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Abstract Tissue engineering aims to gain mechanistic insights into human dis-
eases and to develop new treatment protocols. Although 2-dimensional (2-D) flat
petri dish culture and in vivo disease-based models are the industrial gold standards
for understanding the underlying disease pathophysiology and for drug
screening/testing, they are associated with certain limitations. While the 2-D cell
culture systems fail to mimic in vivo signaling, animal-based disease models are
associated with long incubation period, high cost, ethical constraints as well as
depiction of human pathology in different species. Therefore, there has been a
paradigm shift towards the development of 3-dimensional (3-D) based in vitro
disease models. These models act as bridging gaps between the aforementioned
conventional strategies thereby fastening clinical translation. In this regard,
biomedical engineering plays a key role towards the development of tissue engi-
neering based 3-D disease models. These models have demonstrated success in
recapitulating human diseases in terms of in vivo morphology and signaling. This
chapter will present examples of biomaterials-based 3-D engineered disease models
with a focus on cancer.
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ABC ATP-binding cassette
bFGF Basic fibroblast growth factor
CAFs Cancer-associated fibroblasts
CAM-DR Cell-adhesion mediated drug resistance
CCL2 Chemokine CC-motive ligand 2
CNS Central nervous system
CSCs Cancer stem cells
CSFs Colony stimulating factors
CSF1 Colony stimulating factor 1
DCIS Ductal carcinoma in situ
DEAE Diethylaminoethyl
E-cad Epithelial-cadherin
ECM Extracellular matrix
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EMT Epithelial to mesenchymal transition
EPC Endothelial progenitor cell
FAP Fibroblast activation protein
Fe3O4 Iron oxide
GA Glutaraldehyde
GAG Glycosaminoglycan
G-CSF Granulocyte colony stimulating factor
GEMs Global eukaryotic microcarriers
GM-CSF Granulocyte macrophage colony stimulating factor
HA Hyaluronic acid
HCC Hepatocellular carcinoma cells
HGF Hepatocyte growth factor
HIF-1 Hypoxia-inducible transcription factor 1
HMF Human mammary fibroblasts
HPV 16 Human papilloma virus 16
HTS High throughput screening
IGF1 Insulin-like growth factor 1
IL-6 Interleukin-6
IL-8 Interleukin-8
MFs Myofibroblasts
MMPs Matrix metalloproteases
MP Microparticles
N-cad Neural-cadherin
NO Nitric oxide
NSCLS Non-small cell lung cancer
PCL Poly(e-caprolactone)
PDGF Platelet-derived growth factor
PDT Photodyanmic therapy
PEG Polyethylene glycol
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PHEMA Polyhydroxyethylmethacrylate
PLA Polylactide
PLG Poly(lactide-co-glycolide)
PLGA Polylactic-co-glycolide
PLLA-b-PEG-folate Polyl-lactic acid-b-polyethylene glycol-folate
PVA Polyvinyl alcohol
RCCS Rotary cell culture system/bioreactor
RGD Arginine-glycine-aspartic acid
RTK Receptor tyrosine kinase
SCLC Small cell lung cancer
SDF1 Stromal-cell derived factor 1
sECM Synthetic ECM
SV-40 Simian virus 40
TAMs Tumor associated macrophages
TCPS Tissue culture polystyrene
TE Tissue engineering
TGFb Transforming growth factor b
TNF-a Tumor necrosis factor a
VEGF Vascular endothelial growth factor
VPF Vascular permeability factor
ZnPcSmix Zinc sulfophthalocyanine

1 Introduction

Cancer is a disease of grave importance and is the second most leading cause of
deaths in United States. In the next few years, it is expected to bypass heart diseases
as the lead cause of deaths (Siegel et al. 2015). High incidents of death rates
associated with cancer have resulted in extensive research that aim towards the
development of high-end treatment protocols. However, the research so far has not
contributed to a promising decline in mortality rates associated with cancer. As a
result, high incidence of death rates combined with slow progress in treatment
protocols has generated demands to revise our research strategies, particularly in the
area of tumor biology as well as drug screening in order to develop a strong
co-relation between benchside to bedside.

Cancer treatment is usually performed either by surgery, radiotherapy or
chemotherapy or a combination of these strategies. However, systemic side effects
of chemotherapy and radiotherapy drastically affect the healthy tissues. Further, a
tumor is a complex tissue in which cancer cells utilize the supporting information
from the underlying stromal cells in order to develop into a malignant phenotype.
Therefore, there is a strong need to characterize tumor heterogeneity as well as
cross-talk between malignant cells and underlying support cells in order to generate
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cancer cell specific chemotherapeutics and devise more effective treatment proto-
cols. As a result of exploring better treatment protocols, tremendous research is
going on at the interface of cancer cell-tumor microenvironment. In this, extra-
cellular matrix (ECM) in the tumor microenvironment plays a pivotal role in
supplying a dense network of structural as well instructional entities thereby reg-
ulating the function and fate of cancer cells.

During cancer development and progression, ECM undergoes continuous
remodeling in terms of its composition and organization. Therefore, in order to
generate critical and deep understanding of tumor biology and metastasis, it is
indeed important to understand the influence of individual micro-environmental
parameters on the aforementioned process. Although challenging, this further
suggests that understanding tumor microenvironment may allow development of
new paradigms in therapeutics. Gold standard techniques utilized till date are
associated with two-dimensional (2-D) culture methods or in vivo tumor models.
Although well established and thoroughly utilized, these techniques are associated
with certain disadvantages thereby promoting the development of improved in vitro
tumor models that along with simple in vitro culturing practice, recapitulates in vivo
like characteristics. Although there are a number of techniques used for the
development of three-dimensional (3-D) in vitro tumor models, tissue engineering
has showed promising results as a new player in the field of in vitro tumor models
(Hutmacher 2010; Hutmacher et al. 2010).

This chapter would begin with a brief overview of tumor microenvironment and
its associated cells which would be followed by the significance and limitations of
tumor models reported in the literature used for drug testing or studying tumor
biology. Eventually, recent developments in the area of 3-D tumor models, with an
emphasis on biomaterial-based ECM platforms developed using tissue engineering
(TE) would be discussed.

2 Recapitulating the in Vivo Tumor Microenvironment

Stephen Paget proposed the “seed and soil” hypothesis that introduced the land-
mark role of tumor microenvironment in promoting tumor metastasis (Paget 1989).
Certain organs are more susceptible to metastasis compared to others, which was
hypothesised to be related to the fact that the ‘soil’ or local tumor microenvironment
of the susceptible tissues promote conditions that allow tumor cells (seed) to grow
in these organs than in others. It is the crosstalk between the ‘soil’ and the ‘seed’
that supports a subpopulation of cancer cells against chemotherapy, thereby con-
tributing to drug resistance and hence treatment failure.

The tumor counterpart is defined by the genetically abnormal cells while the
connective tissue framework of the tumor tissue is defined by the epithelial par-
enchyma of carcinoma, the surrounding and interwoven stroma (Mueller and
Fusenig 2004). Tumor microenvironment or the framework in vivo comprises of
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the ECM, which is the tumor matrix as well as the cellular components like the
vasculature and supporting stromal cells; the microenvironment greatly influences
tumor growth and invasive properties (Bissell and Radisky 2001) (Fig. 1). The
non-neoplastic microenvironment (accessory cells) of a tumor consists of
cancer-associated fibroblasts (CAFs), immune cells and endothelial cells (Mueller
and Fusenig 2004) (Fig. 1). As mentioned previously, tumor microenvironment
also comprises of the ECM and the secreted ECM molecules that may act in
paracrine or autocrine fashion in order to support tumor growth and development. It
is this interaction between the cancer cell and the surrounding ECM that governs
the tumor phenotype. This has been exemplified by a study in mice, wherein
authors demonstrated the role of human tumor derived stromal fibroblasts in the
development of human breast tumor xenografts (Kuperwasser et al. 2004). Stromal
cells by themselves are not malignant in nature. However, they are induced by the
surrounding cancer cells to create a microenvironment that drives tumor progres-
sion (Li et al. 2007). Further, since the tumor stroma is genetically intact as
compared to the tumor cells that undergo a series of mutations, they could be
potential targets in cancer therapeutics.

Fig. 1 Schematic demonstrating the in vivo tumor microenvironment. Tumor is embedded within
a dense extracellular matrix and comprises of cancer cells as well as the non-neoplastic component
(cancer associated fibroblasts (CAFs), immune cells and endothelial cells). Tumors in vivo are
hypoxic in nature and the dense ECM can act as a diffusion barrier for anti-cancer drugs
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2.1 Tumor-Stromal Cell Interaction

The role of tumor-stromal cell (mesenchyme) interaction in embryogenesis and
cancer metastasis has been well established. Tumor cells secrete certain
stroma-modulating growth factors (for example, basic fibroblast growth factor
(bFGF), few members of vascular endothelial growth factor (VEGF) family,
platelet-derived growth factor (PDGF), epidermal growth factor receptor (EGFR)
ligands, various interleukins, colony-stimulating factors (CSFs) and transforming
growth factor-b (TGFb)) (Mueller and Fusenig 2004) that function in a paracrine
fashion inducing angiogenesis (Bergers and Benjamin 2003) and inflammation
(Coussens and Werb 2002) as a part of the stromal response. During this, other
stromal cell types, for example, fibroblasts, smooth muscle cells (De Wever and
Mareel 2003) as well as adipocytes (Manabe et al. 2003) are activated, which further
induce the secretion of growth factors and proteolytic enzymes. Additionally, tumor
cells also produce various proteolytic enzymes (Stetler-Stevenson and Yu 2001) that
play an important role in ECM and basement membrane remodeling during metas-
tasis. While the ECM degrades, it generates certain pro-migratory molecules/signals
along with pro- and anti-angiogenic molecules. It is the matrix metalloproteases
(MMPs) in the remodelled ECMwhich activate both the cell-surface and ECMbound
growth factors and contribute to the cross-talk between the microenvironment and
tumor cells. Further, the proteolytic enzymes secreted by tumor cells are mediated by
the stromal environment. The next section will briefly discuss about the stromal cells
within the tumor microenvironment.

2.1.1 Cancer Associated Fibroblasts

Fibroblasts are the most abundant type of cells in connective tissue and contribute to
their structural framework via ECM secretion. During wound healing and fibrosis,
quiescent fibroblasts are activated to myofibroblasts (MFs) (Gabbiani et al. 1971),
which are characterized by the contractile stress fibers, expression of a-smooth
muscle actin (a-SMA) and splice variants of fibronectin.

Tumor stroma, is also characterized by the presence of activated fibroblasts ter-
med as peritumor fibroblasts, reactive stromal fibroblasts, CAFs or tumor associated
fibroblasts (Mueller and Fusenig 2004; Kalluri and Zeisberg 2006) that are large
spindle shaped mesenchymal cells and are present as a part of activated stroma of
various cancers like breast (Chauhan et al. 2003), prostrate (Olumi et al. 1999) and
skin (Skobe and Fusenig 1998) and have been demonstrated to affect tumor growth
and progression. It has been shown previously that CAFs stimulate tumor progres-
sion in simian virus 40 (SV-40)—transformed normal prostate epithelial cells while
normal fibroblasts did not induce any tumor formation (Olumi et al. 1999). Similarly,
Skobe and Fusenig demonstrated the induction of tumorigenic behaviour in
non-tumorigenic immortalized human keratinocytes (HaCaT) via activated stromal
cells (Skobe and Fusenig 1998). Apart from tumor initiation, CAFs also play a role
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in tumor progression. A previous study reported that co-injection of CAFs along with
non-invasive cancer cells facilitate cancer cell invasion (Dimanche-Boitrel et al.
1994). In another study, it was shown that Ras-transformed MCF-7 cells generated
tumors of bigger volume (indicative of tumor growth) when co-injected subcuta-
neously in immunodeficient nude mice with CAFs as compared to the ones injected
with normal fibroblasts (Orimo et al. 2005). They also demonstrated greater angio-
genesis in the former group and showed that the CAF-derived stromal-cell derived
factor 1 (SDF1) is responsible for endothelial progenitor cell (EPC) recruitment,
thereby playing a crucial role in tumor angiogenesis (Orimo et al. 2005).

CAFs share properties with smooth-muscle cells and fibroblasts, and stromal
fibroblasts of solid tumors have been shown to express markers like a-SMA,
vimentin, desmin and fibroblast activation protein (FAP) (Lazard et al. 1993).
Further, CAFs are thought to originate from sources like fibroblasts, smooth muscle
cells, pericytes or mesenchymal stem cells (MSCs) (Cirri and Chiarugi 2011; Lee
et al. 2015). In this regard, tumor cells secrete growth factors like TGFb, PDGF and
bFGF that are responsible for activation of stromal cells (Elenbaas and A.Weinberg
2001). Once generated, they in turn activate tumor cells by secretion of
pro-migratory molecules like tenasin (De Wever et al. 2004), upregulation of
MMPs (Sato et al. 2004) and serine proteases, growth factors and cytokines (like
insulin growth factor 1 (IGF1) which promotes tumor survival (Li et al. 2003) and
hepatocyte growth factor (HGF) supports tumor cell migration and survival (De
Wever et al. 2004; Lewis et al. 2004)). CAFs also promote a tumor progression
environment as a result of VEGF expression that may stimulate angiogenesis
(Orimo et al. 2001).

Given the essential contribution of CAFs in the stroma towards tumor pro-
gression, they may serve as crucial therapeutic targets and the therapeutics may be
administered in combination with the conventional modes of cancer therapy. As an
example, a cell-surface serine protease, FAP can be potentially used to target CAFs
(Rettig 1993) since it is expressed by activated fibroblasts in the tumor stroma
(Brennen et al. 2012; Julia et al. 2013). In this regard, a phase I dose escalation
study was performed in patients with FAP positive cancer, wherein the patients
were treated with sibrotuzumab, an antibody against FAP and was seen to be
rapidly taken up by tumor tissue compared to normal cells. Although interesting,
CAF targeting is still in its initial stages and needs further investigation.

