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Abstract

To more accurately study the complex mechanisms behind cancer invasion, progression, and
response to treatment, researchers require models that replicate both the multicellular nature and
3D stromal environment present in an /7 vivo tumor. Multicellular aggregates (i.e., spheroids)
embedded in an extracellular matrix mimic are a prevalent model. Recently, quantitative metrics
that fully utilize the capability of spheroids are described along with conventional experiments,
such as invasion into a matrix, to provide additional details and insights into the underlying cancer
biology. The review begins with a discussion of the salient features of the tumor
microenvironment, introduces the early work on non-embedded spheroids as tumor models, and
then concentrates on the successes achieved with the study of embedded spheroids. Examples of
studies include cell movement, drug response, tumor cellular heterogeneity, stromal effects, and
cancer progression. Additionally, new methodologies and those borrowed from other research
fields (e.g., vascularization and tissue engineering) are highlighted that expand the capability of
spheroids to aid future users in designing their cancer-related experiments. The convergence of
spheroid research among the various fields catalyzes new applications and leads to a natural
synergy. Finally, the review concludes with a reflection and future perspectives for cancer spheroid
research.
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1. Tumor Microenvironment and Why the Monolayer Does Not Model It

Tumors do not exist as a homogeneous population of malignant cells. Rather a tumor is
characterized by changes in the microenvironment resulting from the interplay between a
heterogeneous population of malignant cells and their assorted support of various tumor-
associated cells that include macrophages, fibroblasts, pericytes, endothelial and immune
cells. However, monolayers of artificially polarized cells spread on treated 2-dimensional
(2D) polystyrene are routinely used as our first round of testing for research in cancer
biology, cancer immunology, drug delivery, and novel drug discovery.

Culturing cells in a 2D monolayer produces a number of downstream effects that
differentiate it from cells present in a 3D tumor microenvironment in an /n vivo setting.
Notably unlike the rounded morphology present in 3D systems, the planar attachment
constrains the cell geometry resulting in extreme spreading [11. The effect of this artificial
geometry is a loss of polarity normally present in epithelial cells, for example [2]. This
results in cells that are different on a genetic [3] and proteomic [4] level. A review of genetic
differences in cells cultured in 2D versus 3D found upregulation in three categories: 1) cell
cycling, 2) metabolism, and 3) turnover of macromolecules, thus enabling enhanced
proliferation [2]. For applications in drug discovery and delivery, the change from 2D to 3D
dramatically increases the robustness of a cell to toxicity in both normal and cancerous
contexts, underscoring the need for 3D models [: 61,

In addition, there are both cellular and acellular elements within the tumor stroma which
dynamically interact with the malignant cells. Furthermore, contributions from both stromal
and malignant cells can promote cancer initiation, growth, and progression [71. For example,
stroma characterized by chronic inflammation is now recognized as promoting cancer [81.
Conversely, a normalized stroma can revert a malignant phenotype in a 3D system,
introducing the concept that treating the microenvironment may reverse malignancy [ 101,
The progression of a polarized epithelium to a carcinoma can be documented through
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changes in the surrounding stroma such as stroma activation, degradation of extracellular
matrix (ECM) components, increase in immune components, and breakdown of the
basement membrane [7]. Therefore, an ideal cancer model must include stromal components.

The last factor that differentiates cells in a monolayer from a 3D tumor is the tumor
macrostructure and the microenvironment that it supports (Figure 1). An avascular tumor or
small micrometastasis under approximately 2 mms3 is characterized by gradients of
metabolites, catabolites, and oxygenation, with proliferation at the edges, and necrosis at the
core [111. The macrostructure dictates a microenvironment that differs from normal tissue in
terms of oxygenation, perfusion, pH, and metabolic states [12]. After reaching a size of
greater than 2 mm3, diffusion supplies insufficient oxygen for the tumor, affording a hypoxic
state [13]. Linked to hypoxia, the extracellular pH of a tumor is often lower (6-7) than
normal tissue (7.4) due to the use of glycolysis as an energy source for hypoxic cells [14].
Hypoxia triggers upregulation of HIF (hypoxia inducible factor), which initiates the release
of pro-angiogenic factors that stimulate angiogenesis [1°]. However, the improper
development of a mature vasculature system, translates to hypoxic regions even in
vascularized tumors. The result is a heterogeneous range of metabolic states where actively
cycling cells are adjacent to capillaries, and more distant cells become quiescent and
possibly necrotic or apoptotic.

As the scientific community gains insights into the fundamental differences distinguishing a
tumor from normal tissue, exciting targets for novel therapeutics are being identified. Prior
reviews have highlighted treatments aimed at tumor microenvironment [12], cellular stromal
components (18] including tumor associated macrophages (TAMS) [17] and cancer associated
fibroblasts (CAFs) [18] in non-spheroid formats. This review begins by discussing non-
embedded spheroids and a few representative successes, followed by the advantages of
embedded spheroids as cancer models and the contributions to several areas of cancer
research including cancer biology, immunology, drug screening, and drug delivery. Next, the
utility of analytical methods used on embedded spheroids in other fields is discussed as these
methods can enhance ongoing cancer research. Finally, the review concludes with remarks
on the field, perspectives on how to best use embedded cancer spheroid models to address
both basic and clinical challenges, and opportunities for future research.

2. The Non-embedded Spheroid as a Tumor Model

In 1971 Sutherland et al., first reported spheroids as a model of nodular carcinoma.
Spheroids form when cells are denied external attachment sites besides other cells in culture,
as shown in Figure 2 [1]. The culture of Chinese hamster V79 lung cells in a rotator flask
for 24 days results in spheroids of 150-370 um in diameter. Upon reaching a diameter of
250 pum, spheroids develop three zones: 1) the outer zone is typically 75 um in thickness and
is composed of rapidly dividing cells in the periphery; 2) an intermediate zone of slower
division; and 3) a necratic zone in the center, which resembles the macrostructure of some
human and animal carcinomas (Figure 1). In addition to rotator/spinner flasks, multiple
fabrication strategies are routinely used, all of which are based on denying cells attachment
sites. The hanging drop method, which was first presented in 1907 in the field of nerve
regeneration, consists of inverting a droplet containing cells thus preventing cells from
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adhering to the culture plate [20. This technique is prevalent and is commercially available
as a specialized plate, to increase the ease of use. Another popular method is the liquid
overlay technique where a non-adherent substrate such as an agarose/agar or poly-HEMA
coated well induces aggregation [21]. The inclusion of ECM supplements increases the
applicable cell types and regularity of spheroid formation [22], while micropatterned
substrates increase the control over size and complex shape formation [23-27], The hepatic
field developed tethered spheroids to maintain the hepatic function of primary
hepatocytes[28]. Surfaces are treated with galactose and small amounts of RGD peptide, so
that the non-binding effect of the galactose dominates, inducing spheroid formation, while
the minor contributions of the RGD are sufficient to tether the spheroids to the

surfacel28. 291 astly, an alternate approach to multicellular aggregates includes the use of
microfluidics to form complex 3D structures [30. 311, Despite the lack of an ECM mimic,
spheroids are a robust, scalable model widely used in research. Such non-embedded
spheroid models, particularly with mesothelioma, have demonstrated greater resistance to
chemotherapeutic agents and are valuable in the investigation of cytotoxic mechanisms,
variable survival gene expression profiles, and variations in drug efficacy as a function of
delivery methods [26-271,

3. Translatable Improvements to Non-embedded Spheroid Models

As the predecessor to the embedded spheroid, the non-embedded spheroid is a model in its
own right and this model has undergone a number of iterations and advances that increase

physiological relevance, ease of use, and serve to inform the embedded spheroid model as

well. Therefore improvements in analysis and preparation of non-embedded spheroids will
be highlighted in the following section.

