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In the complex tumor microenvironment, chemical and mechanical signals from tumor cells, stromal cells, and the surrounding
extracellular matrix in0uence all aspects of disease progression and response to treatment. Modeling the physical properties of the
tumor microenvironment has been a signi1cant e2ort in the biomaterials 1eld. One challenge has been the di4culty in altering the
mechanical properties of the extracellular matrix without simultaneously impacting other factors that in0uence cell behavior. *e
development of novel materials based on nanotechnology has enabled recent innovations in tumor cell culture models. Here, we
review the various approaches by which the tumor cell microenvironment has been engineered using natural and synthetic gels.
We describe new studies that rely on the unique temporal and spatial control a2orded by nanomaterials to produce culture
platforms that mimic dynamic changes in tumor matrix mechanics. In addition, we look at the frontier of nanomaterial-hydrogel
composites to review new approaches for perturbation of mechanochemical control in the tumor microenvironment.

1. Introduction

Cancer is a complex disease with numerous components
that are proving more relevant to disease progression each
year. A major di4culty when studying any disease is con-
structing a model that is not only easy to work with, but one
that provides reliable results that can be translated to clinical
use. Nanoparticles have proven capable of simulating key
aspects of tumorigenesis and tumor progression, especially
those aspects relating to the cellular environment in which
the tumor exists, termed the “tumor microenvironment.”

2. Microenvironmental Control of
Tumorigenesis: A Role for Matrix Mechanics

Cancer is a disease of the entire tissue and is characterized by
alterations in the cellular phenotypes and composition as
well as changes in the noncellular proteins, glycoproteins,
and proteoglycans that comprise the extracellular matrix
(ECM). Major components of the ECM include 1brillar
collagen, as well as basement membrane proteins such as
type IV collagen, laminin, and 1bronectin. *ese play major

roles as structural proteins as well as functional regulators of
signaling pathways. *e interplay between tumor cells,
stromal cells, and ECM contributes to the formation of
a microenvironment that determines the tumor outcome.

Interactions between cells and ECM are mediated by
a family of dimeric integrin receptors. *ese transmembrane
receptors bind to ECM 1brils on the cell surface and attach
to intracellular actin micro1laments through linker focal
adhesion proteins. Integrin-mediated cell adhesions are
critical in sensing and transmitting myosin-based cytoskeletal
contractile forces and external forces from the matrix envi-
ronment. Mechanical forces activate a wide range of signaling
pathways in physiological cell function and disease.

A landmark study in 1997 demonstrated that integrin-
mediated adhesions with the surrounding ECM drive the
expression of malignant phenotypes [1–3]. *is work relied
on the three-dimensional (3D) culture of mammary epi-
thelial cells embedded in the ECM. While epithelial cells
grow in monolayers on two-dimensional culture dishes, 3D
culture in the ECM induces the growth of spheroid struc-
tures mimicking in vivo acinar organization. Nonmalig-
nant epithelial cells establish hollow spheroids with a central
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hollow lumen, polarize apical and basal surfaces, and
deposit laminin and collagen IV basement membrane
(Figures 1(a), 1(b), and 1(e)). In contrast, tumorigenic cells
form spheroids without a hollow lumen and remain poorly

organized with di2use expression of apical- and basal-
speci1c proteins (Figures 1(a), 1(c), 1(d), 1(f ), and 1(g)).
Weaver et al. showed that treatment with β1-integrin–
inhibiting antibodies was su4cient to induce tumorigenic
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Figure 1: Mechanical cues from the extracellular matrix help drive tumorigenesis. (a) Increasing collagen production and cross-linking
causes a sti2ening of the extracellular matrix (ECM). *is increasing mechanical load on the microenvironment has been shown to alter
phenotypic expression of cells towards malignant phenotypes. (b, e) Nonmalignant mammary epithelial cells will form spherical acini with
apical/basal polarity, a basement membrane, and a hollow lumen. (c, f ) *e organized structure is lost in malignant cells, as is the hollow
lumen. (d, g) Metastatic cells exhibit similar phenotypes to malignant cells with the loss of apical/basal polarity, basement membrane, and
hollow lumen. For images (b–d), mammary spheroids are stained for GM130 (red), DAPI (blue), and actin (green). Images (e, f ) show
mammary spheroids stained for laminin (red) and DAPI (blue).
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cells to grow as morphological normal epithelial spheroids.
*rough continuous culture with/without the β1-integrin–
inhibiting antibodies, it was also clear that the switch between
tumorigenic and nonmalignant phenotype was reversible.
*is study established that integrin-mediated interaction
between cells and ECM impacts the expression of whole
programs of gene expression, producing genome-wide
changes associated with phenotype switching [1].