2.1.2 Immune Cells

Tumors are usually infiltrated with immune cells like macrophages and
T-lymphocytes that are responsible for cancer cell death. However, unlike the
generation of a productive immune response against pathogens, immune cells like
tumor associated macrophages (TAMs) within the tumor are impaired and
incompetent (Kerkar and Restifo 2012). Over expression of inflammatory cytokines
by tumor cells leads to recruitment of haematopoietic lymphocytes, macrophages as
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well as neutrophils into the tumor environment (Coussens and Werb 2002; Pollard
2004). As an example, chemokine CC-motive ligand 2 (CCL2) is expressed by a
variety of tumors namely, ovarian, cervical, bladder and breast tumors and is
associated with poor prognosis in breast, cervical and bladder cancer (Pollard
2004). Further, colony stimulating factor 1 (CSF1) is one of the key growth factors
responsible for growth and differentiation of mononuclear phagocytes (macro-
phages). It has also been shown to be widely expressed in tumors of ovary, breast,
uterus as well as prostate and is also associated with poor prognosis (Smith et al.
1995; Kacinski 1997, 1995). Contribution of inflammatory cells in tumor pro-
gression was established by Lin et al. who performed experiments using CSF1-null
mice and showed that the absence of CSF1 did not affect the incidence or the
growth of primary tumors; however, its absence delayed the development of
invasive carcinoma (Lin et al. 2001). In contrast, transient expression of CSF1 was
associated with late staged carcinoma and enhanced infiltration of macrophages at
the site of primary tumor indicating the role of CSF1 in promoting metastasis by
macrophage infiltration at the tumor site.

Interestingly, haematopoietic growth factors like granulocyte colony stimulating
factor (G-CSF) and granulocyte macrophage colony stimulating factor (GM-CSF)
have been shown to contribute to tumor progression, especially in skin carcinoma,
meningiomas and gliomas via the recruitment of inflammatory cells (Mueller and
Fusenig 1999; Braun et al. 2004; Mueller et al. 1999). These growth factors also
recruit EPCs for the induction of angiogenesis in the tumor (Obermueller et al.
2004). Macrophages also promote vascularization of the injected tumor cells via
MMP-9 as well as VEGF (Amit-Cohen et al. 2013; Carmeliet and Jain 2000). In
fact, a study by Coussens et al. demonstrated the role of tumor infiltrating mast cells
in upregulation of angiogenesis (Coussens et al. 1999). In a transgenic mouse
model of epithelial carcinogenesis (in which early region genes of human papilloma
virus 16 (HPV16) were expressed in basal keratinocytes), mast cell infiltration led
to the activation of MMP-9 and angiogenesis. Further, in mast cell deficient HPV16
transgenic mouse, premalignant angiogenesis was alleviated. MMP-9 null mice, on
the other hand, demonstrated a decreased incidence of invasive tumor, however
were indicative of greater keratinocyte differentiation. They were also high grade
tumors and were more aggressive (Coussens et al. 2000). Additionally, the
inflammatory cells express various angiogenic factors like VEGF, angiopoietin 1,
bFGF, TGFb, PDGF, tumor necrosis factor a (TNF-a) which induce and maintain
tumor angiogenesis (Carmeliet and Jain 2000). It is through the release of the
aforementioned factors that the stroma contributes to tumor progression.

2.1.3 Endothelial Cells

In order for a solid tumor to grow beyond 1–2 mm in diameter or to metastasize to
distant locations, angiogenesis is a crucial phenomenon and takes care of the
nutrient and oxygen requirements of the tumor. It was hypothesised in 1968 that
tumors produce a ‘diffusible angiogenic substance’ (Ehrmann and Knoth 1968).

308 N. Arya and A. Forget



Further, it was proposed by Folkman in 1971 that tumor growth and metastasis was
dependent on angiogenesis, thereby indicating the role of blocking angiogenesis in
arresting tumor growth (Folkman 1971). Gullino further showed that a
pre-cancerous tissue acquires property of angiogenesis while becoming cancerous,
and this could be used as a therapy against cancer (Gullino 1978). ‘Angiogenic
switch’ is a widely accepted model, wherein if the proangiogenic molecules are
balanced by the anti-angiogenic molecules, it is turned off; however the switch is
turned on when proangiogenic molecules favour angiogenesis (Hanahan and
Weinberg 2000; Bouck et al. 1996). This is triggered by signals such as metabolic
stress, immune stress, mechanical stress as well as genetic reasons.

Further, the leaky vasculature of solid tumor has been shown to promote tumor
metastasis; high interstitial fluid pressure may facilitate efflux of cancer cells (Jain
2005). Leaky and haemorrhagic vasculature is contributed by the over expression of
VEGF (also known as vascular permeability factor (VPF)). The phenomena of
angiogenesis is regulated by endothelial cells; these cells residing in the tumor have
an abnormal shape, ruffled margins, long cytoplasmic projections, high motility and
possess leaky vasculature. In the early embryo, vasculogenesis takes place by
recruitment of endothelial precursor cells from the bone marrow and their transport in
the blood stream followed by incorporation into the growing blood vessel walls; this
process has been adapted in adults and even tumors in some cases (Rafii et al. 2002).

Clinical trials for anti-angiogenic therapy are currently ongoing (Al-Husein et al.
2012) and are majorly based on interference with angiogenic ligands, upregulation
of endogenous inhibitors or direct targeting of the tumor vasculature. However,
they are associated with certain drawbacks; (a) pre-clinical studies were performed
in subcutaneous tumors (b) tumor regression was considered as an end point for the
treatment (c) few pre-clinical studies have focussed only on rapidly proliferating
tumors. Additionally, as the tumors grow, they work through a wide variety of
angiogenic molecules like VEGF, bFGF or interleukin-8 (IL-8). Therefore,
blocking VEGF only would not be sufficient for anti-angiogenic therapy.

2.2 Tumor Hypoxia and Necrosis

Hypoxia was hypothesized by Thomlinson and Gray on the basis of necrotic
regions (regions approximately 180 lm away from blood vessels) relative to blood
vessels in human lung tumors (Thomlinson and Gray 1955). These are regions of
low oxygen concentration as a result of disorganized and aberrant tumor vascula-
ture with poor blood flow thereby resulting in decreased oxygen diffusion within
the tissue. Hypoxia is toxic to both normal and cancerous cells, however cancerous
cells adapt themselves to the hypoxic environment at the genetic level thereby
allowing them to survive and proliferate in such an environment; this usually
contributes to a malignant and aggressive tumor (Harris 2002).
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Initial studies on hypoxia were done as tumor response to radiotherapy; radio-
therapy works on the principle of free radicals generated from oxygen which lead to
tumor cell destruction. However, since the cells in hypoxic regions were found to be
radiation resistant, they continued to survive (Harris 2002). In another study, direct
role of hypoxia was demonstrated by quantifying tumor oxygen supply with the
help of oxygen electrodes (Höckel and Vaupel 2001; Höckel et al. 1999). The
authors demonstrated that low oxygen tension in tumors is linked with increased
metastasis in soft tissue sarcomas (Brizel et al. 1996).

In response to hypoxia, cells shift from aerobic to anaerobic metabolism and also
induce the synthesis of new blood vessels. Cells respond to low oxygen levels
through hypoxia-inducible transcription factor 1 (HIF-1), which further activates
hypoxia-responsive genes like VEGF. Further, HIF-1a (which is a part of hetero-
dimer HIF-1, the other part being HIF-1b) is associated with poor prognosis as well
as therapeutic resistance to various types of cancers like head and neck, ovarian and
oesophageal. Additionally, over-expression of HIF-1a has been reported in colon,
breast, gastric, lung, skin, ovarian, pancreatic, prostate, and renal carcinomas (Zhong
et al. 1999). Hypoxia inducible genes regulate various cell fate processes like pro-
liferation, angiogenesis, metabolism, apoptosis, immortalization and migration;
cancer cells have certain regulated mechanisms to take advantage of responses like
angiogenesis and evade some of them like apoptosis. One of the most prominent
regulation by HIF-1a is endothelial cell proliferation and blood vessel formation.
Transcription of VEGF and its receptor (VEGF receptor 1- VEGFR/FLT-1), which
are expressed by tumor and normal cells in response to hypoxia, is regulated by
HIF-1.

Hypoxia targeted therapies include reduction of tissue hypoxia, administration of
hypoxia activated pro-drugs and block HIF-1a itself or HIF-1a-interacting proteins.

2.3 Drug Resistance

As an anti-cancer drug encounters a solid tumor, its distribution is gradient oriented.
Drug penetration in any tissue is governed by the phenomena of diffusion and
convection. However, since the tumors usually lack a functional lymphatic system
(Leu et al. 2000), there is high interstitial fluid pressure within the tumors (Jain
1996; Milosevic et al. 1998; Heldin et al. 2004), as a result of which convection is
reduced leading to inhibition of drug/macromolecule distribution with the tumor.
Tumor vasculature also influences the response to chemotherapy. On one hand, the
anticancer drugs gain access to tumors via the blood supply, on the other hand, the
leaky, disorganized, convoluted vasculature compromises delivery of anti-cancer
drugs at the exact location.

The tumor ECM plays an important role in cancer cell survival by preventing
drug penetration within the tumor (Tannock et al. 2002). Additionally, it also affects
the sensitivity of cancer cells towards apoptosis (Croix and Kerbel 1997; Dalton
1999), primarily as a result of cancer cell interaction with each other within the
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tumor (termed as cell-adhesion mediated drug resistance (CAM-DR) (Dalton
1999)) as well as with other components of tumor ECM. Further, the growth factors
within the tumor ECM could also contribute to drug resistance. As an example,
bone marrow stromal cells release interleukin-6 (IL-6) that not only influences
myeloma cell survival and proliferation, but also contributes to anti-cancer drug
resistance by preventing apoptosis (Jahangir et al. 2013; Chauhan et al. 1997;
Lichtenstein et al. 1996). IL-6 prompts activation of pathways like JAK/STAT
(Sansone and Bromberg 2012; Catlett-Falcone et al. 1999), MAPK (Ogata et al.
1997) and PI3-K/AKT (Wegiel et al. 2008; Hideshima et al. 2001; West et al.
2002), all of which regulate cell survival as well as apoptosis. Additionally, growth
factors like IGF-1, epidermal growth factor (EGF) and bFGF play an important role
in drug resistance through the activation of specific pathways (Denduluria et al.
2015; Guo et al. 1998; Miyake et al. 1998; Schmidt and Lichtner 2002).

ECM components also interact with cancer cell integrins and modulate
anti-cancer drug resistance (Sethi et al. 1999; Hoyt et al. 1996; Kraus et al. 2002;
Maubant et al. 2002). As an example, in small cell lung cancer (SCLC), ECM
components like collagen IV, fibronectin and tenascin were found to be upregulated
and were responsible for SCLC resistance against anti-cancer drugs (Sethi et al.
1999). This was mediated via integrin-ECM interaction as shown by blocking
experiments using integrin b1 antibody/tyrosine kinase inhibitors that abrogated
drug resistance. Apart from tumor-ECM interaction, ECM architecture also plays an
important role in drug resistance. As an example, in breast cancer, basement
membrane promoted polarised structures (as a result of basement membrane
laminin and a6b4 interaction) that allowed protection against anti-cancer drugs
(Weaver et al. 2002).

Further, tumor cells with stem-cell like properties have been described in a
variety of solid tumors as well as haematopoietic malignancies and have been
shown to confer drug resistance. These tumor cells are termed cancer stem cells
(CSCs) and have been shown to represent a small sub-population of the tumor and
have the capability of regenerating the entire tumor. CSCs have the ability to
self-renew, differentiate or remain as a quiescent population. Drug resistance in
CSCs is primarily due to over expression of specific ATP-binding cassette
(ABC) transporters (like ABCB1, ABCG2, ABCC1 that represent three multidrug
resistant genes (Gottesman et al. 2001; Dean et al. 2005; Dean 2009)), quiescent
nature and their capacity for DNA repair. Another possibly contributing model is
‘acquired resistance’ wherein the CSCs expressing drug transporters survive,
undergo mutation thereby leading to descendent cells with a drug-resistant property
(Dean et al. 2005). Further, an ‘intrinsic resistance’ model suggests the presence of
an inherently resistant phenotype of stem cells resulting in minimal effect following
therapy. In this regard, clinical studies are currently being performed wherein
combination chemotherapy of a drug transporter inhibitor (ABC transporter inhi-
bitor) along with conventional anti-cancer agents are used. However, the afore-
mentioned strategy with ABC transport inhibitors might be not useful since these
inhibitors would also cause destruction of normal stem cells in vivo, thereby
indicating the need to dwell more into CSCs-based therapies.
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3 Gold Standard Techniques in Drug Testing

Conventional techniques used for drug testing and screening purposes include
2-D in vitro culture of cancer cells as well as small in vivo animal models
(Cekanova 2014). However, they are associated with certain disadvantages (dis-
cussed in the following section) that have prompted the development of other
reliable models. In this regard, 3-D models have been explored as potential bridging
gaps between 2-D and in vivo models. 3-D models have demonstrated significant
advantages compared to the aforementioned models and hence determine the state
of the art of tumor models. The following section discusses about the advantages
and disadvantages of 2-D and in vivo models and their comparison with intervening
3-D tumor models, Fig. 2 and Table 1.

3.1 Two-Dimensional Culture of Cancer Cells

Pharmaceutical industry and most laboratories perform routine 2-D culture of
cancer cells for studying tumor biology and for drug screening assays. In these
models, cancer cells are grown on a flat 2-D substratum as a monolayer allowing for
easy culture as well as maintenance of cancer cells. 2-D flat culture of cancer cells
has indeed added valuable information to the field of cancer biology. However, they
fail to recapitulate the in vivo tumor microenvironment as they lack the cell-cell and
cell-matrix interactions as well as signalling pathways involved in cell growth,
metabolism and differentiation similar to in vivo (Smalley et al. 2006; Griffith and
Swartz 2006; Yamada and Cukierman 2007). Further, 2-D monolayer culture lacks
stroma, which forms an important part of breast cancer modelling as it accounts for
a significant percentage of resting breast volume (Jo 1996). Absence of structural

Fig. 2 Schematic demonstrating the models used for studying tumor biology and drug
testing/screening application (Left to Right Two-dimensional (2-D) monolayer culture,
Three-dimensional (3-D) tumor models and in vivo models)
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architecture in monolayer cultures also disables the property of transport limitation
as observed in vivo, which is an important parameter for understanding drug
resistance. Therefore, modeling of the 3-D environment through in vitro strategies
is a potential alternative to overcome the disadvantages of 2-D monolayer culture.

As an example, human breast cancer cells, T4-2, derived from HMT-3522
(phenotypically normal cells), demonstrated differences in gene expression when
cultured as 2-D monolayer as compared to 3-D basement model (Wang et al. 1998).
When these cells were cultured as a 3-D basement model, they demonstrated
concomitant down-regulation of b1-integrin as well as EGFR signalling, reversion
of malignant behaviour of T4-2 cells to normal breast tissue morphogenesis and
their subsequent growth arrest. This modulation was not observed in cells grown as
2-D monolayer culture. In another study, spheroids of breast cancer cell line
(MCF-7) and its multidrug resistant variant (MDR-MCF-7) demonstrated decreased
proliferation compared to their 2-D monolayer counterparts (Faute et al. 2002).
Spheroid culture of MCF-7 further demonstrated reduced anti-cancer drug sensi-
tivity in comparison to the 2-D culture, while the spheroid culture of MDR-MCF-7
demonstrated enhanced invasive properties compared to 2-D culture. In another
interesting study, a non-small cell lung cancer (NSCLC) cell line, NCI-H460, when
grown as 3-D cellular aggregates demonstrated enhanced expression of genes
associated with metastasis, invasion and drug responsiveness as compared to cells
grown on 2-D surfaces (Arya et al. 2012).