3.1. Incorporation of Multiple Cell Types

Within the tumor milieu, there are a number of non-malignant cell types affecting cancer
invasion, growth, and metastasis. These stromal cell types are often of significant interest for
both understanding cancer biology, and as a target for chemotherapeutics. Ksiazkiewicz et
al., use spheroids to separately model the infiltration of tumor associated macrophages
(TAM:S) into the fibroblast-rich stroma versus a malignant breast carcinoma [321. Spheroids
composed of either immortalized breast cancer cells or breast tumor-derived fibroblasts
model the tumor and stroma, respectively. Similarly, multiple iterations of a monocyte or
TAM-infiltrated cancer spheroid provide insights into TAM/cancer cell interactions [33. 341,
Hauptman et al., describe the complexity of tumor/macrophage interactions by showcasing
the complex effects of different human macrophage phenotypes on colon cancer-derived
spheroid migration and proliferation [341. Using a similar model, Choie et al., report
macrophages loaded with gold nanoshells infiltrating a spheroid as a novel cell-based drug
delivery system. While monitoring the macrophage invasion into a human breast cancer
spheroid as a function of time, the sample is subsequently irradiated at 754 nm leading to
macrophage and possibly tumor cell death via photothermal ablation [33]. Pedrersen et al.,
recapitulate and study the microenvironment of the invading tumor in highly invasive
glioblastoma by exposing invasive cells to mature brain aggregates [3% 361 Specifically, cells
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from a glioblastoma cell spheroid, cultured next to a spheroid of mature brain aggregates,
invade the mature tissue as observed via selective staining [37].

An alternate route to incorporating stromal cells within a spheroid uses two (or more) cell
types in the initial suspension prior to a standard spheroid preparation technique such as
liquid overlay. For example, a heterospheroid composed of glioblastoma and endothelial
cells form a ring of endothelial cells surrounding the center mass of glioblastoma cells [38],
Using this model Ho et al., report selective targeting of endothelial cells by tumstatin-iron
oxide nanoparticles. Steven et al., describe an inVERT method that enables preparation of
complicated microtissues including different type of heterospheroid architectures [3%1. For
studying hepatic function, they prepare a heterospheroid of primary hepatocytes and
endothelial cells as well as a two-component spheroid where a layer of endothelial cells
surrounds a core of hepatocyte cells. These approaches are not limited to stromal cells, but
can also be used to model the heterogeneous population, and thus drug responsiveness,
invasiveness, and metastatic ability of cancer cells. These multicellular structures highlight
the use of multiple cell types with controlled macrostructures that have not been taken
advantage of, to the same extent, in embedded cancer models.

3.2. Spheroids Interacting with a 2D System

In order to investigate cell/ECM interactions without using an embedded system, spheroids
are often placed upon an ECM coated surface. Beaune et al., describe lymph node cancer
prostrate spheroids cultured on fibronectin coated glass to study mechanisms of cell escape
from the aggregates with strong cell-cell adhesions [40]. Upon attempted cell escape,
membrane tubes form that tether the escaping cell to the spheroid. Membrane rupture or
relaxation results in successful cell escape or return to the aggregate, respectively. Spheroids
derived from the ascites of a patient with ovarian carcinoma show varying degrees of
adhesion on thin layers of either laminin, fibronectin, collagen I, collagen 1V or mesothelial
cell monolayers as described by Burleson et al., [41]. Spheroids adhere to fibronectin and
type | collagen more strongly than laminin and collagen IV. The B1 integrin partially
mediates this adherence to both ECM proteins and mesothelial monolayers. These results
suggest a mechanism of ovarian cancer dissemination via movement of cells within ascites,
consistent with clinical observations.

4. Embedded Spheroid Models

Transitioning the model to a fully embedded system offers further opportunities to mimic a
tumor environment, thus facilitating physiological cellular interactions, metabolism, growth,
and invasion. In this section, we highlight both novel systems and methods of analysis, with
a particular focus on the use of spheroids in the study of cancer. The different models of
embedded spheroids are summarized in Figure 3. Specifically, the embedding environments
of agarose, matrigel, fibrin, /n vivotissue, synthetic polymers, and the most popular -
collagen are discussed.
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4.1. Spheroids Embedded in Agarose

Agarose is traditionally used as a non-adherent material in the liquid overlay spheroid
method, however the same non-adhesive property can be useful for embedding. The easily
controlled mechanical properties and resistance to cell digestion are ideal characteristics for
allowing spheroid growth in 3D without the opportunity for matrix remodeling. For
example, human colon adenocarcinoma spheroids, embedded in agarose gels of varying
mechanical properties, serve as the experimental basis for modeling the changes in free
energy based on the mechanical properties of the agarose gel, glucose consumption, and
spheroid growth that results from the biological, chemical and mechanical processes of
tumor growth [42]. The agarose-constrained growth of murine carcinoma spheroids enables
studying the effects of embedding medium mechanical properties on spheroid proliferation
[43]. As the spheroid grows, strain maps of the agarose gel (collected via monitoring the
changes in position of embedded fluorescent beads) reveal insight into stress distribution
during spheroid growth. Areas of higher compressive stress correlate with decreased
proliferation and increased apoptosis, which can be inhibited by elevated BcL-2 activity.
These results provide a mechanism of cancer cell escape from a spheroid via areas of lower
compressive stress. Although agarose provides a biocompatible matrix, the inability of the
cells to remodel it, prevents it from mimicking key features of the cancer microenvironment.

4.2. Spheroids Implanted In Vivo

Although spheroids are often used to mimic the complexities of an /in vivo environment
while remaining /n vitro, they are also used in conjunction with animal models to
characterize tumor/stroma interaction. The resistance of agarose to adhesion and remodeling
lends itself to controlling spheroid/animal interactions after /in vivo implantation. For
example, macrophages infiltrating a human breast cancer spheroid produce more VEGF
after implantation into a murine model and stimulate greater angiogenesis when compared to
spheroids lacking macrophages [44]. In this model, implantation in a dorsal skinfold chamber
allows for the constant monitoring of blood vessel growth. The agarose coating around this
spheroid prevents autologous macrophage infiltration. Similarly, agarose-coated adipose-
derived mesenchymal stem cell spheroids, when placed in a macroencapsulation device,
promote angiogenesis and decrease foreign body response [43]. In contrast, human
glioblastoma spheroids require embedding directly within murine models to promote
invasion into a native tissue [461. In this study, positron emission topography with 11C-
methyl-| -methionine (C-MET) provides vasculature remodeling and proliferation data.
However, C-MET remains a limited choice for an invasive, non-angiogenic phenotype.