Similar results have linked expression of alpha(v)beta(3)
integrin (Int-αvβ3) to expression of malignant phenotypes in
MCF7 ER+ breast carcinoma cells [4]. Abu-Tayeh et al. used
basement membrane extract to generate 3D cultures of MCF7
cells and were able to measure malignancy based on acinar
formation, apical-basal polarity, and presence/absence of
a hollow lumen. Examination of para4n-embedded breast
tissues indicated that Int-β3 expression is lost in the early
stages of tumorigenesis, but MCF7 clones engineered to
reexpress Int-β3 were capable of forming acinar-like struc-
tures similar to “normal” mammary tissue when cultured in
basement membrane extract. Treatment with cilengitide, an
agent that blocks Int-αvβ3 and Int-αvβ5 activity, decreased
acinar-like structure formation. Heparan sulfate proteoglycans
(HSPGs), another mechanotransduction-associated surface
protein, have been found to mediate progression of prostate
cancer cells through modulation of production of ECM-
degrading enzymes called matrix metalloproteinases (MMPs)
[5]. Elevated MMP expression correlates to increased
metastatic potential in numerous types of cancer; one hy-
pothesis suggests that tumor cells adjust their MMP ex-
pression to increase the pore size of their ECM, allowing the
cells to migrate easier and thereby facilitating tumor pro-
gression [6–9]. Pancreatic cancer cells (Panc-1) cultured on
collagen hydrogels of increasing sti2ness were shown to
increase MMP activity [5]. Glutaraldehyde and transgluta-
minase were used to cross-link the collagen hydrogels, and
contractility inhibitors (Y-27632, ML-7, and blebbistatin)
were added in order to isolate the e2ect of substrate sti2ness
alone. *ese studies demonstrate that ECM sti2ness causes
increased activity of MMP in some cancer cells and is an-
other mechanism of tumor progression.

*e ECM has also been shown to facilitate the invasion of
tumor cells that have been activated by an oncogene [10].
Mammary epithelial cells (MCF10A) were cultured in col-
lagen I/reconstituted basement membrane 3D cultures and
formed acini with a hollow lumen and apical-basal polarity,
indicative of a “normal” phenotype. Activation of oncogenic
ErbB2 signaling in control cultures caused luminal 1lling and
destabilization of cell-cell junctions, but apical-basal polarity
was retained and cells were noninvasive. However, in the
context of sti2 ECM, activation of the same pathway resulted
in loss of apical-basal polarity and invasion into the gels. *is
study provides direct evidence that physical cues from a cell’s
microenvironment can direct tumorigenesis and may even
exert a dominant e2ect over oncogenic mutations.

*e e2ects of ECM sti2ness have been shown to promote
tumor progress independent of composition or architecture.
Studies where nonmalignant mammary epithelial cells
(MCF10A) were cultured on Matrigel-alginate hydrogels
demonstrated that altering the sti2ness of the ECM alone

was su4cient to increase Akt phosphorylation, a down-
stream e2ector of the PI3K pathway which is often activated
in breast cancer and known to drive proliferation and
migration [11, 12]. Similar studies in collagen hydrogels
demonstrated that increased ECM sti2ness leads to in-
creased cell-matrix adhesions through focal adhesion ki-
nases (FAKs) and induction of malignant phenotypes in
mammary epithelial cells via Rho-ERK pathways [13, 14].

3. Experimental Models of the Matrix
Microenvironment

To address the complex series of issues in modeling the
tumor microenvironment, it is necessary to move beyond
standard 2D cell culture models [15]. Speci1cally in cancer, it
has been shown that cells grown within 3D hydrogel sub-
strates in0uence development of cell aggregates and che-
motherapeutic resistance [16, 17]. Evaluating the role of
matrix sti2ening on tumor progression, malignant trans-
formation, and therapeutic response has been experimen-
tally challenging due to some remaining limitations of in
vitro cell model systems.

