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SUMMARY

Recent engineering technologies have transformed traditional perspectives of
cancer to include the important role of the extracellular matrix (ECM) in recapit-
ulating the malignant behaviors of cancer cells. Novel biomaterials and imaging
technologies have advanced our understanding of the role of ECM density, struc-
ture, mechanics, and remodeling in tumor cell-ECM interactions in cancer biology
and have provided new approaches in the development of cancer therapeutics.
Here, we review emerging technologies in cancer ECM biology and recent ad-
vances in engineered systems for evaluating cancer therapeutics and provide
newperspectives on how engineering tools present an opportunity for advancing
themodeling and treatment of cancer. This review offers the cell biology and can-
cer cell biology communities insight into how engineering tools can improve our
understanding of cancer ECM biology and therapeutic development.

INTRODUCTION

The extracellular matrix (ECM) is most commonly defined as a complex 3D network of macromolecules that

play an essential role in all tissues by providing both structural support and essential biochemical interac-

tions to its cellular constituents. Once believed to be merely an intercellular filling, the ECM is a physiolog-

ically active component of living tissue, regulating diverse cellular processes during embryogenesis, tissue

repair, homeostasis, and pathogenesis. The native ECM acts as an environmental niche that is actively in-

teracting with the cells in a dynamic and tissue-specific manner. Fundamentally, the ECM primarily

comprises of collagen, enzymes, glycosaminoglycans, and glycoproteins, such as laminin and fibronectin.

These collections of highly conserved bioactive, structural and functional molecules regulate cellular func-

tions by providing structural support, biological signaling, modulation of immune responses, and recruit-

ment of cells. Importantly, ECM composition, biomechanics, and in most cases anisotropy are precisely

tuned to serve a particular tissue-specific purpose (Bonnans et al., 2014; Badylak et al., 2009).

Interactions between cells and ECM components involve mechanical and biochemical signals that are

responsible for fundamental cellular activities such as cell-cell communication, cell adhesion, proliferation,

and differentiation. Dysregulation of cell-ECM interactions produces changes to ECM composition and re-

modeling, disturbing tissue homeostasis and contributing to pathological conditions, such as cancer

(Bonnans et al., 2014; Chaudhuri et al., 2020; Nia et al., 2020). Indeed, it is now well established that an

altered ECM is capable of modulating hallmarks of cancer by supporting sustained proliferation of cancer

cells, evasion of growth suppression, resistance to cell death, angiogenesis, tissue invasion, and ultimately

metastasis (Figure 1) (Pickup et al., 2014; Hanahan andWeinberg, 2000). Discrete biophysical and biochem-

ical cues from the tumor-associated ECM (e.g. increased stiffness, changes in presentation of cell adhesion

sites) influence the intrinsic mechanisms of cancer development and resistance to therapy (Pickup et al.,

2014). The number of clinical and basic science studies on the relevance of ECM properties in cancer

has greatly increased over the last decade in an attempt to understand the dynamic reciprocal feedback

between the ECM and tumor cells that both change in space and time (Laklai & et al., 2016; Fernández-Sán-

chez & et al., 2015; Gan & et al., 2018; Liu et al., 2018; Chen & et al., 2019; Stephan & et al., 2015; Chakra-

varthy et al., 2018).

Here, we discuss the current and emerging technologies that are serving as tools for the understanding

of the role of dysregulated ECM properties in cancer and as platforms for developing novel cancer
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Figure 1. Tumor ECM

From tumor initiation to metastasis, the ECM influences each of the classically defined and emerging hallmarks of cancer

as first described by Hanahan and Weinberg, 2000 and amended in 2011. Dysregulated changes in ECM properties, such

as increased stiffness and protease-mediated remodeling, mediate cell receptor-ECM interactions that activate

intracellular signaling pathways that promote sustained cancer cell proliferation, evasion of growth suppression, death

resistance, induced angiogenesis, tissue invasion, and metastasis. Created with BioRender.com
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therapeutics. We first review the basic science findings on how ECM composition, structure, biome-

chanics, remodeling, and interactions with tumor cells contribute to modeling of cancer, with an

emphasis on biomaterials and high-resolution imaging techniques. Moreover, as many of these technol-

ogies offer high tunability, we review recent advances in their adaptation to novel approaches in cancer

therapeutics, with an emphasis on engineered and microstructures/nanostructures, such as hydrogels

and nanoparticles. Finally, we provide new perspectives on how engineering tools present an opportu-

nity to move forward the understanding of the role of ECM properties in cancer, as well as for the treat-

ment of cancer.
2 iScience 24, 102475, May 21, 2021

http://BioRender.com


ll
OPEN ACCESS

iScience
Review
MATERIAL PROPERTIES OF THE CANCER EXTRACELLULAR MATRIX

The ECM is a biological material that is composed of a meshwork of proteins, where each protein compo-

nent has a particular structure and biological function. When presented in combination, these proteins

orchestrate a cascade of cellular responses that direct tissue organization and function, which can translate

to embryogenesis, tissue repair, homeostasis, and pathogenesis. The ECM can be described in terms of

material properties such as stiffness, protein composition, and organization. The interrelated ECM charac-

teristics are constantly modified and restructured by harbored cells that conversely respond to ECM signals

via cell adhesion receptors and enzymes, forming a feedback loop that results in a dynamically evolving

ECM in its native environment. This feedback loop is altered in cancer, underlining the important role of

cell-ECM interactions in the initiation and progression of this harmful disease (Figure 1).