4.3. Spheroids Embedded in Matrigel

To better replicate /n vitrothe milieu of ECM proteins present within a tumor, matrigel (i.e,
reconstituted basement membrane) is used as both a matrix and additive to aid in spheroid
formation. While some cell lines form dense macrocellular structures, others form loose
aggregates poorly suited to modeling a tumor. To address this challenge, Ivascu et al.,
include small amounts of matrigel (2.5 % v/v) in the liquid overlay technique to extend the
cell lines suitable for spheroid culture to include MDA-MB 231, MCF7-ADR, and MDA-
MB-361 [22], Although matrigel is not a prevalent choice for embedding, perhaps due to its
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poor mechanical properties when compared to tissue or other embedding materials, its
composition and resultant biological properties promote cell differentiation. In spheroid
research, the primary use of matrigel is to aid spheroid formation, although for
developmental biology it is widely used as a differentiation-inducing matrix. For example,
human pancreatic ductal adenocarcinoma cells form hollow spheroids /n vitro when cultured
as non-embedded spheroids, but when implanted into matrigel, they form ductal structures
which mimic the aggregated structure of pancreatic epithelial cells found 7 vivo [47].
Spheroids embedded in matrigel are also useful for applications outside the cancer field. The
differentiation of spheroids derived from human embryonic stem cells termed embryoid
bodies, also benefit from long-term culture in matrigel with an increase in differentiated
primate trophoblast markers, (HCG, progesterone, and estradiol-17p) after approximately 20
days in 3D culture with sustained elevation for over 30 days!®l. In contrast, embryoid
bodies grown in suspension only demonstrate short-term elevation of these differentiation
markers.

4.4, Spheroids Embedded in Collagen for Cancer Research

Collagen is the most prevalent embedding material as it is both a component of the ECM,
and is upregulated within a tumor microenvironment. Use is further facilitated due to facile
control of mechanical strength, pore size, and fibril fraction by varying the concentration and
preparation methods [491. Typically, spheroids are prepared utilizing one of the earlier
methods described (hanging drop, liquid overlay, etc), and transferred into a collagen gel.
Tamaki et al., reported the first use of this technique for modeling tumors in 1997 [301,
Analogous non-cancer models for liver [51] and differentiation [521 were reported even
earlier.

While embedding increases the utility of the model, it is time intensive, creating a bottleneck
for high throughput spheroid formation. One strategy to overcome this limitation is to
automate the procedure by microinjecting a mixture of cells and the polymer
polyvinylpyrrolidone in collagen gels [53]. The polymer immobilizes the cells at the injection
site reducing time for spheroid formation. The spheroids are comparable to those produced
by the hanging-drop method. This system is amenable to a variety of cell types (e.g., 4T1,
GEp1, and MDA-MB-231) and includes cells lines that usually require additives (e.g.,
matrigel) to attain spheroid formation. An alternate strategy consists of labeling cells with
magnetic cationic liposomes and directing their growth in a 3D collagen gel with a
magnetized iron pin holder array 4. The center-to-center spacing of the aggregates is 250
um, limiting the spheroid size (their aggregates had an average of 25 cells) and assay length.
A similar array of spheroids uses a PDMS mold to first coat the top of glioma spheroids with
collagen, before inverting the mold to embed the basal portion [31. The PDMS mold offers
both control of spheroid size and complex patterns. While these approaches successfully
adapt embedding to a high throughput assay, they are limited by their reliance on imaging as
the basis for subsequent analysis. Furthermore, arrays impose spatial limits on the ability of
the spheroids to grow without spheroid-spheroid interactions that might preclude long-term
experiments or migratory cells. These methodologies along with future high throughput
approaches will facilitate the study of cancer biology, drug response, differentiation and
angiogenesis, and when combined with quantitative methods will provide additional insight.
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The forthcoming discussion focuses on quantitative methods and the subsequent
contributions to cancer-related fields.

4.4.1. Cancer Stroma Interactions—The utility of embedded spheroid models in cancer
biology lies in the modularity of the system to evaluate a given element of the
microenvironment recreated. For example, the inclusion of fluorescent microbeads for
micro-rheology lends itself to both classical rheological data, akin to bulk measurements,
and localized matrix properties correlated to invasion of a spheroid [°61. The use of in situ
multi-photon imaging of collagen embedded glioma spheroids affords high resolution
images of cells during migration 571, For example, Hwang et al., use GFP-actin,
mitochondrial dye, and ratiometric redox imaging of reduced NADH and oxidized FAD to
show the creation of pools of actin during migration in 3D. They did acknowledge that the
long exposures (of 15 minutes) disrupted 40% of observed migrating cells. Similarly, a
quenched-fluorescent IV collagen system allows visualization of the degradation of
extracellular proteins in the basement membrane 58], The presence of fluorescent
degradation products indicates the ability of spheroid cells (both migrating and non-
migrating populations) to disrupt the basement membrane. Such protein imaging techniques
offer new insights into how cells remodel and move within a protein matrix.

The incorporation of phenotypically different cancer lines within a spheroid offers insights
into how a heterogeneous tumor grows and invades within a 3D matrix. Carey et al., use
confocal reflectance to show matrix remodeling in a mixture of invasive (mesenchymal) and
non-invasive (epithelial) breast cancer heterospheroids [591. Aggressive cells (mesenchymal)
remodel the collagen fibers in a radial pattern and create cell scale micro tracks to allow the
non-proteolytic invasion of the non-invasive (epithelial) line. Inhibitors of matrix
metalloproteases and Rho-associated protein kinase (ROCK) based contractility prevent
non-proteolytic invasion of epithelial cells in all matrices, and mesenchymal cell invasion in
lower (but not higher) concentration collagen matrices. A similar heterospheroid system
shows that the more aggressive cell line initially localizes to the spheroid periphery;
however, after extended culture to four days, the less aggressive line becomes the major cell
line of the spheroid [60].

The inclusion of multiple cell types is not limited to tumorigenic cells, but extends to
secondary cell types as well, typically CAFs and TAMSs. There are a few reports of stromal
spheroid models that do not include malignant cells such as collagen embedded CAF
spheroids [61] or non-embedded TAM-invaded CAF spheroids [32]. However the most
prevalent model iteration combines malignant cells with its analogous stromal cells. Mora et
al., describe the role of agents aimed at stromal cells to inhibit invasion in a 2:1 glioma and
microglia (brain-specific TAM) heterospheroid [62]. Microglia stimulated with
lipopolysaccharide and IFN-y decrease the glioma-led collagen invasion, as it skews the
microglia towards an anti-tumor activation pathway. However, the decrease in invasion is not
observed with unstimulated microglia or single cell type spheroids regardless of stimulants.
A similar study, which used heterospheroids composed of 1:1 primary murine microglia:
murine glioblastoma cells, reports that treatment of the microglia with lipopolysaccharide
and IFN-vy decreases the overall invasion [63]. A heterospheroid system composed of CAFs
and hepatic cancer cells (1:1) documents the effect of stromal fibroblasts on doxorubicin
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response, showing that heterospheroids are more resistant to treatment than single cell type
spheroids or monolayer systems, as measured by the Alamar blue assay [64].

The heterospheroid approach is not the only strategy to incorporate multiple cell types
(Figure 3). One limitation of using heterospheroids is that the contributions of indirect
versus direct cell-cell contact are not easily separated. The previously mentioned magnetic
system, developed by Okachi et al., showcases these differences by including fibroblasts in
direct contact with cancer cells in a heterospheroid or indirect contact via fibroblasts
homogeneously distributed around the cancer cell spheroid as shown in Figure 3B [65],
Invasion length and area significantly increase in the direct contact cell-cell model,
highlighting the need for models that portray such subtle differences. Tevis et al., also report
a heterospheroid and a spheroid/diffuse model with macrophages (RAW 264.7) and breast
cancer cells (MDA-MB-231). These co-culture model systems contain macrophages
dispersed throughout the surrounding collagen gel containing a breast cancer spheroid
(Figure 3B) or macrophages as a component of the heterospheroid (Figure 3C) [66], The
macrostructure and interactions imparted by the heterospheroid model are sufficient to
encourage EGF-based interactions between the two cell types, increase system metabolism,
and promote the cytokine-based TAM phenotype in the macrophages contained within the
heterospheroid (Figure 4). The TAM phenotype does not develop when macrophages are
diffusely seeded in the collagen matrix surrounding the spheroid. The dissimilarity in cell
behavior and phenotype, afforded by the different incorporation methods, offers a useful
approach for studying the interactions and progression of the stromal cells that support
cancer growth.