2-D culture are not only limited with respect to cell-cell and cell matrix inter-
action, but also with respect to other tumor properties like hypoxia. Hypoxic core is
an important property of a solid tumor, wherein there is reduction in normal level of

Table 1 Advantages and disadvantages of tumor models

Type of
model

Advantages Disadvantages

2-D culture of
cancer cells

• Simple, convenient
• Cost effective
• Allows easy monitoring of any
change

• Allows co-culture and
downstream assays

• Lacks the right microenvironmental
cues

• Allows partial interaction of cells
• Artificial cell polarization

3-D tumor
models

• Simple, convenient
• In vivo like cellular
organization

• In vivo like cell-ECM
interaction

• Allows co-culture and
downstream assays

• Might require specialised equipments
• Sometime difficult integration into
high throughput screening process

In vivo
models

• Representative of natural
microenvironmental
conditions

• Genetically amendable models

• Increased time for experimentation
• Expensive, ethical constraints,
• Limited quantitation
• No single animal model is true
representative of multiple diseases
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oxygen tension within a tissue (Harris 2002). This property is present in a 3-D
culture (Imamura et al. 2015), however, it cannot be mimicked by a 2-D monolayer
culture wherein all the cells receive equal supply of oxygen as well as nutrients.

Therefore, the aforementioned limitations of a 2-D monolayer culture prompted
the switch towards 3-D culture of tumor cells.

3.2 Animal Models

Modeling of human tumors in animal models has been widely used to study tumor
biology as well as for drug screening purposes. Animal models are a better match to
the human tumor microenvironment compared to 2-D monolayer culture since it
has been reported that mouse models are predictive of chemotherapeutic drugs,
when tested with clinically relevant doses (Kerbel 2003). Development of xenograft
models of human tumors is most often performed by subcutaneous injection of
cancer cells in immunodeficient or immunocompromised mice for a requisite
incubation period for rapid assessment of tumor tissue (Richmond and Su 2008).
However, due to the lack of immune system, these xenografts do not generate a
response coherent to human tumors. Apart from such models, orthotopic mice
models are also used, wherein cancer cells are implanted in respective tissues of
interest in order to recapitulate the effect of microenvironment on tumor growth
(Richmond and Su 2008). Additionally, metastatic and genetically engineered
mouse models have also been developed and may contribute to drug
testing/screening studies (Frese and Tuveson 2007). However, less than 8% of the
results from animal models are successfully translated into clinical trials (Mak et al.
2014). Further, animal models are associated with disadvantages like high costs,
increased incubation periods and ethical constraints which subsequently limit their
potential. Therefore, the above mentioned limitations suggest the development of
more refined 3-D models that have simple culturing practices and are able to
recapitulate the body’s response as well as potentially allow for temporal obser-
vation of the tumor development.

4 Intervention of Three-Dimensional Models

Due to the shortcomings associated with the gold standard 2-D monolayer culture
and animal models, 3-D models have been developed as potential alternatives.
These improved in vitro tumor models demonstrate simple culturing practices and
also mimic in vivo cell-cell and cell-ECM interactions (Smalley et al. 2006).
Spheroids (self-assembled aggregates/clusters of cells) generated using these
models demonstrate a 3-D tissue architecture, cell arrangement as well as ECM
deposition reminiscent of solid tumors in vivo. 3-D spheroids reflect some of the
important properties of a solid tumor like tight junctions between epithelial cells
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and metabolic (namely nutrients, oxygen and waste), proliferative as well as other
macromolecular gradients (e.g. drugs) from exterior to the tumor core (Minchinton
and Tannock 2006; Sutherland 1988). These steep gradients also result in formation
of a necrotic core within the tumor center. These models are therefore advantageous
since they provide an improved format to study kinetics of anti-cancer drug pen-
etration within the spheroids (Minchinton and Tannock 2006). Additionally,
spheroids hold the advantage to be cultured using two or more cell types along with
CSCs (in ratios commensurating to in vivo) in order to understand the intercellular
signalling and drug resistance as in vivo.

In the following sections, various types of 3-D in vitro models along with their
advantages and limitations are discussed (Fig. 3 and Table 2).

Fig. 3 Techniques for cancer cell aggregate/spheroid formation. Clockwise Hanging drop, liquid
overlay, spinner flask, rotary cell culture system, microcarrier beads, magnetic levitation,
microfluidic-based, 3-D bioprinting
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Table 2 Advantages and disadvantages of 3D tumor models

Method type Advantages Disadvantages

Hanging
drop

• Simple
• Inexpensive when using standard 96
well plates

• Easy spheroid harvesting
• Uniform spheroid size

• Time consuming and labor
intensive

• Expensive with specialized plates
• Medium exchange is difficult due
to small volumes

Liquid
overlay

• Simple and inexpensive
• Allows for rapid and easy screening

• Spheroid heterogeneity in terms
of size and number

• Tedious medium exchange

Spinner flask
spheroid
culture

• Simple
• Multicellular spheroid production on
a large scale

• Long term culture

• Requires specialized equipment
• Shear forces may alter cell
physiology

• Requires bulk quantities of cell
culture medium

• Inconsistent spheroid size
• No individual compartment for
each sample

Rotary cell
culture
system

• Exerts minimal shear forces
• Long term culture
• Produces more differentiated
epithelial like architecture

• Mass production of spheroids

• Requires specialized equipment
• May involve manual selection of
uniform sized spheroids

• No individual compartment for
each sample

Microcarrier
beads

• Allows for culture of cells that are
difficult to grow or sensitive cells or
attachment dependent cells

• Allows for culturing of high
proportion of cells in small volumes

• It is possible to generate
pseudo-spheroids with large
number of microcarrier beads

Magnetic
levitation

• Non-invasive technique to pull cells
together

• Magnetic particles might affect
cell viability and functionality

Microfluidic
3-D tumor
model

• Reduced reagent consumption and
cost

• Allows spatio-temporal control in
micron sized channels

• Flexibility of device design
• Perfusion culture

• Complicated setup and device
manufacturing

• Smaller volumes might
necessitate frequent medium
change

• Material compatibility with drug
screening studies

• Issue with long term culture
• Issue with spheroid retrieval
• Lack of isolated unit for each
sample

3-D
bioprinting
of cancer
cells

• Provides spatial and temporal control
over cell seeding

• Well organized constructs

• Reduced cell viability
• Affect native
phenotype/functional behavior of
cancer cells

Scaffold-
based

• Provides an external support
(extracellular matrix mimic) for cell
attachment and cell fate processes

• Easy to set up
• Long term culture
• Compatible with multiwell plates

• Sample (Cell) retrieval might be
difficult

• Issues related to scaffold
biocompatibility and
biodegradability
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4.1 Different Types of 3D Models

4.1.1 Hanging Drop Method

This is one of the easiest techniques to culture tumor cells in a 3-D format.
Spontaneous aggregation into spheroids is a well characterized and established
methodology due to its ability to generate reproducible spheroids and their simi-
larity to near native tissue (Tung et al. 2011; Kunz-Schughart et al. 2004). This
methodology of spheroid aggregation has been exploited by the technique of
hanging drop. In this method, a small droplet of cell suspension (single cell or
multiple cell can be used) is pipetted into wells (Fig. 3) of a multiwell plate that
holds the droplet in place following its inversion by virtue of the surface tension.
Density and type of cell suspension could be varied on the basis of desired spheroid
size or type. Following pipetting and as a function of time, the cells within the
droplet accumulate at its tip, self-aggregate at the liquid-air interface and eventually
proliferate. During this technique, moisture/humidity within the plate is maintained
in order to prevent drying of the droplet containing the cell suspension.

This technique has the advantage of being simple, inexpensive and repro-
ducible in terms of generating a single spheroid per droplet and results in tightly
packed spheroids of cells. As an example, Kelm reported patho-physiologically
relevant 3-D spheroids of HepG2 and MCF7 cell lines that were described as
tissue-like since they produced their own ECM (Kelm et al. 2003). In a study by
Amann et al., lung cancer cells were co-cultured with lung fibroblasts in order to
understand tumor-stroma interaction and development of a more in vivo like 3-D
tumor model (Amann et al. 2014). Co-culture of lung cancer cells (A549) with
lung fibroblasts led to enhanced vimentin and cytokeratin levels with a con-
comitant drop in Epithelial-cadherin (E-cad) levels compared to A549 only
spheroids suggesting an epithelial to mesenchymal transition (EMT) in
co-cultured spheroids. In another study, effect of loss of a gene function on
spheroid formation and its maintenance was studied using a colorectal 3-D tumor
model generated by hanging drop method (Horman et al. 2013). In this study,
Horman et al. silenced specific integrin receptor and receptor tyrosine kinase
(RTK) genes in order to study inhibition of spheroid formation (Horman et al.
2013) and demonstrated a new screening platform for potential therapeutic
intervention. This technique has been widely used for the generation of cancer
cell spheroids for application in drug screening (Tung et al. 2011).

Hanging drop technique has also been commercialized by companies like 3-D
Biomatrix and InSphero. 3-D Biomatrix has developed 96 as well as 384 well plate
format that support 3-D culture of cells on a larger scale since such platform allows
for production of large number of spheroids in a single plate. The plate system
developed by 3-D Biomatrix comprises of a hanging drop plate, a bottom tray and a
lid. The hanging drop plate consists of access holes that act as regions for cell
suspension to form a hanging drop and a plateau structure on the plate bottom helps
in stabilization of the hanging drop. This plate then sits on the bottom tray that has a
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reservoir around its periphery, usually filled with PBS in order to provide a
humidified chamber and the entire system is covered with a lid. Hanging drop plates
from 3-D Biomatrix has been utilized by a number of researchers (Tung et al. 2011;
Hsiao et al. 2012; Wagner et al. 2013; Guzman et al. 2014; Lamichhane et al.
2016) and demonstrates potential to overcome the disadvantage of medium change
and allows for easy spheroid development (96–384 spheroids at a time), handling
and maintenance. However, the problem of medium volumes persists. Further, the
hanging drop plate designed by Insphero (http://www.insphero.com/) is similar to
the hanging drop plate by 3D Biomatrix in terms of cell seeding as well as medium
exchange through the top port of the well plate. It consists of a ‘Trap plate’ that
allows for easy harvesting of the spheroids. Further, the proprietary non-adhesive
coating permits culturing over weeks while the micro tissue remains in suspension.
This has also been used widely for development of 3-D tumor models (Anastasov
et al. 2015; Falkenberg et al. 2016).

The technique of hanging drop utilizes the property of self-aggregation of cancer
cells to each other and not any other external substrate, it makes sure that there is no
effect of any external factors or their degradation products on the 3-D spheroids.
However, hanging drop technique is associated with the difficulty of medium
aspiration without causing any disturbance to the 3-D spheroid. Further, since
hanging drop is based on manual pipetting, it is time consuming and labor inten-
sive. Therefore, hanging drop method has been clubbed with bio-printing tech-
nology (Sect. 4.1.7) in recent studies which is reported to be simple, robust, rapid as
well as generate spheroids of uniform size (Xu et al. 2011a).

4.1.2 Liquid Overlay Technique

In liquid overlay technique, the spheroids are formed due to stronger adhesive
forces between cells compared to forces between cell and the underlying matrix.
The spheroids are formed on a non-adhesive or attachment limiting substrate like
agarose or non-adhesive petri dish and are usually present in a suspension (Yuhas
et al. 1977), thereby promoting cell-cell attachment as compared to cell-substrate
attachment. Liquid overlay technique involves two steps: the cells are grown over
agar coated tissue culture plates, wherein the cells migrate towards each other
resulting in cell-cell aggregation and spheroid formation. In the second stage, the
cellular aggregates grow in size. Although there are other hydrophobic materials
like poly (2-hydroxyethyl methacrylate) available for generation of non-adherent
coating (Tong et al. 1992), agar remains the material of choice due to its low cost.

In a study by Mayer et al., a multicellular gastric cancer spheroid model was
developed in vitro by liquid overlay method and was compared with xenografts in
immunocompromised mice (Mayer et al. 2001). They demonstrated that out of 17
gastric cancer cell lines, 12 were able to recapitulate properties of parental gastric
carcinoma when cultured as 3-D spheroids. In another interesting study, human
prostate tumor cells were cultured as 3-D spheroids using liquid overlay technique
and were compared to cells grown on 2-D substrates and as solid tumors in vivo
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(Takagi et al. 2007). It was shown that the global gene expression profile under
in vivo conditions was similar to 3-D tumor models, thereby demonstrating that the
3-D spheroids generated in vitro can be used as an alternative to xenografts as
avascular in vitro models.

Although this technique is simple and inexpensive to set up in the laboratories, it
is associated with disadvantages like heterogeneity in size and cell number. This
could potentially be overcome by the generation of single spheroid within agar
coated 96 well plate. The concave surface of agar would promote generation of
single spheroid per well, of similar size and composition.

4.1.3 Spinner Flask Spheroid Culture

Spinner flask culture is one of the two agitation technique used for growing cells in
suspension culture (Kim 2005; Lin and Chang 2008). The other technique is rotary
cell culture system/bioreactor (RCCS) and is described in the next section
(Sect. 4.1.4). Briefly, in agitation based cultures, cell suspension is placed in
moving phase within a container (which is either gently stirred in case of spinner
flask culture or rotated as in case of RCCS). Mobility prevents cell attachment to
the wall of the container, and favours cell attachment to each other resulting in
formation of 3-D spheroids.

Spinner flask bioreactors were developed by Sutherland et al. (1970) and were
widely used for the generation of multicellular spheroids on a large scale. Also
referred to as spinners, these bioreactors contain an impeller that maintains the cells
in suspension or stirring mode. Dynamic motion may provide an advantage of
nutrient as well as waste transport to and from the spheroids respectively. While the
liquid overlay technique is suitable for cultivation and monitoring of single spher-
oids, spinner flask bioreactor is suitable for large scale culture of spheroids.
Although spinner flask technique has been used for the generation of spheroids on a
large scale, shear forces generated in this technique may alter the cell physiology
(Lin and Chang 2008). Further, it also requires cell culture medium in bulk volumes
and often results in inconsistent size of spheroids. This might require additional
manual selection of similarly sized spheroids. In order to overcome the disadvantage
of inconsistency in spheroid size, some researchers follow a two-step procedure,
wherein the spheroids are initially formed on agarose coated plates (using liquid over
technique) followed by their transfer to spinner flasks (Hirschhaeuser et al. 2009).

