 3D Substrates

Advances in materials science have made microfabrication techniques invaluable to tissue
engineers for designing substrates with highly detailed and reproducible features on the
microscale, beyond the scope of what can be achieved using traditional scaffold fabrication
techniques, regardless of material type. These same advantages have made microfabrication
ideal for investigating the relationship between matrix properties (e.g. geometry, stiffness)
and cancer cell behavior in a more controlled manner than what has been described
previously. Microfabricated 3D substrates for cancer research are generated by a variety of
photolithography and microlithography techniques (Figure 4).

The Kumar group has made great strides in investigating the relationship between matrix
stiffness, niche size and cancer cell behavior using PA substrates. A microchanneled
polydimethylsiloxane (PDMS) master was generated using standard photolithography
techniques to control the geometry of polymerized PA hydrogels of defined size and shape,
while independently varying mechanical stiffness (0.4 — 120 kPa) and channel width (10-40
pm). The authors found that human glioma cells (U373-MG) migrated more quickly in
narrow channels when compared with wide channels or unconstrained 2D surfaces, possibly
due to increased polarization and cell-ECM traction forces, and this observed migration rate
increased with an increase in matrix stiffness [51]. This platform represents a unique model
for studying the regulation of cancer cell invasion by matrix confinement and stiffness.

In a recent study, the Moeinzadeh group encapsulated human MCF-7 and MDA-MB-231
breast cancer cells, HCT-116 colorectal carcinoma cells, AGS gastric carcinoma cells, and
U20S osteosarcoma cells in micropatterned polyethylene glycol) diacrylate (PEGDA) gels
of varying compressive moduli (2 — 70 kPa), and compared them against non-tumorigenic
epithelial cells (CRL-10317). The authors sought to investigate matrix regulation of cancer
stem cell (CSC) phenotype, a subpopulation of cells with elevated anticancer drug resistance
believed to promote tumor recurrence. An acrylamide-terminated CD44 binding peptide
(involved in cell-cell adhesion of CSCs) was synthetized and patterned into the PEGDA
hydrogels to control the size of cell spheroid formation (50 — 250 um). The authors found
that cells encapsulated in PEGDA hydrogels exhibited CSC-like phenotypic markers most
significantly when encapsulated in hydrogels of compressive moduli equivalent to their
native tissues. Furthermore, this phenotype was most pronounced in all cell lines at the
optimum niche size of 50 pm, in the corresponding optimum stiffness gel [52].

The Nelson group used 3D microlithography to examine how breast cancer cell invasiveness
was affected by host epithelial geometry. Briefly, a normal human epithelial mammary duct
was engineered using a PDMS stamp coated with a BSA and collagen type | solution.
Following gelation of the BSA and collagen | onto a glass coverslip, normal human
epithelial cells (D920) in suspension were seeded over the stamped regions, with the
addition of a single invasive (SCg6, 4T1, MDA-MB-231, Hs578T) or non-invasive (SKBR3,
MDA-MB-361, MDA-MB-453) breast cancer cell at either the “end” or “duct” region of the
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engineered epithelial tissue. Using this system, the authors were able to conclude that cancer
cell phenotype was dictated by the initial position within the engineered duct, with
proliferation and invasion being enhanced only at the “end” regions, and inhibited
elsewhere. These “end” regions were characterized by high mechanical stress, suggesting
that the mechanical tone of normal host epithelium can regulate cancer cell phenotype [53].

Engineered Tissues as Substrates

Tissue engineering methods continue to shape cancer research, with an emphasis on
mimicking the tumor microenvironment with increasing fidelity. An excellent example is the
work reported by the Hutmacher group. An engineered bone construct composed of human
osteoblasts isolated from explanted human bone and seeded onto a PCL-tricalcium
phosphate (PCL-TCP) scaffold was co-cultured with PC3 and LNCaP human prostate
cancer cells. The physiological relevance of this model for understanding mechanisms of
bone metastasis was made clear when intercellular and cell-engineered bone interactions
reflected data from /n vivo tumor studies [54].

More recently, the Vunjak-Novakovic group devised an elegant model of human Ewing’s
sarcoma within a bone niche using natural materials. Human mesenchymal stem cells
(hMSCs) were seeded onto decellularized bovine bone matrices and cultured in osteogenic
medium for four weeks. Tumor spheroids derived from human Ewing’s sarcoma cancer cell
lines (RD-ES, SK-N-MC) were then infused into the engineered bone and cultured for an
additional two to four weeks. Analysis of gene expression profiles with an emphasis on
hypoxic and glycolytic phenotypes demonstrated that the tissue-engineered Ewing’s
sarcoma model more closely recapitulated native tumor profiles than their monolayer
counterparts. The same conclusions were drawn following evaluation of the angiogenic
ability, vasculogenic mimicry, and apoptotic behavior of the tissue-engineered model when
compared with monolayer cultures [55].