Systems containing tumor support cells (TAM, CAF, etc) are of significant utility to the
development of novel immunotherapies or chemotherapeutics targeted against elements of
the tumor stroma. Conversely, models incorporating non-malignant cells allow the
demonstration of therapeutic specificity in affecting malignant cells, but leaving non-
malignant cells unperturbed. Vorsman et al., describe a multi-cell skin model of melanoma
consisting of a top layer of keratinocytes, with a collagen embedded melanoma spheroid
surrounded by diffusely seeded primary fibroblasts (Figure 3D) [67], Treatments with TRAIL
and either cisplatin or UV-B as a sensitizer reveal different effects in the 3D model versus
single cell 2D culture. Cisplatin and UV-B perform similarly in both models with long
duration (10 day) exposures, but the 3D model shows greater potency of cisplatin as a
TRAIL sensitizer in the short-term (4 day) treatment experiments. This is evident by
reduction in spheroid size and number, which is not observed in 2D culture. In both the
TRAIL/cisplatin and TRAIL/UV-B treatment groups, selective induction of apoptosis in the
melanoma cells occurs with keratinoctyes while the fibroblasts are largely unaffected in this
model. Results such as this support the need for complex 3D models, since 2D models are
not (always) faithful predictors of 3D results.

4.4.2. Cancer invasion—The embedded spheroid model is often referred to as the
spheroid invasion assay highlighting the utility in studying mechanisms of cancer cell
invasion into the ECM. The earliest embedded spheroid research monitored the invasion of
glioma cells into collagen I via imaging [501. The authors quantified the presence and activity
of metalloproteases for collagen 1V and | within the media, and the subsequent decrease in
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invasion after MMP inhibitor treatment. The authors propose that the mechanism of invasion
occurs through degradation of collagen fibers, which is supported by confocal reflectance
images of the ECM 1591, Imaging remains the most prevalent spheroid characterization
method to assess invasion distance, area, or individual invading cells as evident from studies
on glioma [55: 68-70] and breast [53. 71-74] spheroids. Subsequent modifications that increase
the utility of imaging involve the use of other imaging modalities, such as single cell
tracking using MRI on iron oxide labeled glioma spheroids [73]. Others improvements focus
on removing human bias and increasing analysis throughput by developing an algorithm to
map cell densities [63: 761, Although prevalent and useful, imaging alone does not fully
characterize an embedded spheroid.

Embedded spheroids possess two populations, a migratory or invasive population and a non-
migratory core. This duality in cell behavior is readily apparent in glioma [63. 77. 78] preast
[66] and melanoma [671 spheroids (Figure 5). This is a consequence of the two distinct
microenvironments present. Cell-matrix interactions dominate the invasive population and
cell-cell contacts dominate the non-migratory core. In order to accurately assess the invasive
capabilities of the migratory versus core population, Gole et al., mechanically separate the
two populations for characterization [77]. Cathepsin B activity increases in the invading
population despite no upregulation at the mRNA (via rt-PCR) or proteomic level (measured
in cell extracts by ELISA). Treatment with a chemical inhibitor or SiRNA treatment
decreases invasion consistent with the role of Cathepsin B. Besides mechanical separation
techniques, the invasive or periphery population can also be recovered with collagenase
treatment while trypsin treatment provides the core cell population. Reynolds et al., use this
approach to demonstrate the susceptibility of the invading population to chemotherapeutics
and the increase of cancer stem cells (CSCs) within the core cell population [7%]. Such
research highlights the ability to separate populations within the model to further elucidate
how the microenvironment impacts cell behavior.

The utility of embedded spheroids as an invasion model extends to complex pathway
analysis. Imaging often in conjunction with staining of a spheroid is usually a small part of a
larger study detailing the effects of a pathway inhibitor or knockdown on both invasion and
viability. In this regard, researchers are able to identify and validate the efficacy of inhibitors
with several notable examples reported in the literature including: 1) the SRC pathway in
pre-metastatic but not post-metastatic melanoma spheroids [8%]; 2) the effect of the MEK
pathway on STAT3, in human melanoma spheroids [82]: 3) Rnd3 implication in melanoma
spheroid growth [82] and upstream effect of BRAF inhibition on Rnd3 expression [83]: 4) the
link between AP-1 components and TGF-B induced invasion in breast cancer [84]; and 5) the
role of S100A4 in both epithelial-mesenchymal transition (EMT) and metastasis in
squamous carcinoma spheroids [85]. Although the utility of spheroids is evident in this work,
there is a significant dependency on additional culture systems due to the lack of
characterization methods amenable to embedded spheroid research. Thus, investigators often
rely on imaging as the primary tool for analysis of spheroid activity.

As discussed above, image-based analysis of spheroid size and invasion is useful, however
the contradictory results observed in 2D versus 3D systems requires the use and
development of additional characterization methods for embedded spheroid systems. Pettee
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et al., use western blots to study the role of RhoA-directed mDia2 invasion in embedded
ovarian spheroids [86]. Western blot analyses of spheroid lysates enable measurement of
Rock and mDia2 protein levels in 3D during spheroid formation or after knockdown. Results
from western blots and stained whole colon cancer spheroids reveal the role of KRS in
invasion where it induces intracellular signaling for cancer dissemination [87]. Since western
blots do not require whole cells, this technique is well suited for use with embedded
spheroids. However, the main limitations are low cell numbers and low protein yields, thus
requiring a large number of spheroids for evaluation. This limitation can be addressed with
the high throughput systems discussed earlier. The combination of observed invasion and
measured protein levels within the same system ensures that 3D cell phenomena are
supported by 3D protein expression.

In order to circumvent the limitations of protein yield, quantitative reverse transcription
polymerase chain reaction (qrt-PCR) combines the advantages of quantitative
characterizations with low RNA requirements. Sodek, et al., use qrt-PCR to investigate the
relationship between predisposition towards spheroid formation and an invasive phenotype
in ovarian cell lines [88]. The observed positive correlation is likely due to the upregulation
of several mesenchymal markers in the lines that form spheroid and invade the collagen. grt-
PCR results can also provide information on other transcription differences including the
upregulation of the TGF-B-mediated fibrotic response consistent with the mesenchymal/
myofibroblast-like phenotype. Similarly, Reynolds et al., report that grt-PCR of even the
small population of CSCs present within breast cancer spheroids can be assayed and result
show an increase in the expression of ALDH1A3 and SOX2 [79],

The Ten Dijke group uses a combination of optical invasion analysis and rt-PCR to study the
role of TGF-B induced invasion in breast cancer. The studies employ spheroids of MCF10a
derivatives, which modeled tumors of increasing malignant potential [711. This system allows
them to correlate TGF-P induced invasion with malignant potential, implicate BMP-7 as an
inhibitor of invasion in the post metastatic, but not pre-malignant MCF10a derivatives, and
to quantify the contributions of Smad3, Smad4, MMP-2 and MMP-9 in TGF-B induced
invasion [72.891, The expression of transcriptional repressors Snail and Slug allows
monitoring of the EMT after treatment with TGF- B [89]. Furthermore, the over expression
of Snail and Slug enhances TGF- B induced invasion. Although more laborious than a
monolayer, determining the expression changes in 3D spheroids is crucial. The spheroid
invasion assay captures aspects of cell behavior which are not observable in 2D, and
documents how cells in 3D spheroid culture are proteomically and genetically different from
their monolayer counterparts. Thus, the use of nucleic acid and protein assays in conjunction
with spheroid culture will serve to increase their utility and widespread use.