As the complex, interrelated ECM physicochemical properties are difficult to uncouple using conventional

cell and molecular biology methods, unconventional approaches are needed to better understand the

independent role of material properties of the ECM in cancer. In this section, we describe emerging tech-

nologies that can help elucidate the contributions of aberrant changes in properties of tumor ECM to

tumorigenesis and cancer progression.
High-resolution imaging techniques reveal the role of ECM protein organization in cancer

progression and diagnosis

It is well known that aberrant changes in ECM stiffness provide biochemical and mechanical support for

tumor progression (Lu et al., 2012). As ECM stiffness can be affected by changes in protein organization,

structure, and density, recent focus has shifted to the underlying physical mechanisms that affect ECM stiff-

ness in cancer, as this knowledge can lead to new diagnostic methods. Current clinical tomographic mo-

dalities such as computed tomography, magnetic resonance imaging, and positron emission tomography

are limited by macro level resolution (�1 mm) that cannot capture the submicron characteristics of ECM

components (Campagnola, 2011). In this context, high-resolution nonlinear optical microscopy techniques,

such as second-harmonic generation (SHG), coherent anti-Stokes Raman, and multiphoton excitation,

which eliminate the pitfalls of both noninvasive imaging (lack of resolution/specificity) and traditional his-

tology (subjectivity), have shown potential as quantitative optical microscopy approaches to quantify tissue

structural changes during disease progression (Campagnola, 2011). For instance, although SHG imaging

was first reported in 1986, in the past decade, it has emerged as a potential powerful tool for non-invasive

early cancer diagnostics by enabling visualization and quantitation of collagen-based changes at cellular

resolution in pancreatic (Drifka & et al., 2015), breast (Ambekar et al., 2012), ovarian (Tilbury and Campag-

nola, 2015; Nadiarnykh et al., 2010), and many other types of cancer (Campagnola and Dong, 2011; Drifka &

et al., 2016; Chen & et al., 2010).

Drifka et al.(Drifka & et al., 2015) utilized SHG imaging to demonstrate differences in stromal collagen or-

ganization and structure (both of which have been correlated to ECM stiffness (Bonnans et al., 2014;

Leonard & et al., 2019)) in human pancreatic ductal adenocarcinoma (PDAC) tissues compared with non-

neoplastic tissues. Their work demonstrated that there is a characteristic and quantifiable collagen align-

ment surrounding the malignant epithelium that allows distinction of PDAC tissue from benign tissue,

providing unprecedented insight into tumor growth and metastasis. In breast cancer, stromal collagen to-

pology also correlates with great propensity to tumor metastasis and negative prognosis (Provenzano &

et al., 2006; Conklin & et al., 2011). In fact, an in vitro study using 3D culture of breast cancer cells within

collagen matrices suggested that the pathological consequence of collagen alignment is increased

ECM stiffness (Riching & et al., 2014). Another study utilizing SHG imaging of biopsied tissue sections of

breast cancer found that collagen alignment contributed to tumor cell migration toward the vasculature

(Provenzano & et al., 2006; Fraley & et al., 2015), emphasizing the significance of visualizing biological struc-

tures of the tumor ECM in all their complexity for better assessment of clinical outcomes and to inform the

design of in vitro pre-clinical cancer models that better recapitulate features of the tumor ECM.

Multiplexed imagingmethods are becoming increasingly important as imaging tools for both basic science

and clinical research (Baharlou et al., 2019). Recently, mass cytometry imaging (MCI) approaches, which

enable simultaneous visualization of up to 40 proteins, have been developed to provide information at sub-

cellular resolution regarding complex single-cell phenotypes and their spatial context (Jackson & et al.,

2020; Ali & et al., 2020). This information is currently not reflected in the histological stratification that is

the foundation of many clinical decisions. Several studies have used this powerful imaging technique to
iScience 24, 102475, May 21, 2021 3
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reveal that distinct combinations of multicellular phenotypes in breast cancer tissue can be medically rele-

vant, suggesting that tissue architecture and organization could influence disease outcomes (Jackson &

et al., 2020; Ali & et al., 2020). In this context, mass spectrometry-based strategies have great potential

for investigating how local changes in ECM protein structure influence cancer progression (Angel &

et al., 2018). A detailed understanding of the native ECM protein architecture, such as chemical features

and localization of specific collagen isoforms in the complex tumor setting, can facilitate the design of

in vitro tumor ECMmodels that preserve innate tumor ECM characteristics and thus better recreate the tu-

mor microenvironment. Insights into biomaterial design have become increasingly important as new

studies highlight the impact of early protein deposition (nascent protein) on cell behavior within 3D

in vitro hydrogel models (Loebel et al., 2019; Chen et al., 2017), which may have significant implications

for in vitro cancer cell signaling studies.

Consequently, the continued application of high-resolution imaging in cancer research and diagnostics

can inform clinical outcomes and the design and implementation of 3D in vitro pre-clinical models that

recapitulate the contributions of ECM topology and organization to the progression andmetastasis of can-

cer. Conversely, high-resolution imaging techniques can further reveal the nascent functional organization

of ECM proteins, their contribution to cancer progression, and utilization of cell regulation by initial matrix

composition in engineered tumor models.
Engineered 3D hydrogels elucidate the role of ECM protein density in cancer cell migration

In addition to protein topology, ECM stiffness is directly related to changes in protein density. In cancer,

increased protein density is present due to excessive protein deposition by cancer cells and cancer-asso-

ciated fibroblasts. Cancer cells are able to sense changes in ECM protein density and respond in ways that

lead to classically defined tumorigenic events, such as tumor cell invasion and metastasis (Chaudhuri &

et al., 2014; Rice & et al., 2017; Sapudom and Pompe, 2018). For instance, during gastric cancer (GC) pro-

gression, increased ECM deposition, notably type I collagen, correlates with an overall increase in expres-

sion of the mesenchymal phenotype, as the intestinal epithelium exhibits impaired cell-cell adhesion and

enhanced cell-ECM adhesion (Jang & et al., 2018). For decades, biological matrices, such as type I collagen

gels, have been used as in vitro 3D culture platforms for cancer cells to better understand the underlying

mechanisms of cancer progression in response to matrix density (Thakuri et al., 2017). For instance, Jang

et al. utilized a density-varying type I collagen matrix to demonstrate that, in response to greater collagen

density, human gastric adenocarcinoma cells showed an overall increase in a mesenchymal phenotype via

increased cell proliferation, increased integrin-mediated cell-ECM interactions, and reduced intercellular

adhesion to the E-cadherin/b-catenin complex via phosphorylated FAK and ERK signaling (Jang & et al.,

2018; Sulzmaier et al., 2014).