Hirschhaeuser et al. generated spheroids of FaDu (head and neck squamous cell
carcinoma) by first culturing them on plates coated with 1.5% agarose followed by
their transfer to spinner flasks when they reached diameter of around 700–800 µm
(Hirschhaeuser et al. 2009). These spheroids were then co-cultured with peripheral
blood mononuclear cells and the co-cultured spheroids were eventually evaluated
for a therapeutic antibody for potential application in immune-cell mediated
anti-cancer effects. In another study, Kim and Forbes utilized spheroids in under-
standing the effects of HIF-1a on the survival and intracellular metabolism of 3-D
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spheroids (Kim and Forbes 2007). These spheroids were generated using single cell
suspension of ras-transformed mouse embryonic fibroblasts (derived from mouse
embryonic stem cells) in culture flasks coated with polyhydroxyethyl methacrylate
(PHEMA), following which the spheroids were then transferred onto spinner flasks.
As a next step, spheroids of two different dimensions were harvested and it was
observed that larger spheroids comprised of a quiescent population demonstrating
lower rates of energy metabolism and biosynthesis and high anaerobic to aerobic
ratio (suggesting the effect of oxygen gradient on cellular metabolism) as compared
to smaller spheroids. However, the ratio remained unchanged in wild-type and
HIF-1a-null spheroids prompting that response to oxygen gradients is independent
of this factor, suggesting its minimal role in metabolic microenvironment of 3-D
spheroids. In another study, the effect of zinc sulfophthalocyanine (ZnPcSmix)
photosensitization on multicellular spheroids of varying sizes was studied (Manoto
et al. 2015). These spheroids were cultured by growing A549 cells on agarose
coated flasks followed by the transfer of cell aggregates to spinner flasks. Spheroids
(500 and 250 lm) as well as monolayer culture were then exposed to photodynamic
therapy (PDT) and it was demonstrated that the larger spheroids were less sus-
ceptible to PDT compared to smaller spheroids as well as monolayer culture,
suggesting the importance of 3-D spheroids in PDT studies in vitro.

Further development of this technique as well as commercially available systems
such as the Wheaton spinner flasks and the ones from Corning are expected to
contribute to a broader dissemination of such technique for the large scale pro-
duction of spheroids.

4.1.4 Rotary Cell Culture System

RCCS is similar to spinner flask bioreactor, except that the cell suspension is
maintained via rotation of the suspension container itself. RCCS was introduced by
NASA in 1992 wherein, it mimics microgravity and maintains cells in a suspension
with the help of minimal hydrodynamic forces thereby exerting minimal shear force
on the suspended cells (Goodwin et al. 1993). It comprises of a culture flask/vessel
that rotates on its horizontal axis; constant rotation causes end to end mixing thereby
preventing the cells from adhering to the chamber walls. Since the culture vessel is
completely filled with culture medium, low fluid turbulence as well as low shear
forces is a feature maintained in the culture chamber (Kim 2005). Additionally,
hydrodynamic forces are also minimized since optimal aeration is provided through
a semi-permeable membrane which eliminates air bubbles (Kim 2005). Low fluid
turbulence provided in RCCS is an advantage, since agitation due to excessive
stirring has been reported to cause cell damage (Goodwin et al. 1993). Further, low
agitation rates provided by RCCS enhance aggregate formation by cellular bridging
(Cherry and Papoutsakis 1988). Initially, rotational speed is maintained in a way that
the culture medium as well as the cells demonstrate a synchronous rotation in lieu of
low shear forces (Unsworth and Lelkes 1988). Once the aggregates are formed and
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increase in size, rotational speed is enhanced to take care of the sedimentation rates
of cells in the previous step (Unsworth and Lelkes 1988).

It has been demonstrated that RCCS allows generation of tissue constructs that
are similar in their composition and other physical properties to the in vivo con-
structs (Unsworth and Lelkes 1988). Smith et al. performed thorough characteri-
zation of tumor spheroids of brain generated using RCCS. 3-D tumor model based
on central nervous system (CNS) cancer cell lines was compared with cells grown
on 2-D surfaces and it was observed that brain tumor aggregates generated by
RCCS demonstrated morphology similar to brain tumors in vivo and depicted a
proliferating rim, central necrotic region and oxygen gradient. Further, gene
expression and metabolic profiles of RCCS aggregates demonstrated an interme-
diate phenotype between 2-D culture and in vivo tumors (Smith et al. 2012).
Another interesting study by Laguinge et al. used a 3-D tumor model based on
human colorectal carcinoma cells developed using RCCS and demonstrated the
process of anoikis in these aggregates by virtue of fluid shear stress (Laguinge et al.
2004). They demonstrated that low fluid shear stress environment and 3-D growth
of cancer cells increased levels of nitric oxide (NO) synthase compared to cells on
2-D surface, resulting in loss of microtubules thereby leading to anoikis. Results of
this study indicate that increased intracellular NO (by using RCCS) could be a
potential therapy to prevent metastasis.

Although the cells experience low shear stress in RCCS along with the possi-
bility of long term culture, it requires specialized equipment and may involve
manual selection of homogenous spheroids unless preceded by liquid overlay
culture of spheroid formation using single cancer cell.

4.1.5 Microcarrier Beads

Microcarriers are spherical beads, of diameter around 500 µm and their enormous
surface demonstrate potential to culture high density of cells in smaller volumes.
Cell culture based on microcarrier beads is a convenient method for 3-D culture of
cells and majorly supports aggregate formation of attachment dependent cells as
well as cell lines that do not aggregate spontaneously (Kim 2005). These beads
provide a platform for culturing sensitive cells or those that are difficult to grow, for
example, endothelial cells (Davies 1981). Microcarrier beads could also be used for
co-culture studies (Johns et al. 1995) and also find application in understanding
cell-cell as well as cell-substrate interaction. In fact, these beads are often added to
spinner flasks or RCCS in order to promote cell attachment on the bead thereby
enabling spheroid formation.

Microcarrier beads can be either solid or porous in nature. Porous beads have an
advantage of manipulating cellular response to gradients (both chemical and
molecular) in 3-D similar to in vivo conditions (Barrila et al. 2010). Microbeads are
adhesive spheres to which the cancer cells adhere. Adhesion is followed by cell
growth and microbeads eventually degrade leading to the formation of a cellular
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aggregate. Non-degradable beads can also be used, in which case the beads remain
within the spheroid core. Currently available beads differ in their coating, for
example, dextran cores coated with diethylaminoethyl (DEAE), trimethyl-2-
hydroxyaminopropyl groups (Kim 2005). Microcarrier beads can also be coated
with cell adhesion promoting materials like gelatin, collagen or laminin. One such
commercially available microcarrier beads are from GE Healthcare that comprise of
a thin layer of gelatin chemically coupled to cross-linked dextran matrix. It allows for
easy microscopic examination of attached cells due to its transparent nature. Apart
from this, Solohill Engineering and Global Cell solution provide animal-free coated
microcarrier beads and a magnetic microcarrier with an alginate core coated with a
thin gelatin layer (Global Eukaryotic Microcarriers—GEMs) respectively. The latter
acts as a unique porous matrix that upregulates cell polarity and provides metabolic
functions similar to in vivo. Presence of magnetic core allows greater control over
sample while medium exchange or harvesting. Additional coatings such as basement
membrane and laminin on GEMs have also been synthesised in order to allow for
attachment of primary as well as stem cells. GEM is an optically clear and non-auto
fluorescent platform that allows for easy visualization of cells and have also
demonstrated application in absorbance and luminescence assays with cells still
attached to them.

As mentioned previously in this section, microcarrier beads are usually com-
bined with other techniques like spinner flask bioreactor or RCCS. To support this,
Skardal et al. developed a microcarrier bead coated with a synthetic ECM (sECM)
comprising of hyaluronan and gelatin hydrogel cross-linked through disulphide
linkages and were applied for culturing human intestinal epithelial cells (Skardal
et al. 2010). The sECM coating was designed in a way that it could be dissolved
under mild conditions in order to release the cellular aggregates for further matu-
ration in RCCS. The aggregates demonstrated >94% viability following recovery
and were then successfully transferred to RCCS. Other studies demonstrated cul-
turing of prostate and lung cancer cells (Rhee et al. 2001; Maurer et al. 1999).
Microcarrier beads have also been applied for expansion of primary cells like
chondrocytes (Malda et al. 2003) and mesenchymal stem cells (Yang et al. 2007).

Microcarrier beads are advantageous since they allow spheroid formation of
attachment dependent cancer cells in high density. However, they require special
coating on their surface for cell attachment. Further, the mechanical property of the
microcarrier beads needs to be characterized since they might have an influence on
fate of cancer cells.

4.1.6 Magnetic Levitation

Recently, magnetic techniques have been adopted for 3-D cell culture (Xu et al.
2011b; Gurkan et al. 2012; Tasoglu et al. 2014; Guven et al. 2015). In magnetic
levitation, cells are labelled with magnetic materials (either paramagnetic or dia-
magnetic) and incubated in cell culture medium. The cells are then levitated on a
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liquid-air interface using a magnetic force subsequently resulting in the formation
of a 3-D cluster (Fig. 3).

This technique has been used for the generation of 3-D tumor spheroids that are
reminiscent of tumors in vivo. As an example, Lee et al. demonstrated the appli-
cation of iron oxide (Fe3O4)-encapsulated poly(lactic-co-glycolide) (PLGA)
microparticles or poly(l-lactic acid)-b-poly(ethylene glycol)-folate [PLLA-b-
PEG-folate] nanoparticles as substrates for magnetic levitation of human epider-
moid tumor KB cells (Lee et al. 2011). In another study, the authors reported
magnetic levitation of human glioblastoma cells in the presence of a hydrogel
comprising of gold, magnetic iron oxide nanoparticles and filamentous bacterio-
phage (Souza et al. 2010). They demonstrated that the 3-D tumor model based on
human glioblastoma cells exhibited gene expression profiles similar to the ones
shown by human tumor xenografts. More specifically, Neural-cadherin (N-cad)
showed a scattered expression in the cytoplasm and nucleus when grown on 2-D
substrates; however, in 3-D levitated cells, N-cad expression was seen in the
membrane, cytoplasm and cell junctions and was similar to the protein expression
pattern in tumor xenografts. This system may find application in development of
other complex tissues as well.

Apart from monoculture of cells using magnetic levitation method, it has also
been used for co-culturing of breast cancer cells with fibroblasts in order to develop
an improved in vitro tumor model, thereby allowing for homotypic and heterotypic
cell-cell interaction (Jaganathan et al. 2014). The aforementioned model demon-
strated histological similarity to in vivo tumors and also demonstrated enhanced
fibronectin expression compared to 2-D co-culture. They were also able to control
the density of the spheroid by controlling the initial seeding density of the cells
used. Further, doxorubicin demonstrated a significant decline in viability in 2-D
co-culture compared to 3-D tumor model thereby indicating that the 3-D structure
developed using magnetic levitation method was indeed able to mimic physical
barriers like stromal cell composition as well as cell density similar to in vivo
tumors. Although magnetic levitation has been applied in the field of 3-D tumor
models, it has also been utilized in adipose tissue engineering (Daquinag et al.
2013) as well as in the design of model for angiogenesis (Lin et al. 2008).

The aforementioned reports demonstrate the advantages of using magnetic
levitation method. However, this technique utilizes magnetic nanoparticles that
could potentially affect cell viability. Further, the use of magnetic nanoparticles has
been approved by the FDA in applications like imaging agents. However, their use
as 3-D spheroid models, in drug testing as well as tissue engineering requires
further toxicological analysis (Laconte et al. 2005).

4.1.7 Microfluidic 3-D Tumor Models

3-D systems as potential tumor models described previously have overcome the
limitations of traditional 2-D systems as well as in vivo models leading to new
insights. However, the conventional 3-D tumor models do not capture sufficient
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spatial organization, cell-cell interactions, lack vasculature and do not allow med-
ium exchange in a continuous manner (van Duinen et al. 2015). Further, the sample
volumes required in traditional 3-D tumor models make them inappropriate as
models for high throughput screening applications. Therefore, scientists have
introduced a potential alternative to the conventional 3-D systems, which function
as improved in vitro models with reduced volumes and costs for high throughput
screening applications with spatio-temporal control in micrometer-sized channels.
Spatial control over cells in systems based on microfluidics provides an advantage
of culturing multiple cell types that could potentially recapitulate cell and tissue
organization in a more faithful manner. Further, microfluidics allow for precise
control over gradients due to spatial control over fluids. Systems based on micro-
fluidics have demonstrated application in cancer biology as well as drug
screening/testing studies (Bischel et al. 2015; Bersini et al. 2014; Pavesi et al. 2016;
Zervantonakis et al. 2012; Bruce et al. 2015; Chen et al. 2015).

As an example, Bischel et al. developed a microscale model of ductal carcinoma
in situ (DCIS) that recapitulated crucial features of DCIS in order to understand why
some types of DCIS become invasive (Bischel et al. 2015). In the first step, viscous
finger patterning was used to line the lumen structures with ECM-based hydrogel
(comprising of collagen I and Matrigel as the outer and inner layer respectively);
following this, a DCIS model was generated by lining the lumens with a
non-cancerous human mammary epithelial cell line, MCF10a followed by
MCF10aDCIS cells. It was demonstrated that the 3-Dmodel completely recapitulated
the comedo-type DCIS in humans. In the next step, co-culture of human mammary
fibroblasts (HMF) with DCIS lumen models induced invasion of DCIS, which was
characterized by the sprouting of invasive lesions from the lumen filled with DCIS
cells, loss of E-cad, and increased collagen I modification around the invasive lesion.
The aforementioned results demonstrate the potential of viscous finger patterning
method in the development of physiologically relevant tumor models.