In contrast to the biological approaches discussed above, Haeger et al., study the invasion of
melanoma and fibrosarcoma embedded in a collagen matrix from a mechanical perspective
[90]. A number of studies describe different invasion modes in mesenchymal cells namely
single cell versus collective invasion [86: 911, By focusing on the matrix, as opposed to cells,
Haegar et al., use confocal reflectance spectroscopy to tease apart the differences in invasion
related to pore size and stiffness [9°. To increase pore size with minimal effect on stiffness,
collagen is gelled at a lower temperature (21°C versus 37°C). In the high concentration (8
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mg/mL) small pore collagen, collective leader/follower invasion occurs 591, However in the
low concentration (2.5 mg/mL) large-pore collagen, invasion ensues with single cells.
Interestingly, cell behavior correlates to pore size, and not stiffness, such that invasion with
high concentration (8 mg/mL), large pore (37°C gelled) collagen occurs as single cells
confirming that collagen pore size governs invasion plasticity. The publication by Ayuso et
al., proposes an additional tool for studying invasion, namely combining embedded
spheroids with the controlled gradient capabilities of a microfluidic device [2]. Directional
invasion of human oral squamous carcinoma and glioblastoma spheroids arises through the
use of serum gradients in collective and individual invasion, respectively. This platform
enables the facile study of invasion under the influence of chemoattractive or chemorepellant
gradients.

4.4.3. Embedded Spheroids to Evaluate Chemotherapeutic Efficacy—The
recapitulation of tumor macrostructure and environmental cues of hypoxia, cell-cell, and
cell-ECM contacts make spheroids an ideal model of the heterogeneity present in a tumor,
and thus useful for evaluating chemotherapeutic efficacy. The synergy between both
embedded 3D culture and tumor macrostructure imparts a greater chemotherapeutic
resistance than that observed in spheroid culture alone [¥3. 941, As with studies focused on
pathways affecting tumor growth, there are a number of reports that use stained spheroids
combined with a metric of invasion as a measure of drug efficacy. For example, the adjuvant
gamma-linolenic acid causes a net increase in glioma spheroid growth and invasion at lower
concentrations (<100 pM), but increases the net apoptotic index at higher concentrations
(>100 pM) [781 Furthermore, the effective concentration of gamma-linolenic acid needed to
treat spheroids is three times higher than that of a monolayer, as measured by collagen
invasion and apoptosis calculated from staining with H&E, TUNEL, and proliferating cell
nuclear antigen. As with cancer invasion studies, images of chemotherapy treated spheroids
are often part of a larger study such as a study on the role of TM4SF5 in drug resistance and
the use of anti TM4SF5 agents to enhance the efficacy of chemotherapeutics [%°]. Live/dead
staining establishes the susceptibility of a novel subtype of melanoma spheroids
characterized by the overexpression of cyclin dependent kinase 4 and KIT to imatinib, which
functions through its inhibitory receptor tyrosine kinase activity against KIT [91. In
squamous cell carcinoma spheroids, Basu et al., report the susceptibility of collective
migration by E-cadherin positive cells versus infiltrative invasion by mesenchymal-like cells
to different anti-neoplastic agents [92]. Treatment with cetuximab or erlotinib increases
infiltrative invasion by targeting collective migration by E-cadherin—positive cells while
sparing mesenchymal-like cells. In the absence of these mesenchymal like cells, erlotinib
inhibits invasion in a dose-dependent fashion. Using a model of human polyoma middle T
oncogene-induced breast cancer in mice, Schurigt et al., report that spheroids formed from
the primary mouse tumor after treatment with a cysteine cathepsin inhibitor (JPM-OEt) do
not exhibit 77 vitro resistance to the inhibitor.[971. The evaluation of light based treatments
are also described using spheroids, as previously discussed with the multi cell skin model
which tested the effect of UV-B and cisplatin [67].

Although invasion and migration are important metrics to be considered, measurements of
viability and proliferation are crucial for assessment of drug response. Two studies use the
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Alamar blue assay as an image-independent metric of spheroid viability after treatment with
doxorubicin [84 941, This method does not require harsh disaggregation methods, and
enables quantification of 1C50 concentrations for doxorubicin across various culture models
i.e., monolayer (374 ng/mL), spheroid (18962 ng/mL) and embedded spheroid (26687
ng/mL) 24, Beyond simply quantifying viability, An et al., demonstrate the difference
between an effect on invasion versus viability when testing the effect of suberoylanilide
hydroxamic (SAHA) on glioma cells. SAHA dramatically reduces invasion into collagen, as
quantified via imaging with a concurrent decrease in proliferation as determined using a
CyQuant-GR dye on disaggregated spheroids (%81,

The use of cell invasion into the matrix/medium as a measure of viability is useful but can
bias efficacy results for chemotherapeutics that target rapid division or migration, which
inordinately impacts invasion. For example, drugs that function through metabolically
independent mechanisms of action might decrease viability, but assert a lesser effect on
invasion. This disparity is evident in the response of collagen-embedded MDA-MB-231
breast cancer cells to chemotherapeutics, paclitaxel and cisplatin [7]. Paclitaxel, which
targets actively dividing cells, dramatically reduces invasion, while cisplatin, which binds
DNA, decreases invasion to a lesser extent. However, when disaggregated and analyzed, the
two drugs exhibit similar effects on viability of the non-migratory core and invasive
populations as assessed via a colorimetric assay. This discrepancy emphasizes the
unreliability of invasion as the sole metric of efficacy. Further examination of the invasive
and core populations, when separately assayed after disaggregating and isolation, reveals
that both drugs are effective against the invasive population (viability < 34%), but the core
population is resistant to treatment (viability >80%). The relative chemoresistance of the
core cell population reflects an increased number and enrichment of CSCs in the core
compared to the invasive population, as determined via the Aldefluor assay using flow
cytometry, the mammaosphere assay, and rt-PCR of CSC markers. Furthermore, prior
treatment with paclitaxel results in a greater concentration of CSCs in the spheroid core.
From a methods perspective, the disaggregation of spheroids to attain viable cells for
detailed study (flow, mammosphere) provides a means for further study, with the caveat that
a disaggregation step has been used. From a clinical standpoint, these findings underlie the
need for agents that can effectively treat the CSCs linked to chemoresistance and recurrence.
From a model perspective, the spheroid emulates the heterogeneity present in a tumor, and is
more resistant than traditional monolayers or single cell 3D models. To summarize,
quantitative assessment of cell death in conjugation with invasion and proliferation studies
are providing a greater understanding of drug efficacy.