Despite these advances, biological matrices are inherently limited by the inability to decouple their

biochemical and biomechanical properties (Yu & et al., 2005; Hughes et al., 2010). For instance, an increase

in matrix density by changes to the bulk concentration of collagen gels unavoidably alters other matrix

properties, such as protein fiber structure and adhesive ligand density (Figure 2A) (Cruz-Acuña and Garcı́a,

2016). Therefore, although an increased bulk concentration of collagen matrices promoted epithelial GC

cell malignancy via changes in cell-ECM adhesion and intercellular integrity, it is unknown whether this ef-

fect was mediated by differences in biochemical or mechanical matrix properties between different

collagen gel formulations. These limitations motivate the need for engineered biomaterial designs that

allow independent control over physicochemical properties while bearing appropriate features to support

in vitro tumor culture models.

Indeed, several groups have reported seminal work in studying the individual contributions of matrix prop-

erties to cancer progression and metastasis with the use of engineered biomaterials (e.g. synthetic 3D

hydrogels; Figure 2B) with tunable physicochemical properties that overcome many of the limitations of

natural matrices (Beck et al., 2013; Singh & et al., 2015; Singh et al., 2014; Casey & et al., 2017; Cassereau

et al., 2015; Micek et al., 2020). Beck et al. (Beck et al., 2013) developed a composite hydrogel to charac-

terize the contributions of matrix stiffness in mammary tumor cell dissemination independent of biochem-

ical signals. The hydrogel was composed of poly(ethylene glycol) (PEG) networks that facilitated precise

control over the mechanical properties of thematrix (Figure 2B) and could be used in combination withMa-

trigel to resemble the laminin-rich basement membrane. PEG-Matrigel composite hydrogels with a narrow

range of matrix elasticity and adhesive peptide density supported dissemination of malignant mammary
4 iScience 24, 102475, May 21, 2021
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Figure 2. Tunability of physicochemical matrix properties of biological and synthetic matrices

(A) Biological matrices such as type I collagen gels allow changes in matrix stiffness by increasing polymer density.

However, increasing polymer density also changes adhesive ligand density, as well as fiber structure and organization.

(B) Engineered hydrogel matrices, such as PEG-based hydrogels, allow independent control over polymer and adhesive

ligand densities. Created with BioRender.com. Adapted from Experimental Cell Research, Volume 377, Cruz-Acuña, R &

Garcı́a, AJ, Engineered materials to model human intestinal development and cancer using organoids, Pages 109–114

(2019), with permission from Elsevier.
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epithelial cells. However, as Matrigel is limited by lot-to-lot variabilities and contains unspecified tumor

molecules, other groups have focused on engineering fully defined synthetic hydrogels with ECM-

mimicking components such as adhesive peptide sequences or matrix metalloproteinase (MMP)-degrad-

able cross-links that provide bioactivity to the otherwise biologically inert 3D matrix. For instance, peptide-

functionalized PEG hydrogels have served as a 3D platform for investigating aspects of tumor cell migra-

tion in human melanoma patient-derived xenograft tumors in response to changes in polymer density

(Singh & et al., 2015). Moreover, as the typical structure of PEG-based hydrogel systems is characterized

as nanoporous, other studies have focused on designing ECM-inspired 3D hydrogel platforms that reca-

pitulate the microscale porosity (Chiellini & et al., 2016), fibrillar structure (Ashworth & et al., 2020), and

anisotropy (Prince and Kumacheva, 2019) of tumor ECM to better understand the independent role of poly-

mer density in cancer cell migration.

Advances in decellularization methods have also encouraged attention to tissue-derived, decellularized

ECM in vitro scaffolds to model the role of matrix properties in development and disease, including cancer
iScience 24, 102475, May 21, 2021 5
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(Guruswamy Damodaran and Vermette, 2018). These matrices can be obtained from animal or patient-

derived tissues, thus containing native ECM proteins and proteoglycans and maintaining the original

ECM structure, which play a major role in matrix integrity (Fitzpatrick and McDevitt, 2015; Landberg &

et al., 2020). Indeed, biological scaffolds have been useful tools to uncover unique information about

the malignancy-inducing properties of the tumor microenvironment and can potentially be used for the

identification of effective cancer treatments (Landberg & et al., 2020; Yi & et al., 2019; Sensi & et al.,

2020). Yet, the biological complexity of cell-derived ECM has presented challenges to controlling the mod-

ulation of matrix properties without affecting the integrity of the biomolecules. Consequently, novel ap-

proaches to chemically functionalize these natural matrices, such as incorporation of azide moieties via

metabolic glycoengineering (Gutmann et al., 2018; Ruff & et al., 2017), may provide a solution by facilitating

covalent integration of biologically active groups and construction of hybrid hydrogels that allow improved

control over matrix properties (Fitzpatrick and McDevitt, 2015; Petrou & et al., 2020). Chemical modifica-

tions of decellularized ECM scaffolds have increased their attractiveness as an engineered biomaterial

platform for the study of dynamic ECM-directed functions of cancer cells, while preserving their inherent

tissue-specific bioactivity and structural properties.