In another interesting study, 3-D tumor-endothelial intravasation microfluidic-
based assay was designed and it was observed that interaction with macrophages
impaired the endothelial barrier and resulted in enhanced intravasation of breast
cancer cells (Zervantonakis et al. 2012). Intravasation was also enhanced in the
presence of soluble biochemical factors like TNF-a. Therefore, modelling of
interactions between the invading cells and the endothelium in a microfluidic based
3-D environment may lead to new avenues for understanding endothelium barrier
functions as well as trans-endothelial migration in other physiological processes as
well. Bruce et al. developed a 3-D microfluidic cell culture platform to study acute
lymphoblastic leukemia (Bruce et al. 2015). For this, they cultured biologically
relevant population that constitute bone marrow microenvironment, namely, human
bone marrow stromal cells, osteoblasts and human leukemic cells in a collagen
matrix; the engineered triculture model imparted precise control over the
mechanical properties as well as shear stress. Apart from demonstrating decreased
cell spreading on the 3-D microfluidic platform, the triculture model also demon-
strated decreased sensitivity to cytarabine (antimetabolite based chemotherapeutic)
as compared to cells on 2-D surface.
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Pavesi et al. developed an electrode embedded microfluidic device for alter-
nating electric field therapy to cancer cell in a near physiological environment (3-D
extracellular matrix) (Pavesi et al. 2016). Application of alternating electric field
stimulation led to reduced viability in single cells (breast cancer) as well as lung
cancer aggregates. Moreover, it led to selective cell death of breast cancer cells in a
co-culture of breast cancer cells and endothelial cells thereby demonstrating a
potential treatment protocol that could be combined with conventional therapeutics.
Chen et al. on the other hand, developed a microfluidic sphere formation platform
for demonstrating the efficacy of photodynamic therapy as an alternative treatment
for cancer that is not affected significantly in cancer cells when they were
co-cultured with CAFs (responsible for imparting resistance to conventional
chemotherapy) (Chen et al. 2015).

Although microfluidic-based 3-D tumor models provide spatio-temporal control,
reduced reagent consumption and involve perfusion culture, they are associated
with certain disadvantages. They involve a complicated setup and there may be
issues of material compatibility while screening hydrophobic drugs. Further, low
cell numbers might not allow for downstream biochemical studies. Nevertheless,
such systems demonstrate potential for advanced research in the area of 3-D tumor
models.

4.1.8 3-D Bioprinting of Cancer Cells

This technique was first described by Charles W. Hull in the year 1986. The tech-
nique was initially called stereolithography, wherein thin layers of a material that
could be cured using UV light were printed in a sequential manner in order to develop
a 3-D structure (Hull 1986). It was then applied towards the formation of 3-D
scaffolds using biological materials, for potential transplantation application and was
further developed to work at the interface of cell biology and materials science as a
part of TE domain (this term has been explained later, Sect. 5.1). 3-D bioprinting has
found application in the area of stem cell technology, cell biopreservation as well as
cancer research (Tasoglu and Demirci 2013; Xu et al. 2011a; Assal et al. 2014;
Asghar et al. 2014; Gurkan et al. 2014; Visconti et al. 2015; Assal et al. 2015).

Briefly, 3-D bioprinting allows for generation of 3-D structures through
layer-by-layer patterning of biomaterial, biochemical factors as well as the cells of
choice with spatial and temporal control over the distribution and placement of
functional components (Murphy and Atala 2014). It has been utilized for the
generation of 3-D constructs with precise biological and mechanical properties for
restoration and repair of organ functions. In 3-D printing, technologies utilized for
the deposition and patterning of biological materials include inkjet bioprinting (Xu
et al. 2005; Xu et al. 2013; Xiaofeng Cui et al. 2012a), microextrusion (Shor et al.
2009; Iwami et al. 2010; Cohen et al. 2006) and laser assisted printing (Guillemot
et al. 2010; Guillotin et al. 2010; Barron et al. 2004).

Biomaterials Based Strategies for Engineering Tumor Microenvironment 325



Inkjet bioprinting is a common method used for biological as well as
non-biological applications. Early conventional inkjet printers replaced the ink with
a biological material and paper with an electronically controlled stage to modulate
the z axis (Zohora et al. 2014); these methods are now custom-designed. Inkjet
printers primarily uses either thermal (Xiaofeng Cui et al. 2012a) or acoustic forces
(Demirci and Montesano 2007) for the generation of printed constructs. Thermal
printers causes heating of the printer head to around 200–300 °C thereby releasing
droplets from the nozzle. However, it is reported that short heating durations do not
raise the temperature of printer head by more than 4–10 °C, hence localized high
temperatures have not been reported to affect the stability of biological macro-
molecules, like nucleic acids (Murphy and Atala 2014) or cell viability (Xu et al.
2005, 2006). Although this technique demonstrates high speed of printing and low
costs, it imposes critical challenges like increased exposure of living cells as well as
biological macromolecules to thermal and mechanical stress, non-uniformity in
droplet size, clogging of nozzle and difficulty in achieving droplet directionality
(Murphy and Atala 2014). As an alternative to thermal inkject printers, printers
based on acoustic waves were designed in order to allow for breakage of liquid
droplets at regular intervals resulting in uniform droplet size. Acoustic waves can be
generated using a piezoelectric material (Tekin et al. 2008) or an ultrasound field
(Fang et al. 2012). Acoustic inkject printers are advantageous compared to their
thermal counterparts since one can precisely control the droplet size, direction of
ejected material as well as prevent exposure of live cells to high temperature and
pressure.

In general, inkjet bioprinters have demonstrated low cost, high speed, compat-
ibility with a large number of biomaterials. It has also been reported to generate
gradients of cells as well as biological materials by alteration of droplet size or
density (Campbell et al. 2005; Phillippi et al. 2008). However, it suffers from the
limitation of using a material in liquid form in order to allow for droplet formation
and its subsequent gelation or setting in a 3-D structure. It is also associated with
decreased cell densities, cell viability and functionality.

Microextrusion is one of the most popular techniques as a non-biological 3-D
printer. It extrudes the bioink (comprising of cell containing materials) with the help
of pneumatic pressure (Kolesky et al. 2014; Lee et al. 2016a) or mechanical
pressure like a piston (Visser et al. 2013). Dispensing systems based on mechanical
pressure may provide a greater direct control over the material to be extruded since
pneumatic systems are associated with a delay in compressed gas volume. With the
help of the robotic movement of the printing head, the extruding stream is deposited
on the fabrication plate in x, y and z directions. This is a faster process compared to
inkjet or laser-assisted printing techniques. Further, microextrusion allows depo-
sition of high cell densities and even multicellular spheroids which later on develop
into a desired 3-D construct. However, viscous fluids cause the exposure of cells to
high shear stress thereby leading to decreased cell viabilities as compared to inkjet
printing.

Laser assisted bioprinting method relies on the ‘aim and shoot’ principle in
order to deposit cell containing suspension using a laser beam (Jang et al. 2016;
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Murphy and Atala 2014). This can be performed using laser-guided or
laser-induced techniques. In laser guided technique, a laser beam is introduced into
a cell suspension and the difference in refractive index of cells and the culture
medium causes the laser beam to trap and direct the cells on the depositing sub-
strate. Laser induced technique, on the other hand, starts with the production of cell
containing droplets by focussing the laser beam on cell encapsulated hydrogel
support (ribbon). Cell containing droplets are then transferred to the
depositing/receiving substrate due to formation of laser-induced vapour pockets.
Since this technique does not require a nozzle for formation of cell droplet; there are
no clogging issues associated with the process unlike with the other bioprinting
techniques. Further, this technique causes negligible effect on printed mammalian
cells (Gruene et al. 2011; Hopp et al. 2005). However, due to the formation of
ribbon cell coating, the process of cell deposition is a random process with inability
to target and position the cells at precise locations (Guillotin and Guillemot 2011).
Laser assisted printing causes the vaporization of laser absorbing metallic layer,
subsequently resulting in presence of metallic residues in the final product
(Guillotin and Guillemot 2011). Further, generation of single printed cell type or
hydrogel type requires a single ribbon/vapour pocket. It is therefore time con-
suming, if one needs to co-deposit multiple cell or material types.

3-D bioprinting has been used for fabrication of tissues of skin (Skardal et al.
2012; Michael et al. 2013), and cartilage (Cui et al. 2012b), deposition of
nano-hydroxyapatite in a mouse calvaria 3-D defect model (Keriquel et al. 2010) as
well as medical devices that have been transplanted back into the patients (Zopf
et al. 2013), few other tissues and tumor models (Duan et al. 2013; Norotte et al.
2009; Xu et al. 2011c).

As an example, Zhao et al. generated a cervical tumor model in vitro by 3-D
printing of HeLa cells and hydrogels based on gelatin/alginate/fibrinogen (Zhao
et al. 2014). A layer-by-layer construct was generated by forced extrusion which
resulted in a spheroid morphology and tight cell-cell contact on day 5 as compared
to cells grown on 2-D culture that demonstrated flat and elongated morphology.
Cells in the 3-D printed model also demonstrated higher MMP-2 and MMP-9
expression compared to cells on 2D surface thereby demonstrating enhanced
metastatic properties in former condition. They also showed enhanced chemore-
sistance in the 3-D printed model compared to cells on 2-D surface. Finally, the
printing parameters led to more than 90% viability of HeLa cells demonstrating the
potential of 3-D bioprinting in tumor model development.

In another interesting study, a co-culture model based on ovarian cancer was
developed using a high throughput cell printing system (Xu et al. 2011c). In this,
patterning of human ovarian cancer cells (OVCAR-5) and human fibroblasts
(MRC-5) on MatrigelTM was performed using a spatially controlled environment
(pertaining to cell density and cell to cell distance). The environment also controlled
the shear forces on the cells that were created during droplet formation, which in
turn led to high cell viability post-cell ejection (more than 96%, 4 h post pattern-
ing). Micropatterned OVCAR-5 cells proliferated in MatrigelTM and formed 3-D
acinar structures, recapitulating micronodule property of ovarian cancer as in vivo
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and may find potential in better understanding of ovarian cancer biology as well as
therapeutics.

Next section will focus on the scaffold-based 3-D tumor models with a brief
introduction on tissue engineering (TE) followed by the state of the art of TE in 3-D
tumor models.

5 Role of Tissue Engineering in Development of 3-D
Tumor Models

5.1 Tissue Engineering

Tissue engineering (TE) was developed with the aim to create organs which could
solve the shortage of donor organs for transplantation purpose (Langer and Vacanti
1993). Towards this goal, various strategies have emerged that work at the interface
of recent advances in field of developmental biology, biomaterials science and
medicine. In that endeavor, materials that support the growth, organization and
function of cells obtained from tissue biopsy were developed (Smeriglio et al.
2015). This led to landmark discoveries that helped in understanding interaction at
the cell-biomaterial interface. Further, diverse experiments have demonstrated that
the mechanical properties of the cell substrate play a major role in the cell orga-
nization, differentiation and migration (Reilly and Engler 2010; Discher et al.
2009). Likewise, the surface topography was demonstrated to impact the cell fate
processes (Fisher et al. 2010). Progress in molecular biology further led to appli-
cation of short cell-interacting peptides for decoration of synthetic materials thereby
leading to introduction of targeted biological signaling into synthetic systems.
These experiments have not only widened the knowledge in the area of cell biology,
but have also led to advances in field of biomaterials science for the creation of
biocompatible materials that reproduce the natural microenvironment of mam-
malian tissues.

Although, the current state of TE research will not be able to deliver synthetic
organs anytime soon, learning and technologies developed can be used to create
models that replicate disease behavior and help to better understand their pro-
gression while offering an accurate platform for testing of novel therapeutics (Kim
2005). Therefore, TE aims towards the fabrication of disease models that could be
potentially used for understanding disease biology as well as for drug development
and testing. Till date, skin tissue replicates are routinely used by cosmetics com-
panies for the testing of product formulation, the first replicate tissue kidney model
is now available for drug testing and a pre-eclampsia disease model was recently
introduced for understanding of disease biology (Kuo et al. 2016). These models
pave the way toward the broadening the role of in vitro tissue engineered disease
models across research areas.
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5.2 Scaffold-Based Three-Dimensional Models

In cancer biology, it was rapidly discovered that cancer cells cultured on 2-D
substrates behave differently as compared to in vivo tumors (Bissell and Radisky
2001). In order to capture these differences, different in vitro models were utilized
to reproduce the mechanical properties, growth factors, cell binding anchoring
systems and appropriate cells that mimic the native tumor tissue microenvironment.
In the previous sections, strategies and methods commonly used for spheroid for-
mation were described; this section focuses on scaffold based 3-D models. These
models aim to provide cancer cells with ECM mimics that will direct their orga-
nization into a potential in vivo-like tumor. This approach significantly distin-
guishes itself from the strategies utilized for spheroid formation as the ECM is not
formed by the single cells during their course of aggregation into spheroids but is
artificially provided before the cells organize themselves into tumor tissues. As the
cells invade the scaffold and multiply, the ECM required to promote tumor
development is then secreted by the seeded cells. In case of a biodegradable support
material, the scaffold degrades as the cells proliferate within the artificial ECM.
Additionally, while the spheroid approach works well for cellular aggregation, it
failed to reconstruct the natural tumor progression, i.e., invasion of a healthy tissue
by cancer cells and subsequent ECM remodeling to promote tumor growth and
evolution. Furthermore, spheroid models do not understand the role played by the
ECM in cancer invasion, progression and resistance to anticancer drugs. In order to
recapitulate these critical steps to understand tumor biology and eventually apply
these 3-D tumor models for drug testing studies, biomaterials of natural or synthetic
origin have been utilized and are described in the following sections. While the
synthetic materials offer the possibility to mimic the natural architecture as well as
mechanical properties of the tumor and to study the impact of each of these specific
features on the tumor progression and spreading, they lack key biological signals.
This is because cell attachment to the material is solely dictated by its chemical
composition. As an example, non-adherent materials, such as agarose will not offer
the possibility for cancer cells to spread and will facilitate the aggregation of cells
with each other (Liu et al. 2014). In contrast, materials such as poly(lactic acid)
(PLA), provide cell adhesion through the deposition of proteins onto the material
surface. However, these interactions are non-specific, as they do not target a specific
cell receptor such as integrin binding receptor. In order to trigger a signaling
cascade through dedicated cell receptors, signaling molecules need to be introduced
onto the synthetic materials. This is possible through the attachment of cell-binding
peptide sequences such as the arginine-glycine-aspartic acid (RGD) (Re’em et al.
2010), proteins such as fibronectin or coating of the synthetic materials with natural
ECM molecules such as collagen (Gillette et al. 2008). In order to incorporate
biological signals into in vitro ECM models, natural macromolecules such as col-
lagen have also been directly utilized as a scaffold (Hartman et al. 2009).

Further, macromolecules can be used as such or modified and processed for the
creation of a microenvironment which exhibits specific properties like porosity,
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architecture and substrate stiffness; few examples are discussed in the subsequent
sections (Sects. 5.2.1–5.2.4). The tissue mimics generated from natural and syn-
thetic scaffolds can then be utilized for understanding tumor biology as well as for
the testing of potent anti-cancer molecules. Comparison of scaffold based 3-D
models to 2-D monolayer culture demonstrated modulated drug response by cells
grown on 3-D substrates, mostly attributed to drug diffusion barriers and up reg-
ulation of drug resistance genes (Arya et al. 2012). This could greatly help to
understand the drug kinetics and toxicology thereby offering a better way to mimic
natural tumor tissues. Additionally, few of these models in comparison to small
animal models could possibly offer an alternative to it in the future. In this regard,
technologies developed by research laboratories need to consider specific require-
ments of the pharmaceutical industry such as: scalability of the technique, ease of
production and incorporation of the model into industrial processes such as high
throughput screening.