Embedded spheroids are also ideal to evaluate nanoparticle-based drug delivery systems as
spheroids enable assessment of mass transport through a dense multicellular aggregate and
an ECM mimic. Nanoparticle penetration and subsequent efficacy has been extensively
tested and reviewed in non-embedded spheroids [99]. However, analogous studies performed
with embedded spheroids are rare. An et al., report that unloaded PSS/PAH microcapsules
exhibit a negligible effect on glioma spheroids invasion after treatment as part of a larger
study indicating their promise as a drug delivery system [100]. Using a collagen embedded
breast cancer spheroid model, Charoen et al., describe the penetration of paclitaxel-loaded
nanoparticles into the entire spheroid with a resultant reduction in spheroid size that is
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greater than with paclitaxel treatment alone [1011. Notwithstanding the few cases in the
literature, the combination of more physiological mass transport barriers and ability to
evaluate efficacy demonstrate the potential utility of spheroids to the drug delivery field.
However, for bulk delivery devices such as meshes, wafers and patches, the relatively small
media volume used in spheroid models can artificially concentrate the released drug likely
making the current iterations of spheroid models unsuitable for testing the efficacy of these
delivery methods.

4.5. Spheroids Embedded in Collagen and Fibrin in Non-cancer Research Areas

4.5.1. HUVEC Sprouting—This review focuses on spheroid applications in cancer
research, however, spheroids are of widespread utility for a number of research areas (Figure
6). Many of the techniques and methods described below not only translate to studies
involving cancer spheroids but also can be directly implemented to study the effect of
vascular systems on the growth of tumors. The study of endothelial cell migration and
sprouting during angiogenesis is one obvious example. Human umbilical vein endothelial
cells (HUVECS) or bovine aortic endothelial (BAE) cells form a differentiated surface layer
with an unorganized, apoptotic core, when prepared by the liquid overlay method [102],
Using this model, Korff and Augustin report that collagen embedded spheroids
spontaneously sprout radial capillary-like protrusions that differentiate to form capillary
lumens (Figure 6B) [103]. Adjacent spheroids display directional sprouting and thus multiple
spheroid systems form large, complex structures. Mechanically induced sprouting occurs
where collagen-transduced mechanical forces direct the sprouting of endothelial cells in the
direction that force is applied [103]. This is an example of a system that seamlessly translates
to cancer spheroids to study tumor biomechanics. Two quantitative metrics of sprouting are
typically used to characterize angiogenesis: the lengths of the three longest protrusions, or
the cumulative length of all protrusions [104-112]. As with cancer spheroids, few investigators
supplement the quantitative data on sprouting with proteomic expression. However, Haspel
et al., report the collection of sprout length data along with western blots to analyze protein
expression [113]. An alternative method uses Puramatrix to aid spheroid formation [114],
When the human dermal microvascular endothelial cell toroidal spheroid is embedded in
collagen, it maintains a similar behavior to the system by Korff and Augustin, and
demonstrates the biphasic effect of the multi kinase inhibitor sorafenib on sprouting, as a
model experiment. Spheroids lacking ECs offer insight into the differentiation of vascular
smooth muscle cells (SMCs) into myofibroblasts. Spheroids composed of cells derived from
chicken embryonic SMCs or human SMCs demonstrate differentiation into myofibroblasts
and sprouting without ECs after the addition of VEGF, PDGF-BB and FGF-2 [115].

The designers of the endothelial cell spheroid capillary sprouting system, Korff and
Augustin, continue to improve the model and explore its applications. For example,
embedded spheroids enable determination of 1C50 curves for the response of approved drugs
on angiogenesis, and have reduced the inherent variability of using primary-derived
HUVECs through the use of immortalized HUVECs [116]. To model mature blood vessels,
SMCs are incorporated in a (1:1 or 4:1 HUVEC:SMC) heterospheroid, and the two cell
types spontaneously form a core of SMCs and a surface layer of HUVECs [117]. The
inclusion of SMCs induces a mature EC phenotype supported by an increase in junctional
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complexes, a decrease in PDGF- expression, and a decrease in EC apoptosis. Although
exogenous VEGF fails to stimulate sprouting in 1:1 heterospheroids, sprouting does occur
when the EC content is increased, as in the case of 4:1 heterospheroids. This EC dependence
is indicative of crosstalk between ECs and SMCs. Similarly, successful sprouting of 1:1
heterospheroids is achieved with co-stimulation by VEGF and Ang-2, an antagonist of
Ang-1, which is expressed in SMCs. Ang-2 destabilizes the EC and SMC interactions, to
facilitate VEGF responsiveness [118],

Similar to SMCs, human bone marrow stromal cells (BMSC) or adipose derived stromal
cells (ASC) support the formation of prevascular structures by HUVECs when formed as
HUVEC-containing heterospheroids [119], The secretome of both BMSCs and ASCs, as
analyzed via ELISA, reveal a number of trophic factors that stimulate EC growth such as
HGF, TIMP1, and TIMP2. In contrast, primary human fibroblastsyHUVEC heterospheroids
decrease HUVEC apoptosis, but also sprouting, which nevertheless bears promise for
vascularizing engineered tissues [120]. An attempt to similarly vascularize collagen-based
bone grafts using heterospheroids composed of HUVECSs and human osteoblasts found a
similar effect where the heterospheroid exhibits decreased sprouting [109]. In an alternate
approach to vascularize bone grafts, Stahl et al., suspend single osteoblasts around an
endothelial cell spheroid in collagen [121]. Direct contact between osteoblasts and HUVECs
inhibits the sprouting of HUVEC spheroids even with exogenous stimulation. However,
endothelial progenitor cell (EPC) spheroids sprout in the presence of osteoblasts and
exogenous growth factors, making EPCs a better cell prospect for vascularized bone grafts.

4.5.2. HUVEC Sprouting Combined with Cancer Invasion—The merging of the
tumor spheroids and EC sprouting systems yields vascularized spheroid models. The
inclusion of vasculature in a tumor model enables modeling of late stage tumors as opposed
to being limited to avascular early stage tumors. Using a non-embedded melanoma/
endothelial heterospheroid, the anti-angiogenic properties of resveratrol become evident
unlike in the monolayer system [122]. The inclusion of murine ECs in a non-embedded
heterospheroid system sensitizes the resulting murine mammary cells to treatment with
paclitaxel, but protects them from radiation [123]. In another model, the addition of
fibroblasts stabilizes the endothelial cells spheroids preventing apoptosis in EC/tumor cell
models [124]. Others have expanded from two cell systems to spheroids composed of three
cell types. Correa et al., report increased sprouting in an embedded heterospheroid
composed of a ratio of 2:2:1 (normal human dermal fibroblasts: MDA-MB 231 breast cancer
line: HUVECs) where the fibroblasts mimicked mural cells [124]. The incorporation of all
three cell types, as opposed to only the stromal cells (fibroblast and ECs), results in different
response profiles to anti-angiogenic agents and traditional chemotherapeutics as measured
by mean sprout length and tumor cell growth via a luciferase transfected line. Using cell-
specific ShRNA analysis, this system demonstrates that MT1-MMP regulates endothelial
sprouting through expression in fibroblasts and ECs, but not tumor cells. A second three cell
system, where the heterospheroids is composed of colon tumor cells and HUVECSs with
normal human lung fibroblasts embedded in the surrounding a fibrin matrix (Figure 7),
reveals robust sprouting with the colon tumor line invading into the capillary lumens [125],
Relative hypoxia in this system encourages greater intravasation by the tumor cells, which is
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partially regulated by an EMT driver, Slug. Results such as these, advance the spheroid
model beyond just tumor cells to the inclusion of multiple cell types and a functioning
vasculature. The incorporation of a number of aspects of a tumor microenvironment
simultaneously increases the treatment types that the spheroids can effectively evaluate.
Furthermore, the selective control either by luciferase, sShRNA [124] or siRNA [125] enables
monitoring of an individual cell type within such a complex multiple cell system.