Altogether, these studies reveal that a specific combination of biophysical and biochemical signals can

induce cancer cell dissemination and migration, thus underscoring the advantages of utilizing engineered

hydrogels as in vitro 3D scaffolds to dissect the independent contribution of matrix properties in cancer cell

migration while recapitulating the native tumor ECM. Furthermore, the continued evolution of 3D hydrogel

designs toward biomaterials that can structurally and mechanically recapitulate the tumor ECM and over-

come the limitations of biological matrices is paramount to future insights into cancer progression in the

context of tumor ECM properties. A recent review by Micek et al. (Micek et al., 2020) provides detailed dis-

cussion of this approach.
Engineered nanoparticles dissect the effect of loss of cell-ECM mechanoreciprocity in

tumorigenesis

Accumulating evidence demonstrates that ECM properties can directly regulate tissue homeostasis (Sa-

wada & et al., 2006; Wang et al., 2019). For instance, cells can sense ECM mechanical forces through

mechanoreceptors and respond by exerting reciprocal cytoskeletal-dependent force by a process termed

‘‘mechanoreciprocity’’ (Butcher et al., 2009; van Helvert et al., 2018). Simply put, mechanoreciprocity occurs

when cells modify their behavior and remodel their microenvironment as a response to forces exerted by

the ECM. This adaptation has been proposed to involve a combination of epigenetic chromatin remodel-

ing events and direct physical links between the ECM and cell nucleus that regulate gene expression (In-

gber, 2006; Maniotis et al., 1997). However, when mechanoreciprocity is lost, these gene regulatory

processes are altered and can promote cancer progression (Paszek & et al., 2005). Thus, the changing force

that cells experience needs to be considered when trying to understand the complex nature of

tumorigenesis.

Recent work has shown that mechanical strain, such as that produced by the tumor microenvironment,

leads to oncogene expression in non-tumorous colon explants through the activation of the mechanores-

ponsive b-catenin oncogenic pathway in normal epithelial cells (Whitehead & et al., 2008). Thus, Fernández-

Sánchez et al. (Fernández-Sánchez & et al., 2015) developed a method that allows the delivery of defined

mechanical pressure in vivo, by implanting amagnet near themouse colon that generates a magnetic force

on nanoparticle-containing liposomes in the mesenchymal tissue. The engineered magnetic liposomes

delivered pressure to the colon that quantitatively mimicked the endogenous early tumor growth stress

activating tumorigenic mechanosensitive pathways, including phosphorylation and nuclear translocation

of b-catenin. Mechanical activation of the tumorigenic b-catenin pathway led to the formation of early

tumorous aberrant crypt foci. This study provides new insights regarding how the loss of mechanoreciproc-

ity contributes to early events in tumorigenesis in normal tissues neighboring a tumor, establishing an un-

stable positive feedback loop between oncogene expression and tumor induction. This study established

an innovative approach to dissect the role of mechanical stimulation to activate oncogenic pathways

without changing other interrelated material properties (e.g. polymer density, topography). This is partic-

ularly important as an increasing number of studies report new correlations between increased expression

of mechanoreceptors/activation of mechanoreceptor-linked oncogenic pathways relevant to the diagnosis

and prognosis of distinct types of cancers (Gan & et al., 2018; Ren et al., 2014; Gong & et al., 2019; Wei &

et al., 2015). Therefore, increasing efforts in the utilization of advanced engineering approaches that
6 iScience 24, 102475, May 21, 2021
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dissect the independent contributions of matrix properties in cancer can provide insights into better under-

standing the underlying mechanisms of cancer and potentially find novel therapeutic targets.
Dynamic hydrogels elucidate the role of ECM remodeling in cancer progression

ECM remodeling is a dynamic process in which cells change the overall abundance, concentration, struc-

ture, and organization of individual ECMprotein components. The dynamic production and degradation of

proteins of the ECM directly impact the three-dimensional spatial topology of the matrix around cells, its

biochemical and biophysical properties, and consequently its effect on cell fate. ECM remodeling is an

essential and tightly regulated physiological process in development and plays an important role in the

maintenance of tissue homeostasis through a myriad of cell-ECM interactions (Bonnans et al., 2014).

ECM remodeling is dysregulated in pathologic conditions such as inflammatory diseases, tissue fibrosis,

and cancer (Winkler et al., 2020).

Proteolytic enzymes play a central role in remodeling the ECM in development, maintenance of tissue ho-

meostasis, and disease by catalyzing the reactions that culminate in alterations in the chemical structure of

ECM protein components (Lei & et al., 2020). MMPs are zinc-dependent endopeptidases and represent

one of themajor classes of enzymes involved in ECM remodeling during tumor progression. Elevated levels

of distinct subtypes of MMPs have been established as prognostic indicators in cancer as MMPs facilitate

cancer cell survival and invasion, metastasis development and angiogenesis, and malignant transformation

(Palumbo & et al., 2020; Vihinen and Kähäri, 2002). In esophageal carcinoma (EC), MMPs function as poten-

tial biomarkers as distinct MMP subtypes, such as MMP-1, -7, -9, and -14, have been associated with EC

diagnosis and/or prognosis (Yamashita et al., 2001; Yamashita et al., 2000; Garalla & et al., 2018; Ohashi

et al., 2000; Lu & et al., 2019).

In PDAC, upregulation of a wide number of MMP subtypes has been associated with poor prognosis; how-

ever, the generalized notion that MMPs drive PDAC progression is still arguable, due to inconsistent in-

sights on underlying mechanisms and the lack of appropriate pre-clinical models (Slapak et al., 2020).