In the following sections, several techniques that have been used to engineer
tumor microenvironments are presented: porous scaffolds, hydrogels, microparticles
and polymeric fibers, Fig. 4. Each of them is illustrated by recent examples and
their ability to mimic in vivo tumor features.

Fig. 4 Three-dimensional (3-D) biomaterials-based scaffolds developed for tissue engineering
and adapted for 3-D culture of cancer cells and simulation of tumor ECM
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5.2.1 Porous Scaffolds

Porous scaffolds are defined as matrices that have hollow pores at the micrometer
scale. Different manufacturing techniques have been developed for their fabrication;
most of them are based on a similar process: cross-linking of polymer chains
dissolved previously in a solvent followed by solvent removal thereby resulting in a
porous network (Lozinsky et al. 2003; Tripathi and Melo 2015). The porous
scaffold could then utilized as an ECM mimic. In tumor models, this is of particular
interest as scaffolds can reproduce the invasion and migration of cancer cells into a
tissue and can also induce spheroid/cell aggregate formation. Techniques utilized
for the manufacturing of porous scaffolds have been refined over the years and most
of the systems can have a tunable pore size as well as mechanical property. These
scaffolds have been utilized for the fundamental understanding of spheroid for-
mation and cancer cell migration in a 3-D system.

Different crosslinking strategies have been defined in order to fabricate natural
and synthetic based porous scaffolds. One of the most common system used for
manufacturing of porous scaffolds is poly(vinyl alcohol) (PVA) cryogel (Lozinsky
and Plieva 1998). PVA is a physical thermo-gelling polymer that forms cross-linking
junctions between the polymer chains through hydrogen bonds. Briefly, the polymer
is frozen in water and repeated freeze-thaw cycles allow for the generation of pores
of different sizes (Lozinsky and Plieva 1998). For generation of chemically
cross-linked scaffolds, the most common cross-linker is glutaraldehyde (GA), which
has been extensively used to cross-link natural macromolecules. As an example,
chitosan was crosslinked with GA for fabrication of porous scaffolds (Lai 2012).
However, this cross-linker is cytotoxic and the resulting scaffolds need to be washed
thoroughly prior to utilization. As an alternative, non-cytotoxic chemistries can also
be used; genipin has been utilized to cross-link gelatin and chitosan (Arya et al.
2012). Other biocompatible chemistries such as the thiol–furan reaction have been
reported towards the cross-linking of hyaluronic acid (HA) with polyethylene glycol
(PEG); a solution of water and non-reactive monosaccharide was used as a porogen
(Tam et al. 2016). This led to formation of transparent porous cryogels that are of
special interest in 3-D culture imaging. Additionally, photo cross-linking has also
been developed to cross-link modified natural polymers such as HA (Bian et al.
2013). This technique allows to control the site of cross-linking using a laser beam
and can be used to create gradient of stiffness within the 3-D scaffolds
(Zhou et al. 2011; Lin et al. 2011; Smeds et al. 2001).

The removal of the support solvent, so called porogen, can be achieved by
different techniques. One of the most common methodologies for aqueous solvent
removal is freeze drying, which is based on the sublimation of the water: frozen
scaffold is subjected under vacuum wherein the frozen water sublimes leaving
behind a porous network. Alternatively, the scaffold can also be dehydrated and
water can be replaced by a volatile solvent such as ethanol, and a similar process
used for mammalian tissue processing for histological examination is followed
thereafter. Briefly, water in the scaffold is replaced with ethanol or other volatile
water-miscible solvents by immersing the scaffold into successive gradients of
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ethanol-water. Finally, the sample is left for drying; ethanol is removed thereby
resulting in a porous scaffold. Porosity can also be generated through a foaming
process; the cross-linking reaction generates a gas that form pores within the
scaffold. This strategy avoids the recourse of solvents and allows for faster fabri-
cation of porous scaffold. The precise control over the reaction stoichiometry and
concentration of the reactants in the polymer solution enables a control over the
reaction kinetics and gas generation, which in turns impacts the porosity of the
scaffold. This technique was successfully utilized for the fabrication of
PEG-caprolactone copolymer scaffolds (Ozcelik et al. 2014).

The aforementioned techniques can also be utilized for the fabrication of scaffolds
with a defined elastic modulus by manipulating the biomaterials and the pore size and
can be used tomimic tumor architecture under in vitro conditions. Such scaffolds have
been used for the culture of prostate cancer cells (LNCaP) and offer a better tissue
mimic than from comparative techniques such as hanging drop or 2-D monolayer
culture (Göppert et al. 2016). Other cancer cells were also shown to behave differently
on 3-D porous scaffolds in comparison to cells on 2-D monolayer culture (Arya et al.
2012; Talukdar et al. 2011). In an interesting example, breast cancer cells were seeded
in a HA-PEG porous scaffold functionalized with cell binding peptide sequences.
This study showed that the IKVAV peptide sequence, integrin binding sequence of
laminin, induced the formation of T47D breast cancer cell spheroids while the RGD
peptide sequence, integrin binding sequence of collagen, induced the formation of a
monolayer (Tam et al. 2016). Similar porous systems have been also integrated into
array chips suitable for the high throughput screening (HTS) assays to test the effi-
ciency of anti-cancer drugs on cancer cells (Li et al. 2014a). A synthetic scaffold based
on poly(lactide-co-glycolide) (PLG) (Fig. 5a) generated by gas foaming-particulate
leaching was used to culture oral squamous cell carcinoma (OSSC-3) cells and the
generated cancer model demonstrated hypoxic cores (Fig. 5b). It also led to pro-
duction of pro-angiogenic factors like VEGF and IL-8 similar to in vivo tumors
(Fischbach et al. 2007) (Fig. 5c). It was also observed that OSSC-3 as well as Lewis
lung carcinoma cells cultured on 3-D PLG scaffolds and implanted into immuno-
compromised and immunocompetent mice respectively led to formation of bigger
tumors as compared to those originating from same number of viable cancer cells
previously cultured on 2-D monolayer substrates (Fig. 5d).

In another study, a natural biomaterial obtained from silkworm was used to
fabricate a porous scaffold through freeze-drying technique. LNCaP prostate cancer
cells cultured on these scaffolds were compared to Matrigel and 2-D monolayer
culture. Characterization of the MMP-9 activity, glucose consumption and lactate
production demonstrated that LNCaP cells on 3-D silk scaffold behaved similar to
in vivo tumors (Talukdar et al. 2011). Other type of porous scaffolds based on
chitosan-gelatin (CG) matrix demonstrated their relevance for the testing of
anti-cancer drugs. For this, NCI-H460 cells (NSCLC cell line) were cultured on
these 3-D porous scaffolds based on CG generated by freeze drying (Fig. 6a, b). CG
scaffolds resulted in cancer cell aggregate formation (Fig. 6c(i), d); aggregates were
not formed on CG films or 2-D tissue culture polystyrene (TCPS) surface (Fig. 6c
(ii), (iii)). Further, the size of these aggregates increased as a function of time
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(Fig. 6c(i)) and demonstrated enhanced reactive oxygen species compared to cells
grown on 2-D surfaces (Fig. 6e). These aggregates also exhibited similar gene
expression profiles as in vivo xenografts as well as enhanced survival in the
presence of anti-cancer drugs compared to cells grown on 2-D substrates (Arya
et al. 2012). In another study, utilization of natural biomaterials such as collagen,

Fig. 5 Poly(lactide-co-glycolide) (PLG) scaffolds as potential in vitro tumor model for oral
squamous cell carcinoma (OSSC-3) cells. a Scanning electron micrograph of OSCC-3 cells seeded
PLG scaffold, H&E stained section of OSCC-3/PLG construct grown in vitro and in vivo.
b Histological analysis of hypoxia OSCC-3/PLG construct grown in vitro and in vivo following
staining with hypoxyprobe. c Comparison of pro-angiogenic factors (VEGF, IL-8 and bFGF
secretion represented as a fraction of cumulative secretion of all the factors) after OSSC-3 culture
on 2-D surface, 3-D scaffolds and as in vivo tumors d Comparison of tumor growth of OSCC-3
cells in SCID mice and mouse Lewis lung carcinoma (LLC) in C57BL/6J mice after pre-culture in
3-D PLG scaffolds or 2-D monolayer culture. (Adapted with permission from reference Fischbach
et al. Nature Methods 2007)
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recapitulated natural features of the ECM such as enzymatic degradation. Gene
profile demonstrated that MCF-7 cells (breast cancer cells) seeded onto 3-D
collagen porous scaffolds expressed stem cell markers and further implantation of

Fig. 6 Chitosan-gelatin (CG) 3-D porous scaffold as potential 3-D lung tumor model. a Digital
photograph and b micro computed tomography demonstrating interconnected pores of CG scaffold
fabricated by freeze drying technique c scanning electron micrographs of NCI-H460 cells on
(i) 3-D CG scaffolds at the end of day 3, 6 and 9 (ii) CG films (iii) Phase contrast image of
NCI-H460 cells on 2-D tissue culture polystyrene (TCPS) (Scale bar: 50 lm). d Confocal
micrograph of NCI-H460 tumoroid on CG scaffold stained with phalloidin (actin) and propidium
iodide (nucleus), Scale bar: 50 lm e Reactive oxygen species (a.u.) levels in NCI-H460 cells
grown on 2-D TCPS and 3-D CG scaffolds normalized to cell number. (Adapted with permission
from reference Arya et al. (2012), copyright 2012, Royal Society Publishing Group)
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the scaffold in an animal model formed larger tumors (Chen et al. 2012). One of the
hallmarks of cancer is metastasis, i.e. migration of cell from its site of primary
tumor to other sites resulting in secondary tumors. It is indeed interesting but a
complex process to be recapitulated within 3-D in vitro models. While it is not
known what triggers cell migration/metastasis, identification of these early
parameters could help to develop an early diagnosis. Towards this goal, a synthetic
porous scaffold made of poly(e-caprolactone) (PCL) was utilized to generate a 3-D
tumor model based on breast cancer with high metastatic potential. MDA-MB-231
cells cultured on these scaffolds showed increased invasiveness in vitro and lung
metastasis in vivo (Balachander et al. 2015).

The previous section dealt with diverse techniques utilized for spheroids for-
mation. Although spheroids can provide a 3-D geometry, they do not completely
replicate the in vivo cell behavior. In contrast, seeding of the U251 (glioblastoma)
spheroids within a porous 3D scaffold was shown to be a more appropriate model
since the cells exhibited higher drug resistance compared to cells grown on 2-D
substrates or spheroids on 2-D surface or single cells seeded onto the scaffolds.
Additionally, spheroid seeded scaffolds demonstrated enhanced lactate production
and higher expression of angiogenic factors as well (Ho et al. 2010). Such an
in vitro tumor model takes advantage of the engineered scaffold along with the
cell-cell interaction from the spheroid culture. Therefore, such systems can also be
used to complement spheroid culture by providing a support structure to the tumor
cells that the spheroid techniques do not provide. Taken together, due to the ease of
use and scalable manufacturing, porous scaffolds demonstrate potential for the
in vitro screening of novel anti-cancer molecules.

5.2.2 Hydrogels

Hydrogels are organized 3-D networks of macromolecular chains that connect
together at cross-linking points. As the name indicates, hydrogels are able to retain
large quantities of water similar to native tissue. Hydrogels can be also fabricated
from natural or synthetic biomaterials similar to porous scaffolds. During their
fabrication, density of the crosslinking points can be modulated by different pro-
cesses according to their assembly mechanisms; covalent bonds for chemical
hydrogels or physical interactions between the polymer chains for physical
hydrogels.

Several hydrogel systems have been developed that promote the formation of
tumor like spheroids from single cells. Hydrogels made of natural ECM-based
macromolecules are one of the most utilized systems as they provide an environ-
ment comprising of mechanical properties as well as biological factors suitable for
generating tumors in vitro. Matrices such as BD Matrigel® and Trevigne Cultrex®
have been widely used across research laboratories for tissue engineering appli-
cations. These basement membrane extracts are routinely obtained from mouse
sarcoma (Engelbreth-Holm-Swam, EHS) and can be used to culture various human
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cancer cell lines (Kleinman and Martin 2005; Benton et al. 2014). They resemble
the native tissue microenvironment and comprise of laminin, collagen and entactin
as 60, 30 and 8% respectively. It also contains MMPs that play an important role in
ECM remodeling (Kleinman and Martin 2005). Although experiments with base-
ment membrane extracts work quite well (Webber et al. 1997; Shekhar et al. 2001),
it is an animal product and does not completely recapitulate the human biology due
to absence of large quantities of collagen-I and hyaluronan, suffers from batch to
batch reproducibility and is not fully characterized in terms of soluble growth
factors (Asghar et al. 2015).

Apart from Matrigel systems, natural materials made of a single ECM macro-
molecule have been used for the fabrication of hydrogels based 3-D cell culture.
Such models are less complex than decellularized matrices and reconstitute a part of
the ECM features. As an example, collagen hydrogels were used for the formation
of tumor like environment with breast cancer cell lines, showing basal polarization
of the cells dispersed within the hydrogel (Holliday et al. 2009). Other materials
such as HA were chemically modified to form hydrogels and used as a 3-D support
matrix for encapsulation and 3-D cluster formation of poorly adherent prostate
cancer cells. HA hydrogel system was further utilized for testing the efficacy of
anti-cancer drug like camptothecin, docetaxel, and rapamycin, alone and in com-
bination (Gurski et al. 2009). In another study, bilayer HA hydrogels were formed
wherein LNCaP prostate cancer cells embedded in the bottom layer received
growth factors like heparin-binding epidermal growth factor-like growth factor
(HB-EGF) from the top layer. Cells embedded in the HA scaffolds released sig-
nificantly higher amounts of VEGF and IL-8 as compared to cells on 2-D surfaces
thereby demonstrating the use of HA hydrogel model in studying tumor cell
response to growth factors (Xu et al. 2012).