Concluding remarks

As the dominant role of the tumor microenvironment in the initiation, progression,
metastasis, and therapeutic resistance of cancer becomes increasingly clear, cancer biologists
continue to find that custom biomaterials provide a 3D niche for /n vitro tumor modeling
that is superior to traditional monolayer tissue culture models. Tissue-engineered tumors
recapitulate the behavior of native tumors more reliably than simple cell culture settings, and
are of increasing clinical relevance, with applicability to disease modeling and
pharmaceutical testing.

It is clear that the field of cancer research is advancing towards more complex, heterotypic
culture systems, and with this shift the techniques and conceptual paradigms that are
fundamental to tissue regeneration are being adopted and adapted for tumor modeling.

Accordingly, it the challenges associated with regenerating complex, heterogeneous tissues
will also need to be addressed within the context of cancer biology. First and foremost, while
the studies noted in this review clearly demonstrate the utility of biomaterials and
engineering techniques in tumor modeling, the materials themselves — due to their

Curr Opin Chem Eng. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Vunjak-Novakovic Page 12

potentially cytotoxic fabrication, limited material properties, and variable bioactivity - will
dictate how clinically relevant and patient-specific these models can become.

Notably, such concerns have generated great interest in the applicability of cutting-edge 3D
printing technologies to biological systems, with promising early results. Advanced
fabrication methods including stereolithography and laser-based direct-write techniques,
bioplotting or inkjet bioprinting, and fused deposition modeling promise exceptional control
over 3D micro-and nano-architectures as well as the material properties of the scaffold,
while retaining the capacity to incorporate bioactive molecules. Furthermore, the ability to
print cells in controlled spatial arrangements, in multi-material composites and via
computer-assisted fabrication, ensures a level of precision and reproducibility previously not
achievable [56,57].

The introduction of multiple cell types to recapitulate the tumor stroma, vasculature, and
immune response in 3D models is expected to reveal some of the key insights into cancer
progression and metastasis that are otherwise missed in simple cell culture settings.
Similarly, incorporation of external stimuli (e.g. mechanical compression, fluid shear) using
novel bioreactor designs will allow for more faithful recapitulation of native tumor
microenvironments. Indeed, preliminary studies have already shown that the integration of
supporting cells and external stimuli enhances the native-like characteristics of engineered
tumors [58,59]. While the relationship between the complexity of the tumor model and its
ultimate clinical relevance has yet to be defined, it is evident that the fields of tissue
engineering and cancer biology will continue to converge.
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Highlights

e The tumor microenvironment regulates tumor initiation, progression, and
metastasis.

»  We summarize the use of biomaterials in tumor modeling in vitro.
e Engineered tumor models are becoming increasingly complex and heterotypic.

» Insights into drug resistance may inform the development of novel therapeutic
targets.
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Figure 1. Generating a three-dimensional tumor model
Cancer cells, supporting stromal cells, biomaterial scaffold, molecular and physical signals

are used in an integrated way to bioengineer /in vitro models of human cancer. Inset:
illustration of a typical tumor microenvironment with the supporting cells, ECM, and
signaling molecules; reproduced with permission from [2].
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Figure 2. Naturally derived biomaterials
(a) Digital image of a collagen type | sponge (top) and corresponding scanning electron

micrograph (bottom); (b) Digital image of decellularized human adipose tissue sponge (left)
and a corresponding scanning electron micrograph (right) [21]; (c) Phase contrast images of
tumor spheroids grown in 3D fibrin hydrogels of varying stiffness; reproduced with
permission from [31].
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Figure 3. Synthetic and semi-synthetic biomaterials
Scanning electron micrographs of (a) porous poly-lactic-glycolic scaffolds; reproduced with

permission from [37] and (b) electrospun polycaprolactone scaffold; scale bar = 200 pm;
reproduced with permission from [39]. (c) Scanning electron micrograph of a self-
assembling peptide hydrogel; reproduced with permission from [49]. (d) Scanning electron
micrograph of dehydrated hyaluronic acid gels; scale bar = 20 um; inset scale bar = 5 pm;
reproduced with permission from [45].
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Figure 4. Microfabricated 3D substrates
(a, b) Photolithography technique for generating polyacrylamide microchannels; reproduced

with permission from [51]. (c) Phase contrast images of U373-MG human glioma cells
migrating inside channels of varying stiffness and width, scale bar = 40 pm; reproduced with
permission from [51]. (d) 3D microlithography approach to engineering mammary epithelial
duct tissue; reproduced with permission from [53]. (e) schematic depicting “duct” versus
“end” locations in epithelial host tissue; reproduced with permission from [53].
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