Increased expressions of MMP-2, -7, and -14 have been well established to potentiate tumor growth

and/or metastasis in multiple independent studies (Koikawa & et al., 2018; Lu & et al., 2012; Resovi &

et al., 2018; Krantz & et al., 2011). To investigate cancer cell responses to ECM in vitro, most studies utilized

non-physiologically stiff 2D tissue culture plates that lack 3D cellular interactions or 3D hydrogels with static

or degrading mechanical properties (Kirschner and Anseth, 2013). Unfortunately, these convenient culture

platforms do not capture the dynamic landscape of a stiffening tumor microenvironment (Cruz-Acuña and

Garcı́a, 2019). In this context, Liu and colleagues engineered a dynamic gelatin-hyaluronic acid hybrid hy-

drogel system that allowed enzyme-triggered stiffening and degradation to understand the effects of MMP

activation duringmatrix stiffening in PDAC cell fate in a 3D environment (Liu et al., 2018). This 3D cell-laden,

engineered matrix overcomes limitations of current in vitro models by establishing a physiologically rele-

vant protein composition and cell-directed, dynamic physicochemical properties of the matrix. The bioac-

tive peptide sequences on gelatin permitted cell adhesion and MMP-mediated local matrix cleavage, and

gelatin-conjugated moieties allowed sensitivity to on-demand cross-linking, which led to physiologically

relevant stiffening in the presence of PDAC cells. Importantly, hyaluronic acid (HA), an essential tumor ma-

trix glycoprotein, was modularly and covalently incorporated into the hydrogel. HA has a leading role in

PDAC development (Sato et al., 2016; Heeg & et al., 2016); however, a recent clinical trial failed to show

its promise as a potential therapeutic target (Doherty et al., 2017). Notably, the authors reported that

upon matrix stiffening, cell-directed matrix remodeling was mediated by increased levels of MMP-2 and

-7, consistent with some previous reports (Slapak et al., 2020; Koikawa & et al., 2018; Lu & et al., 2012; Resovi

& et al., 2018). Stiffening of HA-containing hydrogels promoted upregulation of a number of canonical

oncogenes associated with PDAC tumorigenesis and metastasis, such as KRAS, SRC, and NOTCH1, in

encapsulated cancer cells. These findings are significant as they suggest that engineered hydrogels can

potentially be used as pre-clinical in vitro models to study the influence of matrix components on the

expression and activity of MMPs or as tunable platforms to test the efficacy of anti-MMP therapeutics for

cancer treatment.

Moreover, biomaterial designs that allow cell-mediated enzymatic degradation or light-mediated reac-

tions that enabled matrix mechanics to change in the presence of cells are often irreversible mechanisms,

leading to hydrogel erosion over time or the inability to recapitulate the cyclical changes in ECMmechanics

and remodeling. Therefore, to recapitulate the dynamic nature of the ECM, many reversible chemistries
iScience 24, 102475, May 21, 2021 7
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have been incorporated into hydrogels to enable the spatiotemporally controlled addition and removal of

biochemical signals and, ultimately, regulate cell spreading and dynamic biochemical ligand presentation

and matrix mechanics (Rosales and Anseth, 2016). For example, hydrogels can be designed to have revers-

ible dynamic linkages that lead to viscoelastic properties, recapitulating the dynamic properties of the

ECM (Wang and Heilshorn, 2015). As progress has been made in the design of matrices for 3D cell cultures,

reversible hydrogels will surely play a key role as in vitro 3D scaffolds for studies in cancer biology.

ENGINEERING APPROACHES IN CANCER THERAPEUTICS

As reviewed so far, emerging technologies have supplemented basic science observations to provide in-

sights on the role of the ECM in cancer biology. The adaptability of engineered biomaterials has facilitated

translational approaches in cancer therapeutics, such as the use of nanoparticles for drug delivery or

tunable hydrogel designs for drug testing. These new approaches seek to overcome some of the limita-

tions of conventional technologies, such as the off-target toxicity of antineoplastic agents and the inability

of current in vitro pre-clinical models used for drug development to faithfully recapitulate the heterogene-

ity of the tumor ECM.We review these and other emerging engineering approaches in cancer therapeutics

and provide a perspective on how engineering tools present an opportunity for improved treatment of

cancer.

Engineered nanostructures/microstructures for cancer therapy and normalization of tumor

ECM

Systemic delivery of antineoplastic agents has been one of the key methods of cancer treatment, and

numerous technologies have been used to deliver chemotherapy systemically, such as oral capsules, injec-

tions of nanoparticles/microparticles, and engineered cell infusion (Chew and Danti, 2017). However, even

with these new approaches, systemic delivery has many limitations, including off-target cell and organ

toxicity, and low efficacy of the delivered drug due to its short half-life. A major contributor to these limi-

tations is the dense and aberrant tumor ECM, particularly in solid tumors, which makes certain areas of the

tumor difficult to access and treat (Figure 3A) (Abyaneh et al., 2020). Therefore, there is an ongoing search

for novel targeted approaches to fight cancer with insignificant off-target toxicity and prolonged drug cir-

culation, many of which involve targeting the tumor ECM. Indeed, biomaterials have emerged in cancer

therapeutics to address some of these limitations, such as nanostructures/microstructures for drug target-

ing and delivery (Gill & et al., 2018; Pesoa & et al., 2018; Wu & et al., 2018), diagnostic applications (Mani

et al., 2009), and delivery of contrast agents (Kim et al., 2014).