One challenge has been the development of matrices that
scale with physiologically relevant sti2ness alterations. Many
studies have been performed in matrices that are initially
much sti2er than normal, healthy tissue. Cells cultured in
these excessively sti2 environments never adopt native
morphologies. To overcome these limitations, matrices that
can be sti2ened over time are needed to mimic the invasive
transformations that occur during early stages of cancer.
Another challenge relates to the time scale of mechanical
alterations in the tissue environment. Even at the early stages
of hyperplasia and atypia, precancerous lesions are sti2er
than surrounding healthy tissue [18], and this sti2ness in-
creases as tumors progress [10, 19, 20]. A causal link between
increased matrix sti2ness and mammary tumorigenesis has
been provided, with experiments composed of mammary
epithelial cells (MCF10A) cultured in high- or low-density
collagen matrices [21]. *e studies indicated that cells cul-
tured in high-density matrices had triple the proliferation
rate and distinctly decreased acini organization compared to
their low-density matrix counterparts. Mouse models
(PyVT/Col1a1tmJae) designed to exhibit both collagen-dense
mammary tissue and mammary tumorigenesis showed
a threefold increase in tumor formation by 8 weeks com-
pared to control groups. *e collagen-dense groups also
showed evidence of tumor invasion in regions with in-
creased frequency of reorganized collagen 1bers, suggesting
that denser tissues had organized ECM components in such
a way that aided tumor cell invasion.

4. Cell Models for Static Control of Matrix
Mechanics

Hydrogels used for breast tumor–derived cell culture have
historically used nonsynthetic platforms such as Matrigel,
collagen, or other puri1ed basement membrane proteins as
they occur naturally within the developing tumor micro-
environment and provide a similar environment to the in
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vivo tumor [22–24]. While culture in these matrices more
accurately reproduces in vivo cell behavior compared with
2D monolayer culture, the protocols are generally more
complex and labor-intensive. Batch-to-batch variations in
the ECM are a concern [24], and the use of Matrigel may not
be appropriate for applications in which precise knowledge
of the matrix composition is required. To address these
limitations, bioinert polymer-based matrices have been
functionalized with cell adhesive ligands to generate culture
substrates that are well de1ned [17, 25, 26].

A common strategy has been to construct poly-
acrylamide (PA) gels, whose elastic modulus can be easily
controlled by varying cross-linker concentration. Cell at-
tachment is facilitated by coating the PA gel surface with
cell adhesive ligands [27]. PA hydrogel surfaces have been
utilized to investigate the role of mechanical substrate
sti2ness on cell morphology, cytoskeletal structure, stem cell
di2erentiation, and tumor progression [28, 29]. MCF10A
murine epithelial cells undergo TWIST-dependent epithelial
to mesenchymal transition (EMT) from a normal mammary
phenotype to an invasive one when cultured on sti2 (6 kPa)
PA substrates [30]. MCF10A cultured on sti2er substrates
produce increased levels of 1bronectin as well [31]. To study
the role of substrate sti2ness in cell response to the che-
motherapeutic drug paclitaxel, a panel of cancer cell types
was cultured on 100 kPa and 1 kPa PA gel substrates [32].
Cervical adenocarcinoma (HeLa) and neuroblastoma (SY5Y)
cells demonstrated sti2ness-dependent paclitaxel resistance,
with IC50 doses shifted signi1cantly higher in the cells cul-
tured on sti2er substrates [32].

While these coated PA gel surfaces provide high-
throughput models to investigate cell behavior, they do
not recapitulate the 3D structures produced by similar cell
types in vivo. Tomore accurately model the mechanics of the
tumor environment, it is necessary to assess the behavior of
cells embedded within a matrix. *e Weaver group en-
capsulated murine epithelial cells within collagen alone or
combined with other basement membrane matrices; sti2-
ness could be altered by modulating initial collagen con-
centration [14]. Cells cultured in softer (4 kPa) substrates
developed similarly to normal mammary tissue; however,
culture in the sti2er (150 kPa) substrate leads to loss of
normal apical-basal polarity and increased growth. *ese
phenotypes relied on focal adhesions as the key force
transducer connecting the cellular cytoskeleton with the
matrix environment [14]. *is malignant transformation
was further described through a series of hydrogels of in-
creasing elastic moduli between 100 and 1000 Pa. As the
sti2ness of their substrate increased, MCF10A cell aggregates
lost apical-basal polarity and grew to increasingly larger
sizes; this mechanism required PI3K and Rac1 mechano-
transduction pathways and was abrogated through an in-
crease in laminin content [11]. *is experimental system was
additionally used to characterize microRNA expression-
driven integrin activation as a driver of sti2ness-dependent
cell phenotype transformation [33] and to assess variation in
in vitro chemotherapeutic resistance in multiple tumor lines
[17, 32]. Chronic myeloid leukemia cells varied in growth
dynamics and drug sensitivity based upon the rigidity of their

microenvironment [17]. *is research highlights the need for
increased attention to microenvironment control parameters
in preclinical testing of chemotherapeutics.