4.5.3. Mechanical Matrix Modifications—Based on the effect of tension on directional
sprouting reported by Korff et al., [103] Mason et al., describe increasing the stiffness of the
collagen gel post-embedding using a non-enzymatic glycation [1261. The stiffness of the 1.5
mg/mL gels increases from 175 Pa to as high as 730 Pa, depending on the ribose
concentration added. Importantly, gels possessing a compressive modulus between 175-500
Pa possess similar fibril size and arrangement. The stiffer gels contain slightly larger fibers.
Bovine aortic endothelial cell spheroids exhibit higher sprouting in the stiffer collagen gels,
indicative of the effect of mechanical environment on angiogenesis. Increased sprouting
results from a stiffer environment, and this study decouples the result from contributions of
density and fiber structure. This result is easily applicable to cancer invasion, while a similar
study on cancer invasion that decoupled collagen pore size from stiffness would be
applicable in vascular sprouting [°91. Such approaches are of utility in teasing apart the
interconnected relationships between matrix characteristics (stiffness, density, and fiber
structure) and cancer invasion.

4.5.4. Maintaining or Influencing Differentiation in Spheroids—Similar to
endothelial cell sprouting, embedded spheroids can promote differentiation of stem cells
along a preferred lineage or maintain the phenotype of primary cells when treated with the
correct mixture of growth factors. In other words, spheroids can mimic the native tissue from
which tumors arise. An early attempt at differentiating mammary rabbit cells in a number of
culture conditions found that spheroids embedded in collagen, or placed on top of floating
collagen gels, recapitulate some aspects of a functioning mammary gland [521. While both
formed fat droplets and differentiated into two cell types, the floating gels exhibit more
microfilament rich cells, while the embedded spheroids form large duct-like structures.
Drawing inspiration from the EC sprouting assay, similar assays for studying neurite growth
are described. The supportive functions of Schwann cells are critical to neurite growth;
however, 2D co-culture methods with and without contact do not dramatically increase
neurite length (1271 In contrast, in a 3D collagen embedded heterospheroid of 1:10
NG108-15 neurites to neonatal rat Schwann cells, the mean sprout length almost triples in
magnitude compared to the results obtained in the 2D experiments [128]. This result
highlights the importance of not just cell-cell contacts, but the 3D environment itself in
creating and/or maintaining physiological cell interactions.

When seeking to maintain the differentiation of cells, the goal is to recreate the phenotypic
environment from which the cell type originated. For example, to model skin, fibroblasts
surround an embedded dermal stem cell spheroid in collagen with a layer of keratinocytes on
the top. The dermal stem cells differentiate into epidermal melanocytes. The co-culturing of
functional healthy tissue whether it be mammary glands or skin, with a tumor spheroid
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enables studying the interplay between normal and malignant tissue. Similarly, both matrix
and growth factors are important for maintaining the differentiation of mature equine
tenocytes, as recently reported [129], Tenocyte spheroids embedded in collagen demonstrate
contraction and alignment when treated with low-serum media containing TGF-p1, ascorbic
acid and insulin, but not in agarose, or when treated with a high-serum media lacking
additional growth factors as shown in Figure 6C.

When the desired application is implantation, the matrix not only supports the function of
embedded cells, but it can actively aid in long term viability /n vivo. Hou et al., describe a
collagen-filled polyurethane foam with a heparin-immobilized VEGF to address the
drawback of low vascularization in hepatocyte transplantation [13%]. To enhance the viability
of hepatocytes in the foam, rat hepatocytes are embedded in a spheroid. The viable spheroids
produce albumin which is indicative of hepatocyte specific function [1311. After implantation
in a rat model, viability and vascularization improves as a consequence of the synergistic
combination of the spheroid macrostructure and application-specific matrix.

Spheroid culture is also applicable to skewing the differentiation of cells along a desired
lineage. Recent efforts focus on exploiting the differentiation capabilities of mesenchymal
stem cells (MSC). When MSC spheroids, embedded in fibrin and treated with osteogenic
media, are cultured in hypoxic, serum-free conditions, they outperform singly embedded
cells in terms of metabolism and resistance to apoptosis [232]. Importantly alkaline
phosphatase, a marker of osteogenic potential does not significantly decrease, and calcium
production is significantly higher. Similarly, MSCs in a fibrin-embedded MSC-HUVEC
heterospheroid differentiate along a cardiac pathway, if provided the right encouragement.
Subsequent implantation restores function in a post-ischemic rat heart model (331, In this
study, a two-step hanging drop method gives the heterospheroid a layered morphology. First,
a spheroid of subamnion cord-lining MSCs (15,000) forms over three days and then on the
fourth day newly added HUVECs (2,000) form an outer layer and surround the MSC core.
Next, each animal receives a graft containing approximately 150 spheroids embedded in
fibrin. Left ventricle remodeling occurs with less scarring and increased vascularization
results in an improved ejection fraction. The differentiation of mature cells is also possible
by manipulating culture conditions and cytokine exposure in a process called
transdifferentiation. Using this approach Nishikawa et al., describe the transdifferentiation of
collagen-embedded rat hepatocyte aggregates to bile duct cells [134-136]1,

4.6. Spheroids Embedded in Synthetic Polymers

Unlike naturally sourced materials, synthetic materials offer unique opportunities to control
and modulate spheroid behavior without the complicating interactions between cells and a
natural biopolymer — like collagen. For example, PDMS was used to mechanically confine
spheroids to study the subsequent effect on mitotic progression[1371. Studies like these are
only possible if the mechanical properties are not affected by cellular remodeling. Similarly,
synthetic materials that are impervious or very slow to cellular remodeling, such as PLGA or
PEG hydrogels, are ideal to study the effects of material pore size, material structure, and
mechanical properties on cell migration. Bioactive peptides such as RGD or MMP-sensitive
regions can also be selectively incorporated in synthetic polymer matrices to study spheroid-
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ECM interactions in a modular and controlled manner that is difficult to achieve with native
biopolymers. For example, Ho, et al report the effect of 3D culture and spheroid
macrostructure on resistance to chemotherapeutics in a collagen-coated PLGA scaffold
using an array of methods including confocal microscopy of a fluorescent reagent and
measurement of secreted proteins[138]. One potential advantage of working with a synthetic
polymer for embedding spheroids is to easily and quickly remove the cells from the polymer
for additional analysis. For example, triggered degradation of the polymer scaffold using
light would accelerate the collection of live cells and increase the yield without subjecting
them to lengthy and harsh biological methods (such as enzymatic degradation). The
opportunities provided by the use of synthetic materials to the spheroid field are just
beginning to be realized.