Engineered nanostructures/microstructures have emerged as tunable platforms for therapeutic delivery of

combination therapies for different types of cancer (Gill & et al., 2018; Zou & et al., 2017; Tseng & et al.,

2016; Rhines & et al., 2003). For instance, Gil et al. (Gill & et al., 2018) developed a nanoparticle carrier

for the co-delivery of a ruthenium-based radiosensitizer and a therapeutic radionuclide to attain combina-

tional targeted therapeutic effects in esophageal cancer cells that overexpress the epidermal growth factor

(EGF) receptor. In their study, poly(lactic-co-glycolic acid) (PLGA)-based nanoparticles were loaded with

Ru1 (Ru(phen)2(tpphz)
2+), a member of the ruthenium(II) polypyridyl complexes, and coated with the radio-

nuclide Indium-111 (111-In) to facilitate cellular internalization and direct visualization of nanoparticle accu-

mulation in vivo and supplemented by EGF, a targeting ligand for EGF receptor-expressing cells. The study

demonstrated in an in vivo tumor xenograft model that nanoparticle co-delivery of Ru1 and 111-In resulted

in a synergistic therapeutic effect of increased esophageal cancer cell death through DNA damage

enhancement and significantly decreased off-target effects on cells with normal EGF receptor levels. A ma-

jor advantage of this material is its ‘‘tunable’’ synthesis, such that the loaded drug, targeting peptide, and

radionuclide can be varied to account for the molecular characteristics of a specific cancer. A major limita-

tion of this technology is the low accumulation of nanoparticles in solid tumors after intravenous injection

and high liver and spleen accumulations as a consequence of nanoparticle design characteristics and bio-

physical barriers to nanoparticle transport such as ECM stiffening (Figure 3A) (Wilhelm & et al., 2016). Other

studies have focused on direct targeting and depletion of ECMmolecules to improve the intratumoral de-

livery and efficacy of anticancer drugs in pre-clinical settings, suggesting that combining nanoparticle-

based therapeutics with antifibrotic strategies may help improve targeted cancer therapies (Figure 3B)

(Gourd, 2018; Zhang & et al., 2016; Dong & et al., 2019; Hauge and Rofstad, 2020).

Collagen is themajor structural component of the ECM and its increased deposition is a significant contrib-

utor to cancer; there has been great interest in developing therapeutic strategies that target collagen in the
8 iScience 24, 102475, May 21, 2021
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Figure 3. Tumor ECM represents a physical barrier for nanoparticle-based therapy delivery

(A) Solid tumors possess a dense ECM and increased stiffness that blocks adequate penetration of nanoparticles into the

tumor.

(B) Proteolytic molecules such as MMPs, hyaluronidases, and collagenases degrade the ECM. These can be exploited

pharmacologically as antifibrotic agents to enhance nanoparticle delivery to tumors. Created with BioRender.com.
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tumor ECM (Figure 3B) (Abyaneh et al., 2020; Whatcott et al., 2015; Lampi and Reinhart-King, 2018). These

approaches, which include degradation of stromal collagen (Goodman et al., 2007; Zinger & et al., 2019;

Dolor and Szoka Jr, 2018), inhibition of collagen synthesis (Juárez & et al., 2012; Chauhan & et al., 2013;

Zion & et al., 2009) or cross-linking (Kanapathipillai & et al., 2012; Miller & et al., 2015), and blocking of

collagen-integrin receptor interactions (Schnittert et al., 2018), seek to remodel the microenvironment to

resemble that of healthy tissue (often referred to as ‘‘normalizing the tumor microenvironment’’) and

thus further improve treatment of solid tumors (Abyaneh et al., 2020). For instance, Zinger et al. (Zinger

& et al., 2019) demonstrated that a pretreatment based on a collagenase-loaded nanoparticle system di-

gests the dense PDAC collagen stroma and increases drug penetration into the pancreatic tumor, resulting

in improved PDAC treatment. The authors showed that, upon intravenous injection of collagenase nano-

particles in an in vivo PDAC xenograft model, the nanoparticle carrier (100-nm liposomes) protected the

collagenase from early deactivation in the plasma, modulated the enzyme release profile inside the tumor,

and was more effective than the free enzyme in degrading the tumor ECM. To test the therapeutic efficacy

of collagenase nanoparticle treatment, tumor-bearing mice were administered with the collagenase nano-

particles 24 hr before intravenous administration of a dose of therapeutic paclitaxel nanoparticles. PDAC

tumors, pretreated with the collagenase nanoparticle followed by paclitaxel treatment, were 87% smaller
iScience 24, 102475, May 21, 2021 9
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than tumors pretreated with empty nanoparticles. Interestingly, degradation of the PDAC collagen stroma

did not increase the number of circulating tumor cells or metastases, with minimal harm to healthy organs.

This strategy suggests that direct targeting and depletion of ECMmolecules can improve the intratumoral

delivery and efficacy of anticancer drugs in pre-clinical settings and that combining nanoparticle-based

therapeutics with antifibrotic strategies may improve targeted cancer therapies (Figure 3B). A recent review

by Dolor et al. (Dolor and Szoka Jr, 2018) provides detailed discussion of this approach.

It is worth noting that normalizing the tumor microenvironment by collagen degradation is not without its

caveats. It can result in the release of cytokines and growth factors embedded within the stromal ECM and

the recruitment of inflammatory cells that can lead to disease progression (Abyaneh et al., 2020; Parks et al.,

2004). Therefore, other groups have instead focused on inhibiting ECM protein synthesis by utilizing can-

cer-associated fibroblast-reprogramming agents, referred to as ‘‘mechanotherapeutics’’, to promote the

development of a quiescent stromal phenotype and reduce ECM deposition to near-normal values (Sher-

man & et al., 2014). Mechanotherapeutics can also alleviate solid stresses, thus decompressing tumor

blood vessels, which results in improved levels of tumor perfusion and increased transport of nanomedi-

cines (Martin et al., 2019). This novel approach has gain increased attention for improving cancer nanother-

apy and immunotherapy. A recent review by Martin et al. (Martin et al., 2020) provides detailed discussion

of this approach.