Models utilizing hydrogels with static mechanical
properties have shown great utility in investigation of
carcinogenesis in vitro, but they fail to capture the dynamic
nature of the tumor microenvironment. Tumors increase in
sti2ness and simultaneously reorganize their surrounding
matrix throughout disease progression [10, 34] (Figure 1).
It is therefore necessary to incorporate cell culture plat-
forms with dynamic capabilities to capture shifts in tumor
mechanics.

5. Nanomaterial-Based Dynamic Models
of the Tumor Microenvironment

*e tumor microenvironment exhibits alterations in bulk
modulus, ECM structure and composition, and stromal cell
composition throughout the course of disease progression
by changing the concentration of the structural protein or
polysaccharide [10, 34, 35]. Cells respond to both increasing
cross-linking density and concentration, making it di4cult
to resolve the contribution of each component. Tuning the
matrix sti2ness after gel formation adds another level of
engineering challenge, but it is imperative to study natural
processes that occur in dynamic matrices during disease
progression. Here, we will focus on recent e2orts to integrate
dynamic changes in the mechanics of the tumor microen-
vironment into new model systems for in vitro study.

Synthetic poly(ethylene glycol) (PEG) hydrogels are
utilized heavily in this 1eld due to the tight control of their
properties and relative simplicity in the addition of func-
tionality through a variety of chemistries; popular additions
of matrix metalloproteinase (MMP) sensitive, cell adhesive,
or cross-linking are achieved through “click” chemistry
[36, 37]. Mechanical properties can be modi1ed by incor-
porating photoinitiators, such that irradiation at speci1c
wavelengths induces additional cross-linking of the gel
backbone and thus increases the bulk gel elastic modulus [38].
*is functionality is not limited to PEG-based hydrogels;
a similar scheme of cross-linking methacrylated hyaluronic
acid (HA) has been used to sti2en gels from 3 to 30 kPa and
to investigate mesenchymal stem cell di2erentiation [39].
Similar systems have been developed to reduce the modulus
of hydrogel models. *e Anseth group developed a PEG
hydrogel, incorporating a photocleavable nitrobenzyl ether
moiety within the backbone. Upon exposure to UV light,
backbone cross-links are cleaved, thereby reducing the elastic
modulus of the hydrogel. A similar strategy can incorporate
the photocleavable moiety adjacent to cell adhesive ligands to
achieve tight control over matrix chemical composition [26].

While UV-sensitive cross-linkers can be used to generate
hydrogels with dynamic-sti2ening capability, a caveat is
that the cross-linking agents remain in the gel throughout
the study and alter the backbone of the hydrogel itself.
A remarkably clever alternative avoids the presence of
a photoinitiator or other chemical compounds by modu-
lating the conformation of an azobenzene in a PEG hydrogel
backbone. *e azobenzene moiety converts to a less rigid
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cis isomer with UV light and converts back to trans state
with removal of UV or addition of visible light. As a result,
the hydrogel can be reversibly weakened by up to 1000 Pa
with the addition of UV light [40]. Another method utilizes
liposomes loaded with calcium ions and gold nanorods
(AuNRs) distributed within an alginate-Matrigel inter-
penetrating network (IPN) hydrogel (Figure 2). *e nano-
material gels at with an initial de1ned sti2ness; however,
upon near-infrared irradiation, the AuNRs in the liposomes
undergo surface plasmon resonance, producing heat which
permeabilizes the lipid membrane and triggers release of
calcium ions. *e increase in calcium concentration results
in alginate cross-linking, e2ectively increasing the sti2ness
of the gel from 150 to 1000 Pa (Figure 2(a)). *is process
can also operate in the reverse direction, with a calcium
chelator loaded in place of the CaCl2; upon release, calcium
is chelated from the alginate, reducing the sti2ness of the
gel [41]. *is model has been used to investigate MCF10A
malignant transformation in vitro and found that dynamic
sti2ening of the matrix promoted a phenotypic change
whereby cell aggregates lost polarity and developed invasive
fronts [42] (Figure 2(b)).