In order to decipher the impact of ECM features like mechanical properties,
growth factors and cell-ECM signals, synthetic hydrogels have been developed.
Such systems reproduce the 3-D microenvironment found in human cancer and
helps in the identification of key features that enable early cancer diagnosis,
understanding metastasis as well as for recapitulating tumors as in vivo for the
testing of potent anti-cancer drugs. In the following section, synthetic hydrogel
systems along with their potential for 3-D cellular aggregate formation for appli-
cation in drug testing and understanding tumor biology are discussed. Different
synthetic biocompatible polymers capable of hydrogels formation were developed
previously for TE applications (Williams 2008). Following similar protocols, these
materials have also been applied for 3-D tumor model development. Usually,
cancer cells are dispersed within the hydrogel solution and upon mixing or use of
external stimuli, the polymer chains cross-link and the cells are captured within the
polymer network. The gelation process, i.e. cross-linking of the polymer chains, can
occur through a chemical reaction (chemical cross-linking), or through the physical
interactions between polymer chains domains (physical cross-linking) (Patel and
Mequanint 2011).

Several techniques have been used to chemically cross-link synthetic and natural
biopolymers in order to create hydrogels. Chemical reactions that occur under
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physiological conditions enable cancer cell dispersion within a polymer solution
before cross-linking. Amongst the various techniques, click chemistry has been the
focus for a couple of decades with a promise to provide quantitative reaction with
no side-products. As an example, the possibility to have an organism expressing
amino acid bearing azide, which is of particular interest for in vivo protein labeling,
is based on the Staudinger and 1, 3 Huisgen reactions. The Staudinger reaction is
the reaction of an azide with a phosphine. Its modification enables its use under
physiological conditions and is termed as Staudinger ligation (Saxon 2000; Saxon
et al. 2000). The rather low stability of phosphine in air has led to the development
of a new reaction: the 1,3 Huisgen cyclo-addition, which involves an alkyne and an
azide to form a stable cycle with a copper catalyst (Nimmo and Shoichet 2011;
DeForest et al. 2009). The introduction of activated cyclo-alkyne was a major step
for the translation of this reaction to the biological field as it has removed the need
of cytotoxic copper (Jewett et al. 2010). Other click reactions, Diels Alder addition
and Michael S-addition have also been used for hydrogel cross-linking under
physiological conditions (Koehler et al. 2013; Nimmo et al. 2011; Sui et al. 2010).
Other strategies include the reaction of hydroxylamine with an aldehyde resulting in
an oxime, which was successfully used for cross-linking of star PEG (Grover et al.
2013); the reaction of ketone with a primary amine giving rise to an imine (Kim
et al. 2011), which has been used for the cross-linking of chitosan with a tri-block
copolymer (PEO-PPO-PEO) (Ding et al. 2010); and the reaction of hydrazine with a
ketone resulting in a hydrazone bond (Dahlmann et al. 2013). Natural proteins such
as gelatin are modified with sulfated amino acids that are able to form disulfide
bridges under physiological conditions. This reaction has been successfully used for
the cross-linking of a modified HA with gelatin (Shu et al. 2002) or with HA and
PEG (Choh et al. 2011). Further, boronic acid can quantitatively react with
di-alcohol of specific geometry under physiological conditions. This strategy has
been used with a modified PEG polymer to stabilize micelles and used as drug
carrier by cross-linking the polymer chains (Li et al. 2012).

Polymer chains can interact with each other and form strong reversible
cross-linking points. These interactions are governed by physical principles and
directed by external stimuli such as pH, temperature and ionic strength.
A modification of these parameters can impact the chain conformation of the
polymer and create or destruct the 3-D hydrogel network. Reversible hydrogels can
be obtained through ionic interaction wherein multiple valence cations can act as
cross-linkers between two polyelectrolyte chains, such as in alginate polysaccharide
(Rezende et al. 2007). This has been used in many biological applications such as
for culturing of glioblastoma cells following immobilization of RGD peptide on the
alginate backbone (Zustiak 2015). Alginate has also been reported for fabrication of
3-D cell culture systems for NSCLC-based spheroids followed by anti-cancer drug
and nanoparticle uptake studies (Godugu et al. 2013). Similar to other studies,
results demonstrated enhanced inhibition concentration 50 (IC50) values in alginate
matrices as compared to the cells grown on 2-D surfaces. An alternative method for
physical cross-linking is the aggregation of crystallization domains such as
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a-helical domain that interacts with each other and forms cross-linking points that
are temperature dependent. Among different polymers undergoing aforementioned
network organization, agarose and the carrageenan family (possessing a-helical
domains) form hydrogels by aggregation of these specific domains
(Sanabria-DeLong et al. 2006; Arnott et al. 1974). Agarose has been used also as a
3-D substrate for cell culture, especially chondrocytes (Luo and Shoichet 2004;
Emans et al. 2010). The non-adhesive property of agarose has also been utilized for
the development of cancer models and formation of cancer cell spheroids (Xu et al.
2014; Zanoni et al. 2016). Weak interactions between the polymer chains can
become strong with increase in their probability of occurrence. Based on this
principle, it is possible to form strong interaction with polymers that exhibit
hydrogen-bonding ability (Cantin et al. 2011; Kimura et al. 2004; Sekiguchi et al.
2003). One of the most commonly used natural and biocompatible polymer in
biological application is cellulose that forms a b-sheet network through
hydrogen-bond interaction (Bhattacharya et al. 2012; Granja et al. 2005). Synthetic
polymers can also be engineered to form physical interaction by synthesis of block
copolymer with blocks of polymers with different hydrophilic behavior (Artzner
et al. 2007). As an example, poloxamer class exhibits such behavior wherein one
block is hydrophilic and the other hydrophobic, such as pluronic (Higuchi et al.
2005). Physical hydrogels have recently attained much attention, as they can be
utilized for 3-D printing and other extrusion methods. Dispersion of the cells within
a hydrogel matrix form ‘bioink’ that can be used to precisely organize cells thereby
reconstituting the complex natural organization of living tissues.

5.2.3 Microparticles

Particles of the order of nanoscale have been used in intracellular delivery of drugs
and genes. Micro- and nano-particle manufacturing has been mainly developed with
optimized parameters to achieve controlled release profile for delivery of bioactive
agents. Based on these advances, techniques for fabrication of drug releasing
particles can be applied to microparticles (MP) in tissue engineering applications.
The conventional manufacturing protocols such as emulsion, electrospraying, hot
melt and spray drying have been reported for the fabrication of microparticles
(Oliveira and Mano 2011; Arya et al. 2009). However, the most common method is
the emulsion process wherein the polymer is dispersed in an organic solvent and
solution is subsequently added into the excess of a non-solvent for the polymer. The
liquid is then mechanically stirred or homogenized by ultrasound waves. During
this, the organic solvent evaporates forcing the polymer chains to aggregate and
form particles. This technique typically produces spherical particles and is quite
easy to implement and scale up (Lee et al. 2016b). While MPs usually act as
cargoes in drug delivery applications, they may be manufactured as porous beads
for TE purpose (Kang and Bae 2009). Such MPs are of particular interest in
spheroid formation wherein the cells migrate within the porous MPs and result in
spheroids of controlled diameter upon MP degradation. Using this technique, breast
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cancer cells were successfully cultured on porous PLA-PVA MPs (Sahoo et al.
2005). Such MPs have also been used to study efficiency of anti-cancer drugs on
MCF-7 breast cancer cell line-based 3-D tumor model (Horning et al. 2008).
Likewise, natural polymers can also be processed into MPs. As an example,
collagen-based MPs were manufactured through a microfluidic process, wherein
collagen droplets were formed in a micro-channel, followed by droplet shrinkage
and cross-linking of collagen molecules. Such collagen MPs exhibited similar
composition as collagen hydrogels and allowed for generation of hepatocyte
spheroids (Yamada et al. 2015). Similarly, gelatin-based MPs were used to promote
the aggregation of pancreatic beta cells, MIN6 into spheroids for the formation of
islet like structures (Bernard et al. 2014). This technique can also be translated to
cancer cells for the formation of 3-D tumor like tissue. Further, MPs can fuse
together to form bigger 3D structures, this process is called sintering and is of
particular interest in regenerative medicine and could be also applied towards
in vitro tumor models (Lee et al. 2008). Because they are injectable and allow
diffusion during drug release studies, MPs have gained interest in the pharmaceu-
tical industry. Further, due to their availability and popularity, MPs may also gain
interest in the future for the generation of 3-D tumor models.

5.2.4 Polymeric Fibers

ECM of native tissues is composed of proteins such as collagen which exhibit a
fibrous architecture (Wenger et al. 2007). Therefore, synthetic models that can
reproduce such organization have been developed for TE applications (Bhardwaj
and Kundu 2010). Nanofibers mimic the fiber organization of the collagen com-
ponent in the ECM and they can be fabricated from synthetic or natural polymers
resulting in fibers of different size, shape and length. Some of the fabrication pro-
cesses include mechanical fiber extrusion and electrospinning (Kumar et al. 2012).

Fibers extrusion or spinning is a technique that originated from the textile
industry. It consists of pushing/extruding a polymer solution or a polymer melt
through a small needle or spinneret (Tuzlakoglu and Reis 2009). Natural and
synthetic biocompatible materials have been successfully processed using this
technique. As an example, chitosan was spun in an alcohol-based solution and fixed
by exposure to hot air flow (Desorme et al. 2013) and in another study, collagen
fibers were obtained through extrusion into a buffer which resulted in a fibrous
organization (Enea et al. 2011). While this technique allows for the formation of
fibers, which can be later woven and further processed into textile, it only achieves
fibers at the micrometer scale.

More recently, mechanical extrusion has been combined with an electrostatic
process. By creating a potential difference between the extrusion needle and the
fiber target, fiber diameter at the micro as well as nanoscale can be achieved. This
process called electrospinning, and is defined as the jetting of a polymer solution
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from a needle under the influence of an electric field following which the charged
solution jet evaporates resulting in deposition of randomly oriented microscale as
well as nanoscale fibers on the collector surface (Huang et al. 2003; Arya et al.
2010). This technique has been successfully used for the fabrication of synthetic
and natural fibers such as PCL (Sill and von Recum 2008), polysaccharide such as
zein (Cai et al. 2013) or collagen fibers (Sell et al. 2009). Micro/nanofibers obtained
through this technique exhibit a high surface area, inter-connected pores and
mechanical properties that can be tuned in order to mimic the natural tissue envi-
ronment. Therefore, electrospun scaffolds have found diverse application in the area
of tissue engineering.

For 3-D tumor model application, electrospun collagen-based fibers were used
for culturing of prostate cancer bone metastatic cell line, C4-2B. The testing of
anticancer drugs, docetaxel and camptothecin on 3-D model demonstrated modu-
lated drug responsiveness compared to cells grown on collagen coated TCPS which
may be attributed to decreased drug diffusion in the 3-D colonies within the fibers
(Hartman et al. 2009). Peptide hydrogel nanofiber used in regenerative medicine
was also applied for the formation of 3-D tumor model based on ovarian
cancer-based cell line and demonstrated higher anti-cancer drug resistance than 2-D
monolayer culture (Yang and Zhao 2011). Synthetic polymers such as poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) electrospun nanofibers were used for the
generation of gastric cancer–based 3-D model using MKN28 cancer cell line. Drug
testing studies revealed that the concentrations required to inhibit the cell growth
was found to be higher in cells grown on 3-D nanofibrous substrate than on 2-D
monolayer culture (Kim et al. 2009). Alternative synthetic materials such as PLGA
—PLA electrospun fibers were shown to induce EMT thereby reproducing one of
the key characteristics of metastatic tumors as in vivo (Girard et al. 2013).
Fibrous PCL, previously found application in engineering of bone environment,
was also used to culture Ewing sarcoma (bone cancer) and exhibited morphology,
growth kinetics and protein expression profile similar to human tumor (Fong et al.
2013). Therefore, similar to other scaffold-based models, electrospun fibers were
found to be more representative of the natural 3-D environment as compared to 2-D
monolayer culture. Such fibrous scaffolds could be then utilized in an HTS setup for
screening of anti-cancer drugs.

5.3 ECM Remodeling

To date, most of the systems introduced for the fabrication of 3-D tumor models are
passive (or inactive) materials that do not modulate themselves during cell culture.
Although some systems like PLA and PEG degrade via hydrolysis, they do not
reproduce the dynamic and natural evolution of the ECM. Indeed, ECM is a
complex composite material that undergoes targeted degradation. It is well
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documented that reorganization of the ECM in a tumor can impact cancer pro-
gression, angiogenesis and metastasis (Lu et al. 2012). It has also been reported that
changes in the ECM impacts a cell’s biology by providing variation in the cell
binding and growth factor composition (Pickup et al. 2014). Further, changes in the
ECM during cancer progression are not only biological but mechanical as well. As
cancer cells proliferate, they secret an ECM of higher stiffness, mainly composed of
collagen and glycosaminoglycan (GAG) with high content of sulfate groups (Cox
and Erler 2011). Modulation in tumor ECM mainly originates from an unbalanced
enzyme production between MMPs and tissue inhibitors of metalloproteinases
(TIMPs) which are responsible for matrix degradation and its inhibition, respec-
tively (Malik et al. 2015). Additionally, ECM also acts as a growth factor reservoir
for molecules such as FGF or VEGF; changes in ECM constitution promotes
release of the angiogenic factors (Bonnans et al. 2014). Reconstitution of the
aforementioned events into synthetic systems will help to closely mimic the natural
progression of cancer cells in vitro. In this regard, recapitulating events such as
matrix reorganization into a synthetic scaffold requires degradable polymers that
favor in vivo events in lieu of tumor growth and progression. Two types of
degradation can occur: proteolytic degradation mediated by enzymes such as
MMPs or cathepsins and hydrolysis of the macromolecules by oxidative species.

Proteolytic degradation is specifically directed to natural polymers like collagen
or HA since synthetic ECM cannot promote such degradation. However, identifi-
cation of degradable peptide sequences has made it possible to integrate these
domains within synthetic polymers. Additionally, incorporation of cross-linkers
undergoing degradation by MMPs or cathepsins has been successfully used to
mimic the natural ECM degradation within the in vitro synthetic scaffolds. As an
example, GPQGILGQ responsive sequence for MMP-2 and MMP-9 was incor-
porated within PEG cross-linked matrix resulted in a dynamic matrix (Zhu and
Marchant 2011). Collagenase sensitive peptide sequence LGPA has also been used
to detect the enzyme activity by binding a fluorescent molecule to PEG hydrogel
(Lee et al. 2007). However, proteolytic degradation occurs only in small molecular
weight polymer by a multistep process, which requires enzymatic diffusion (like
hydrolases) into the bulk material (Azevedo and Reis 2005). Different peptide
sequences have been identified that are specifically cleaved by diverse enzymes.
Amongst them, DENPDIE laminin sequence can be cleaved by MMP-12 (Pirilä
et al. 2003). Further, laminin can be cleaved by MMP-1 as well through the
GPQGIWGQ (Patrick and Ulijn 2010), QLLADTPV (Tsubota et al. 2000),
YSGDENP (Ogawa et al. 2004) and APGL peptide sequences, which have been
tested in a cross-linked hydrogel system (West and Hubbell 1999). Plasmin
degradation of fibrinogen macromolecule sequences such as YKNR, YKND and
YKNRD have been demonstrated as minimal cleavable sites which can potentially
be degraded by fibroblasts (Shikanov et al. 2011; Jo et al. 2010; Raeber et al. 2007).
Elastase enzyme can also degrade specific sites such as AAAAAAAAAK (Mann
et al. 2001), AAPVVRGMG and AAPVVRGGGK which have also been tested in
cross-linked hydrogels, that demonstrated loss in mechanical properties following
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enzymatic degradation (Aimetti et al. 2009). Proteoglycans can also undergo
enzymatic degradation by MMP-13, which target PENFF (Salinas and Anseth
2008) and GPQGLA (Phelps et al. 2010) sequences. In order to simulate the
proteolytic ECM degradation, invasive breast cancer cells (MDA-MB-231) and
non-invasive cells (MCF-7) were used to study the phenomena in MMP cleavable
HA hydrogels. Such platform could be used in the future to study the influence of
matrix degradation and cross-linking in anti-cancer drug testing (Fisher et al. 2015).