Nanoparticle-based approaches are only one of the many engineering methods continuously researched

to facilitate localized therapy delivery to the cancer site. Another approach is engineered injectable hydro-

gel systems suitable for chemotherapy and radiotherapy (Cirillo et al., 2019) or immunotherapy delivery

(Weiden et al., 2018; Gosselin et al., 2018). A drug-loaded, thermosensitive PLGA-PEG-PLGA gel has

been proposed for the treatment of osteosarcoma (Yang & et al., 2018), whereas injectable macroporous

alginate gels loaded with chemokines, adjuvants, and chemotherapeutic drugs have been proposed as

chemoimmunotherapy cancer vaccines for poorly immunogenic tumors, including triple-negative breast

cancers (Wang & et al., 2020). Implantable biomaterial devices for the local delivery of chemotherapy

have been studied, such as chemotherapy drug-loaded ethylene-vinyl acetate copolymer disks in in vivo

intracranial glioma models (Bota et al., 2007) and paclitaxel-loaded PLGA fibrous meshes that allow sus-

tained, long-term drug release in a glioma in vivo model (Ranganath and Wang, 2008). Overall, these ap-

proaches have limitations, but as the field gains new insights regarding the biological barriers of cancer

therapy administration, the tunability of engineered biomaterials can be utilized to overcome biological

barriers and the limitations of traditional therapeutics.
Engineered hydrogels as in vitro pre-clinical models for anticancer drug screening

High-throughput sequencing techniques have been used to generate large-scale genomics data to predict

cancer behavior and response to therapeutics (Thakuri et al., 2017). These studies are limited by the use of

cancer cell lines, which cannot replicate the intratumoral heterogeneity of patient tumors and acquire cul-

ture-induced genetic drift that reduces their ability to recapitulate the genomic aberrations observed in

tumors (Fatehullah et al., 2016). Additionally, non-physiologically stiff substrates and the lack of 3D cellular

interactions are some of the discrepancies of 2D culture systems to native tumor microenvironments (Tha-

kuri et al., 2017). Thus, additional work is imperative to develop physiologically relevant 3D culture models

that recapitulate with fidelity the human cancer microenvironment in order to elucidate underlying mech-

anisms and translate them into therapies. In this context, engineered hydrogels are an important compo-

nent of 3D organoid culture systems, particularly to introduce microenvironment signals necessary to

model human development and disease (Cruz-Acuña and Garcı́a, 2019; Gjorevski et al., 2014; Cruz-Acuña

& et al., 2017; Cruz-Acuña & et al., 2018; Gjorevski & et al., 2016; Dye & et al., 2016). Indeed, hydrogels intro-

duce a tunable physicochemical matrix signal that has been investigated in tumor progression and metas-

tasis (Beck et al., 2013; Casey, 2017; Fong et al., 2013). Furthermore, patient-derived xenograft (PDX)

models have become an attractive pre-clinical model to study cancer biology and predict responses to

anticancer drugs, as they retain the biological characteristics of the primary tumor and recapitulate pa-

tient’s drug responses in the clinic (Hidalgo & et al., 2014; Gao & et al., 2015). Through the emerging inte-

gration of biomaterials design and organoid biology, scientists are seeking to find novel physiologically

relevant 3D culture models that overcome the limitations of the current model systems.

In a complementary approach, Fong et al. (Fong & et al., 2018) generated an in vitro system for the culture of

human hepatocellular carcinoma (HCC)-PDX organoids derived from 14 different PDX lines from patients using
10 iScience 24, 102475, May 21, 2021
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a macroporous cellulosic sponge system that facilitates drug testing. Whole exome and RNA sequencing vali-

dated the concordance in genomic and transcriptomic profiles and the intratumoral heterogeneity between the

matched in vitro and in vivoHCC-PDXpairs. This group hadpreviously shown that this hydrogel systemprevents

cell death in the organoid inner core due to diffusion limitations, displays in vivo-like mechanical stiffness, has

minimal drug absorption, and is readily scalable, overcoming the limitations of natural protein matrices (e.g.

type I collagen) (Nugraha&et al., 2011). Importantly, the engineeredbiomaterial supportedHCC-PDXorganoid

response to treatment with a multi-kinase inhibitor (Llovet & et al., 2008), suggesting that organoids generated

in the biomaterial can be used for pre-clinical drug screening. Finally, these observations suggest that the phys-

icochemical properties of the matrix establish the engineered hydrogel as a potential platform for high-

throughput, large-scale drug safety testing applications. However, the physical structure of the hydrogel was

supported by non-degradable cross-links, which may have limited the proliferation of the organoids and,

most importantly, fails to recapitulate the dynamics of cell-directed matrix remodeling and the contributions

of other cellular components of the native tumor microenvironment to tumor cell response. Other technologies

that incorporate a vascularized microenvironment, other cell types (mesenchymal stem cells, endothelial cells),

andmicrofluidic connections (Bersini & et al., 2014; Jeon&et al., 2015; Zervantonakis & et al., 2012) have recently

emerged as potential platforms for pre-clinical drug screening models, overcoming some of the limitations of

current static hydrogel systems.

Overall, engineered 3D biomaterial scaffolds have emerged as a highly advantageous alternative to natural

matrices for the in vitro modeling and study of human development and disease in combination with 3D

organoid systems. As we continue to gain insights regarding the complex interrelation of ECM physico-

chemical properties and the contribution of stromal and immune cells to cancer initiation and progression,

we require new 3D biomaterial designs that incorporate these important contributions in order to develop

more suitable in vitro pre-clinical models that can be used for high-throughput drug screening.
OUTLOOK FOR TECHNOLOGICAL APPROACHES TO UNDERSTAND THE ROLE OF

EXTRACELLULAR MATRIX PROPERTIES IN CANCERS AND THERAPEUTICS

The studies we have reviewed are illustrations of recent work that provided novel insights into cancer initi-

ation, progression, and therapeutic effects with the use of advanced biotechnological and engineering ap-

proaches, contributing to the advancement of cancer research. These approaches have facilitated a better

understanding of the individual contributions of ECM properties to cancer biology that is virtually not

attainable through the use of traditional approaches, validating how these approaches can be built

upon basic and translational science observations in cancer. As we utilize these techniques to dissect

ECM properties, we venture into the paradoxically complex interrelation of ECM physicochemical proper-

ties and their contributions to tumorigenesis and cancer progression. New answers are accompanied by

new questions, which inspire the application of current or new technologies for the first time in cancer

research.