6. Nanoparticle-Hydrogel Composites

A major application of nanoparticle-hydrogel composites in
tumor biology has been in the form of injectable materials
for in vivo investigation. While not speci1cally targeting
the mechanical aspect of the tumor microenvironment,
these do act on other factors relevant to therapy and the
history of nanomaterials in the context of tumor biology.
A large number of these further compartmentalize in the
form of therapeutic delivery. Hydrogels composed in part of
nanoparticles have been used for many years as controllable
drug delivery, and many use light-triggered hydrogel

collapse to release drugs [43]. *e most prominent family of
nanoparticles used in conjunction with hydrogels are gold-
and silica-based nanoparticles. Gold nanoparticles (AuNPs)
fall into three major families: nanospheres, nanoshells, and
nanorods; by altering the shape and content of the nano-
particle, the surface plasmon resonance (SPR) wavelength
can be altered [44]. Upon irradiation of these nanoparticles
at their SPR wavelength, the nanoparticle absorbance cross
section increases resulting in the alteration of many prop-
erties, with an increase in local heating most utilized for
biologic systems [45].

Applications of these composite hydrogels rely on the
increase in local heating to alter the properties of the hydrogel
for drug delivery applications. For example, one group
synthesized a poly(N-isopropylacrylamide)- (pNIPAAm-)
based hydrogel with lower critical solution temperature
(LCST) above physiologic temperature, and thus, the gel
swells when in the body. Gold nanoshells are incorporated
within the hydrogel, along with doxorubicin (DOX), such
that near-infrared (NIR) irradiation heats up the gel past the
LCST, collapsing it and releasing the DOX [46].*is strategy
has been used with other styles of gold nanoparticles to
the same end [47]. Recently, more complex hydrogel com-
posites are becoming common. A hydrogel with a DNA
backbone permitted tethering of DNA-functionalized AuNP
via complementary base pair binding; upon irradiation at
the AuNP SPR, the DNA cross-link melts releasing the
AuNP and any encapsulated drug [48]. Additional com-
posite hydrogels have been similarly created to be sensitive
to pH, which is particularly important within the tumor
microenvironment [49].

One particularly interesting take on composite hydrogel
models of drug delivery created a hydrogel with DNA-
functionalized AuNP as a cross-linker. In addition to the
therapeutic, the gel is loaded with liposomes with another

NIR light

E = 150 Pa E = 1000 Pa

(a)

Initial cell seeding Cell aggregate
development

No irradiation
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Figure 2: Epithelial cell transformation in dynamic culture system. (a) Alginate-Matrigel IPN loaded with liposomes containing calcium
and AuNR. Calcium is released from the liposomes via AuNR SPR upon NIR irradiation, sti2ening the bulk elastic modulus (E) from 150 to
1000 Pa. (b) Mammary epithelial cells encapsulated within the soft gel for polarized cell aggregates (acini) over culture. However, sti2ening
of this gel disrupts acinar formation, leading to invasive clusters.
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DNAmoiety and calcein.*e gel is injected with free calcein
and gels initially; however, as free calcein di2uses out,
bursting the liposomes due to osmotic gradient, the released
DNA preferentially binds to the nanoparticle breaking the
cross-link releasing the drug [50]. While the majority of
these composite hydrogels for this purpose deliver tradi-
tional chemotherapeutics, such as DOX, there have been
pushes to incorporate a more novel therapeutic, such as
siRNA [51]. Additionally, while typically NIR or other light
is typically used to release therapeutic, other methods are
available, such as external magnetic 1eld application [52].

While a large portion of composite hydrogel development
in cancer biology is focused on drug delivery, there are some
systems which aim at modeling the mechanic environment or
detection of tumor cells. For example, Ayyub and Ko1nas
synthesized a composite poly(ethylene glycol) (PEG) hydrogel
containing enzymatically degradable cross-links and silica
nanoparticles within. As the cross-links are cleaved, moieties
on the gel backbone are exposed which adsorb to the surface
of the nanoparticle, dynamically sti2ening the gel from 70 to
850 Pa [53]. Another group utilized a composite AuNP, silica,
and graphene oxide surface as an electrochemical sensor to
detect tumor cells through H2O2 release [54].

7. Conclusion

Landmark studies from recent years have demonstrated
that the tumor microenvironment’s role in cancer is too
big to ignore. With growing interest in the development of
more accurate biomimetic in vitro models of tumors, novel
nanomaterials can overcome current limitations in reca-
pitulating the dynamic tumor microenvironment. *ese
tunable, responsive materials may provide new options for
matching both the composition and the mechanical prop-
erties of the matrix microenvironment in a patient-speci1c
manner. Furthermore, they o2er the capacity to control the
temporal evolution of the tumor microenvironment to re-
0ect the time course of dynamic changes associated with
disease progression or response to treatment. Nanomaterials
are helping to recapitulate key aspects of the disease model
and, with continued research, could continue to assist in the
construction of in vitro models that consistently produce
results that can be translated to the clinic.
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