Non-proteolytic degradation refers to non-specific degradation that occurs due to
hydrolysis of the polymer or due to polymer solubilization under physiological
conditions (Burkoth and Anseth 2000). Within a tumor, hydrolysis is mediated by
the chemical environment such as reactive oxygen species or oxidative stress.
Further, degradation kinetics is of great importance in tumor environment since
ECM development requires space that can be made available through degradation
of the support material. Degradation, which results in the loss of molecular weight,
induces a loss of mechanical properties and this needs to be compensated by growth
of the new tissue specific matrix. Degradation of synthetic polymers has been
extensively studied and exhibits different degradation rates depending of their
backbone composition (Reid et al. 2013; Lam et al. 2008). This can be used to
design scaffolds that support the growth and organization of cancer cells into a solid
tumor while the scaffold degrades during maturation of tumor mass.

5.4 Stiffness of the Tumor Environment

Tumor cells are capable of remodeling its ECM thereby resulting in modification of
its mechanical properties; this remodeling supports tumor growth and progression
(Levental et al. 2009; Paszek et al. 2005). It is now well documented that in a
cancerous tissue, such as in breast tumors, the ECM undergoes drastic changes such
as modulation of collagen density and results in formation of a stiffer ECM. Stiffness
of the breast tumor microenvironment is around 4000 Pa as compared to healthy
breast tissue which is around 200 Pa (Paszek et al. 2005). This change in tissue
stiffness is detected as a palpable ‘stiffening’ of the tissue and can potentially be
utilized as a diagnostic tool (Butcher et al. 2009). Scaffolds based on collagen have
been used to understand the effect of matrix stiffness on cancer cell behavior (Paszek
et al. 2005; Carey et al. 2012; Kraning-Rush and Reinhart-King 2012). In a study
based on 3-D tumor model from reconstituted basement membrane (rBM) and col-
lagen, the authors postulated whether increase in stiffness by virtue of collagen
concentration would promote a malignant phenotype of the breast or its crosslinking
would impede tumorigenesis. It was demonstrated that collagen cross-linking and
ECM stiffening promoted breast tumorigenesis (Levental et al. 2009). Further, to
delineate the effect of stiffness from changes in matrix composition and architecture,
Chaudhuri et al. utilized rBM and alginate for modulation of ECM stiffness. They
demonstrated that an increase in ECM stiffness could promote a malignant phenotype
in normal mammary epithelial cells, which however was negated in the presence of
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basement membrane ligands (Chaudhuri et al. 2014). Similar models based on nat-
ural polymers were utilized to decipher the role of matrix stiffness and cell adhesion.
A study showed the organization of glioblastoma multiform with distinct morpho-
logical patterns as in vivo brain slices using hydrogels based on HA functionalized
with short RGD peptides (Ananthanarayanan et al. 2011). In another study, a syn-
thetic scaffold based on PEG modified with bioactive peptides was utilized to study
the process of EMT in lung adeno-carcinoma and demonstrated that the bioactive
scaffold recapitulated epithelial morphogenesis and was dependent on the substrate
stiffness (Gill et al. 2012).

Wong and Kumar discussed about the role of ECM stiffness and its composition
on cell migration which in turn could regulate tumor-initiating cells/CSCs driven
metastasis (Wong and Kumar 2014). Therefore, cancer cell migration within a
specific mechanical environment needs to be recapitulated in a 3-D in vitro model
for understanding this mechanism (Mierke 2014; Keely and Nain 2015). In addition
to in vitro and in vivo studies, in silico simulation can also help to identify key
features of the ECM that impact cell migration. A computer simulation of cell
movement proposed that cancer cell migration and invasiveness could be as a result
of increased ECM stiffness as well as strong degree of ECM degradation (Li et al.
2014b). Such studies are building on in vitro 2-D experiments which demonstrated
the role of stiffer cell substrate in promoting glioma cell migration and proliferation;
similar studies on breast cancer cells have demonstrated corroborating results
(Ulrich et al. 2009; Pickup et al. 2014). However, recent studies have contradicted
the aforementioned results and demonstrated that across different glioblastoma cells
lines that originated from different patients, migration of cancer cells in response to
the substrate stiffness was patient dependent (Grundy et al. 2016). The interde-
pendence of cancer cell migration and matrix stiffness is currently a conflictual
research area that is still unsolved and requires further experimentation.
Furthermore, towards a better understanding of the relation between stiffness and
cancer cell behavior, CSCs originating from bone, breast, colorectal and gastric
tissue were cultured on matrices of different stiffness. Similar to stem cells, which
differentiate into functional cells depending on the substrate stiffness (Engler et al.
2006), CSCs also demonstrated marker expression while residing in a niche with
optimum stiffness corroborating to their tissue of origin (Jabbari et al. 2015). These
studies clearly demonstrate the relation between the stiffness of cell microenvi-
ronment and hallmarks of cancer. Recreation of the mechanical properties remi-
niscent of solid tumors in vivo would not only help to create 3-D systems that
reproduce the cancer hallmarks in vitro but also demonstrate potential in identifi-
cation of potent anti-cancer molecules with higher efficiency. In vitro studies per-
formed on different 3-D cell culture models have already demonstrated that 3-D
spheroids modulated cancer cells thereby making them less sensitive to anticancer
drugs as compared to the cells grown on 2-D surface. One of the contributory
reasons is decreased drug diffusion within the 3-D aggregates that is impaired by
3-D organization of cells; cells in the middle of the cluster receive less drugs than
those at the periphery (Kim et al. 2009). The diffusion of molecules to the cells is
further restrained as a function of ECM; dense ECM decreases the probability of
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drug diffusion through it (Giussani et al. 2015). As the cells sense the ECM stiffness
through cell binding receptor such as integrins, laminin receptor, syndecans and
DDR1, intracellular signaling pathways are engaged which could also affect the
tumor cell’s response to anticancer drugs (Pickup et al. 2014). This was demon-
strated in a 3-D alginate matrix with tethered RGD. An increase in substrate
stiffness of the supporting matrix reduced the effect of toxins such as acrylamide
and cadmium chloride; however tethered RGD undermined this effect in softer
scaffolds (Zustiak et al. 2015). Hepatocellular carcinoma cells (HCC) embedded in
alginate matrices of stiffness of the order of 105 kPa were also found to be more
resistant to anti-cancer drug paclitaxel, 5-fluorouracil and cisplatin as compared to
softer matrices (Liu et al. 2015). In another study, HCC cells pre-cultured in
alginate-chitosan matrix showed higher blood vessel recruitment when implanted in
animal models as compared to the cells pre-cultured on 2-D surfaces or Matrigel,
thereby validating the in vitro tumor model. Cells cultured on alginate-chitosan
matrix also demonstrated greater resistance to doxorubicin suggesting diffusional
limitations as well as induction of drug resistance properties due to the 3-D
microenvironment (Leung et al. 2010). Taken together, these findings have greatly
contributed to the understanding of the relation between 3-D matrix properties such
as stiffness, degradation and cell anchorage ability as well as cellular reprogram-
ming (cell invasiveness, EMT and drug resistance) (Fig. 7).

Fig. 7 Cancer cell in the tumor extracellular matrix. ECM stiffness, cell binding factors and
enzyme cleavability can mediate the endothelial-mesenchymal transition of the cancer cell, control
cell migration towards chemokine gradients as well as demonstrate drug resistance behavior
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6 Future Perspective

3-D models recapitulate the tumor microenvironment to a great extent when
compared to 2-D monolayer culture, thereby contributing towards understanding
the role of individual microenvironmental parameters in modulating cancer pro-
gression. However, the tumor environment is exposed to a complex milieu of
microenvironmental events and not individual parameters, hence making it even
more crucial to develop complex 3-D tumor models in vitro. Therefore, co-culture
of various cells in a single environment needs to be carefully planned due to
different culture medium and growth factor requirements for each cell type under
in vitro cell culture conditions and may require a complex design for potential
co-culturing. Further, it is important to validate the effect of one cell type on the
other for parameters like spheroid growth and invasion as well as various epigenetic
changes that might occur as a by-product of co-culture.

Furthermore, there is a need to develop more standardized and automatic pro-
cedures for HTS applications. Although techniques like hanging drop method and
3-D bioprinting aim to generate spheroids on a large scale, there are protocols that
need to be reviewed in order to obtain uniform sized spheroids that in turn would
attribute towards uniform growth in each spheroid for reproducible in vitro drug
screening studies.

Scaffolds, on the other hand, need to be carefully chosen in order to minimize the
interaction between the potential molecules to be screened as anti-cancer drugs and
the biomaterial surface used for scaffold synthesis. Few scaffolds, for example, limit
the image analysis of cultured 3-D spheroids due to their self-limiting property of
auto-fluorescence and opacity. Few others are further limited by the inability to
gently recover cancer cells and their spheroids. In a recent study, 3-D scaffolds
based on collagen and alginate, for prostate cancer cell-lymphocyte interaction
in vitro, allowed cell harvesting via scaffold degradation in an ionic solution
(Florczyk et al.2012). Similar scaffold degradation methodologies should be
adapted for other polymers as well.

There is also a need to co-culture patient’s own cells from the tumor microen-
vironment, including tumor cells, stromal cells and/or immune cells in order to
perform anti-cancer drug testing towards the development of personalized treatment
protocols. TE has developed an enormous collection of synthetic as well as natural
biomaterial-based matrices in order to allow for precise and complex modulation of
the tumor microenvironment. These matrices can be further modified for ligand
patterning in order to generate bio-functional scaffolds. Modification can be per-
formed using cell adhesion sequences like RGD (Park et al.2005) or with cell
degradable peptide sequences (Salinas and Anseth2008). Further, based on tissue
type, starting polymer and the polymerization conditions can be controlled in order
to modulate pore size, architecture and scaffold stiffness (Sawhney1993), all of
which will depend on the tumor type that needs to be recapitulated. One can also
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design scaffolds with spatio-temporal localization of ligands with the matrices using
photopolymerization (Zhu2010) and photo-assisted patterning (Nakajima
et al.2007).

In this regard, various approaches have been developed to utilize decellularized
matrices that possess preloaded biochemical and topographical features and have
the ability to guide cells into functional organs. This could be extrapolated to the
development of a decellularized tumor matrix (following removal of tumor cells)
that would still retain the requisite mechanical, topographical and chemical cues.
These matrices have found application in the area of tumor angiogenesis (Burns
et al.2011). Although interesting, it suffers from the disadvantage of batch-to-batch
variation since every tumor microenvironment is different.

TE has also led to the development of patterned natural and synthetic matrices
with tunable properties. One such example is of stiffness patterning reported in
hydrogels based on polyacrylamide and HA (Wong et al. 2003; Marklein and
Burdick 2010). Another interesting study is based on spatially controlled immo-
bilization of bioactive ligands by a technique called ‘two-photon excitation’, which
allows spatial immobilization of ligands by virtue of a focussed laser beam via
microscope objective lens. Wylie et al. reported the immobilization of two proteins,
namely stem cell differentiation factors sonic hedgehog and ciliary neurotrophic
factor in 3-D agarose gels by two-photon patterning, using orthogonal binding
partners barnase–barstar and streptavidin–biotin, respectively (Wylie et al. 2011)
(Fig. 8). This patterning led to precise localization of proteins/peptides resulting in
physiologically relevant microenvironments. This model can also be extrapolated
towards the generation of tissue specific 3-D tumor models.

Additionally, advancements in 3-D models based on microfluidic approach that
recapitulates the physiology of human organs more than static 3-D models, can also
act at the forefront of TE (Huh et al. 2012). A human-body-on-chip that encom-
passes organ-organ coupling would be useful for validation of lead drug molecules
and could also be used for cancer immunotherapy, wherein multicellular interac-
tions under so-called physiological conditions can be used to mount an immune
response similar to in vivo (Bhatia and Ingber 2014). In another study, a
microfluidic-based approach was designed by Xu et al. for screening different
anti-cancer drugs (monotherapy and combination treatment) for development of
individualised treatment for lung cancer (Xu et al. 2013). Approaches based on
microfluidics will not only reduce the drug screening costs but also improve the
efficiency of translational science in the area of 3-D tumor models.
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Fig. 8 Simultaneous patterning of multiple growth factors using two-photon chemistry in 3-D
agarose gel. (a) Using two-photon chemistry, maleimide–barnase (black circle) is immobilized on
the hydrogel, followed by washing and immobilization of maleimide–streptavidin (orange square)
with another step of washing. This is followed by simultaneous attachment of barstar linked sonic
hedgehog (SHH) and biotin linked ciliary neurotrophic factor (CNTF) to barnase and streptavidin
respectively in the third dimension as shown by the confocal microscopy (b). (Adapted with
permission from reference Wylie et al. Nature Materials 2011)
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7 Conclusion

The tumor microenvironment is a complex arrangement of cell population as well
as extracellular signals that mediate tumor growth, invasion, metastasis, angio-
genesis as well as resistance to anticancer drugs. In vitro tumor models have
therefore been utilized in order to reveal the contributions of various physical and
chemical cues towards tumor progression and in drug screening studies. These
models recapitulate tumor microenvironment similar to in vivo and have started
replacing the conventional 2-D screening methodologies.

In particular, TE-based in vitro models have made tremendous progress in order
to recreate defined tumor microenvironments and it is believed to greatly contribute
to the area of cancer research and therapy. However, much work needs to be done
in the direction of integrating various technologies of 3-D tumor model develop-
ment (like TE-based and microfluidics or bioprinting) in order to generate the
‘right’ tumor microenvironment-recapitulating platforms for understanding tumor
biology as well as for the development of personalized treatment protocols.
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