This review highlights the increasing interest for in vitro 3D models of tumor microenvironments that reca-

pitulate the physicochemical matrix properties of the tumor ECM in combination with 3D organoid sys-

tems, while overcoming the limitations of costly and labor-intensive in vivo models.

The field has come a long way in the past decade with the application of tunable 3D hydrogel matrices that

allow independent control over matrix properties; however, existing models still fail to faithfully recapitu-

late the contributions of supporting cellular components of the native tumor microenvironment (e.g.

mesenchymal cells, immune cells, fibroblasts) to cancer, limiting the potential of these innovative in vitro

models. Biomaterial designs that can support additional cellular constituents, in addition to cancer cells,

can then serve as platforms to model a more comprehensive interplay of the native tumor microenviron-

ment. In fact, an in vitro study using a 3D biological matrix has demonstrated that co-culture of patient-

derived organoids with native immune cells can model cancer cell-immune cell interactions (Neal &

et al., 2018). However, as natural 3D matrices are unable to uncouple physicochemical matrix properties,

new biomaterial designs that can support multiple cellular systems while maintaining tunability of material

properties are needed tomodel a comprehensive interplay of the native tumor microenvironment. Perhaps

materials that present multiple adhesive ligand types at specific densities and mimic the structural proper-

ties of ECM proteins (e.g. fibrillar structure) can better support such co-culture of different cellular constit-

uents that participate in cancer. In this context, glycoengineered decellularized matrices that present azide

moieties (Gutmann et al., 2018; Ruff & et al., 2017) may provide a solution by facilitating covalent integration
iScience 24, 102475, May 21, 2021 11
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Figure 4. Future considerations of engineered approaches for pre-clinical drug testing applications

Biomaterials used for pre-clinical drug testing are required to have a particular narrow range of physicochemical matrix

properties, while supporting intrinsic cellular processes, and have minimal drug absorption.

The innate tunability and high-throughput potential of (A) engineered hydrogels and (B) microfluidic devices should be

exploited to support additional cellular components of the tumor microenvironment, among cancer cells, to model a

more comprehensive interplay of the native tumor microenvironment during therapy. Created with BioRender.com.
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of biologically active groups and construction of hybrid hydrogels that allow independent control over ma-

trix properties (Fitzpatrick and McDevitt, 2015; Petrou & et al., 2020). Another interesting possibility is the

use of hybrid materials where a synthetic core structure (providing precise control over structural and

biomechanical properties) is blended by tissue-specific ECM (providing biological signaling). Therefore,

as biomaterial scientists acquire more detailed understanding of the intratumor complexity (e.g. pheno-

typic and spatial heterogeneity; nascent protein organization) via high-resolution imaging (e.g. mass cy-

tometry or SHG), they can potentially design in vitro tumor ECMmodels that better recapitulate the native

tumor microenvironment.

The application of engineering approaches into cancer therapeutics has provided new possibilities for their

adaptation as therapy delivery and pre-clinical drug screening platforms. As emphasized here, current
12 iScience 24, 102475, May 21, 2021
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nanoparticle-based approaches for therapy delivery have focused on developing drug carriers that allow

improved targeted delivery. Although improvements in patient safety and morbidity have led to clinical

approval of nanoparticle platforms (O’Brien & et al., 2004; Gradishar & et al., 2005), biological barriers

to drug transport, such as tumor ECM stiffening (Figure 3A), prevent targeted, local accumulation of nano-

therapeutics at cancer sites, limiting these platforms to offer only marginal improvements over current

chemotherapy treatments. In this context, the implementation of innovative designs such as the use of

nontraditional geometries or functionalization with biomimetic membranes and depletion of tumor ECM

molecules (Figure 3B) may help overcome biological barriers by improving vascular dynamics, phagocytic

uptake evasion, and tumor fibrosis, thus offering advantages over conventional nanoparticle formulations.

In parallel, the utilization of engineered biomaterials for in vitro pre-clinical drug screening also faces chal-

lenges. In order to represent suitable models for drug screening, these matrices are required to have a

particular narrow range of matrix elasticity and adhesive peptide density, while supporting cell-directed

remodeling of the matrix. In addition, these materials need to haveminimal drug absorption and be readily

scalable for high-throughput, large-scale drug safety testing applications. Importantly, biomaterial designs

that support additional cellular components of the tumor microenvironment, in addition to cancer cells,

can then serve as platforms to model a more comprehensive interplay of the native tumor microenviron-

ment during therapy (Figure 4A). For instance, integrated engineering platforms, such as organ-on-a-

chip models that allow predictive drug response from bioengineered tissues (Chramiec & et al., 2020),

could be readily extended to model anticancer drug responses of tumor cells in communication with tumor

microenvironments to better predict clinical outcomes (Figure 4B).

Alternatively, 3D bioprinted vascularized tumor models that replicate cancer dissemination via growth fac-

tor-induced migration of tumor and endothelial cells (Meng & et al., 2019) could be exploited as platforms

for pre-clinical drug screening and to test patient-specific strategies for diagnosis and therapeutics. Impor-

tantly, the design of these engineered platforms and tumor tissues can potentially be better informed by

MCI in the context of the spatial distribution of anticancer drugs at subcellular resolutions (Baharlou et al.,

2019; Chang & et al., 2016).

As we gain new insights into the contributions of ECMproperties in tumorigenesis, cancer progression, and

cancer therapeutics, new engineering approaches will continue to be developed and improved to support

advancements in translational medicine and tumor models and the innovative therapeutic options that are

not attainable through the use of traditional techniques.
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