5. Perspectives

Embedded spheroids serve as useful models in cancer, angiogenesis, and differentiation
research, but a lack of quantitative characterization methods hinders their ultimate utility.
While embedding cells increases the physiological relevance, it also increases the time, cost,
and complexity of the system. Today, spheroid models are not readily amenable to the many
techniques available for 2D systems. There is a heavy reliance on optical imaging methods
and subsequent analysis. While improvements in post-imaging analysis are facilitating many
studies (e.g., whole cell imaging mosaics/tiles), quantitative non-image based techniques are
in demand [63. 76, 1391 However, the quantities of genetic material, protein or cells required
for FACs, western blots, viability assays, or mMRNA chips analyses is significant and requires
the use of multiple spheroids, on the order of several thousand cells. Furthermore, harvest
methods to obtain the cells from the spheroid may require harsh conditions or be labor
intensive due to the embedding material. Assays relying on protein or nucleic acids may
prove easier to adapt, since cell viability is not required for performance of the assay. As the
sensitivity of these techniques improves, the potential for performing analyses on a single
spheroid will be become more wide-spread. [31. 1401, Importantly, there are a few studies
successfully reporting western blots, ELISAs, luciferase expression, oxoplates, or rt-PCR
data. The use of non-destructive methods to monitor viability (oxoplates or luciferase
expressing lines) are especially promising as they bypass the limitations of low biological
material as well as time consuming disaggregation methods. Increasing the spheroids per
system, to maximize cell yields may introduce unwanted spheroid/spheroid interaction.
Efforts are underway to improve the throughput by using synthetic polymers to direct
spheroid formation, magnetically labeling cells to direct growth as aggregates, or using a
PDMS mold in a facile method for embedding spheroids [53-55],

Innovations in non-embedded spheroids are being translated to embedded systems and these
strategies and techniques are expanding the types of data that spheroids can be used to
obtain. Li et al., scaled up drug screening to a high throughput system in non-embedded
spheroids by combining viability measurements with a colorimetric assay and evidence of
EMT through vimentin expression. The stable transfection of a vimentin promoter in a
firefly luciferase reporter plasmid enables facile quantification of vimentin expression [141]
and screening of a panel of marine secondary metabolites for small molecules that regulate
EMT without causing toxicity. Flowcytometry is used to characterize non-embedded
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spheroids but only limited reports exist with embedded spheroid counterparts [142]. However
adoption of flowcytometric techniques with embedded spheroids will facilitate
quantification of uptake of fluorescently labeled drugs or nanoparticles as well as analysis of
surface markers. The combination of uptake and viability studies is especially important to
the evaluation of nanoparticles, in which studies using non-embedded spheroids are
prevalent, but lacking in embedded spheroid models.

Although spheroids are used in a number of fields such as cancer, vascular biology, and stem
cell research, there is a significant opportunity for universal advancement with crosstalk
between these fields. Importantly, the models and methods used are translatable between
fields, where the end goal is recapitulation of a microenvironment to influence cell
phenotype. This is most striking when examining the research of both Professor Kulms and
Herlyn [67. 1431 Both modeled skin by using spheroids of melanoma or dermal stem cells
surrounded by fibroblasts in a collagen gel with a layer of keratinocytes on the top. The
melanoma system is used for drug testing, while the dermal stem cell system demonstrated
their stemness by giving rise to differentiated epidermal melanocytes. The methods used are
the same, but differ in application. Greater crosstalk and adoption of methods between these
related fields will ultimately increase the capability of spheroids to offer insights into uptake,
metabolic activity, protein regulation, and secondary cell interactions that are poorly
understood in cancer.

6. Conclusions

Embedded spheroids are a powerful tool in cancer research, angiogenesis, differentiation,
and tissue engineering that enables the recapitulation of /n vivo like environments within /n
vitro settings. This review describes contributions of embedded spheroids to cancer research,
and methods of interest. Embedded spheroid models recreate the complex interactions
between cell types within the contexts of secondary cell types and tumor heterogeneity in
cancer. The combination of natural matrices with spheroids lends itself to studies of how a
growing tumor interacts with, migrates through, and shapes the ECM. The integration of
tumor macrostructure within a 3D environment also provides a means to evaluate the
efficacy and mechanism(s) of novel chemotherapeutics and nanoparticle systems. Although
characterization methods and time consuming implementations are limiting, novel methods
to improve throughput and ease of use are facilitating widespread adoption. The increasing
sensitivity of assays combined with non-destructive evaluations of growth and viability will
enable quantitative characterization metrics, and thus increase the utility of this model.

The future of spheroid research rests on the marriage of sensitive instrumentation and a
readiness to embrace spheroid-focused tools irrespective of application. One of the
weaknesses of the spheroid systems is that the quantity of cells, and, thus, the amounts of
proteins and nucleic acids isolated are small. The advent of highly sensitive instrumentation
and assays are desperately needed to fuel quantitative single cell analyses. For example
single cell measurements of mMRNA from different locations within the spheroid could be
coupled with computational models of pH, oxygen partial pressure, gel composition, and gel
stiffness. This would enable the effect of local environment on genetic expression to be
characterized. Many of the spheroid systems are focused on breast cancer or glioblastoma,
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while none or only a few reports described cancers where tumors are embedded in a fibrous
and fibroblast rich matrix as seen with sarcomas. A number of additional opportunities exists
for embedded spheroid models including their use in: 1) mechanically active or dynamic
materials to further simulate /n vivo conditions — such as in lung cancer; 2) systems that
enable perfusion of the tumor and ability to study the effects of flow rate and nutrient
supply; 3) models employing multiple cell types located at specific sites to study nearest
neighbor effects and signaling pathways which may or may not be activated; and 4)
microfluidic models of vasculature to explore tumor/vascular interactions. We also
encourage researchers to use broad search terms in learning about this area as a wealth of
spheroid-related articles are found using key words such spheroids, cell clusters, tumoroids,
capillary sprouting systems, and multicellular tumor spheroid (MTS).

In summary, spheroids as multicellular aggregates enable one to more accurately study the
complex mechanisms behind cancer invasion, progression, and response to treatment while
replicating both the multicellular nature and 3D stromal environment present in an in vivo
tumor. We encourage all to explore the field of spheroid research where dimensions (length,
width, and depth) are highly coupled to cellular and molecular biological events, and are
integral to our further understanding of diseases and the treatments that are needed.
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Tumor Spheroi
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Figure 1. Tumor Microenvironment is Modeled in Spheroids
The growth of malignant cells within a tumor leads to a distinct microenvironment that is

characterized by gradients of metabolites, oxygen, and nutrients. The multicellular spheroids
recapitulate these aspects of tumor growth.
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Figure 2. SpheroidsasModel Tumors
Sutherland first developed spheroids in the 1970s using the rotator flask method. The

spheroids imaged are derived from Chinese hamster lung imaged at 120x [19]. Reprinted
from reference 19 with permission from Oxford University Press.
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Figure 3. Spheroid-based M odels
The embedded spheroid provides the opportunity to incorporate multiple cell types either in

the collagen matrix (B), within the spheroid (C), or on top of the collagen (D). This
modularity has resulted in a number of complex, application-specific models.
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Figure 4.
(A) An overlaid optical image of a spheroid with stained MDA-MB-231 cancer cells (green)

and RAW 264.7 macrophages (red) shows the two cells types throughout the spheroid. The
scale bar is 100 um for the image. (B) Cytokine based interaction of macrophages and tumor
cells as monitored by EGF concentration detected via an ELISA from the four models
(10,000 cancer cells (10C); a heterospheroid with 10,000 cancer cells and 5,000
macrophages (L0C5M); a 10,000 cancer cell spheroid surrounded by 5,000 macrophages
(10Cd5M); n=4; (** p<0.005, *p<0.05). Reprinted from reference 64 with permission from
Elsevier.
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Figure 5. Two Distinct Populationsin Embedded Spheroids
Multiple researchers have observed the presence of two distinct subpopulations within an

embedded spheroid. Shown here in a glioma embedded spheroid model, there is a dense core
(identified by a circle on the left and an S on the right) and a migrating population (shown
with a dashed circle on the left and an | on the right [78 98] Reprinted from reference 76
with permission from the JNS Publishing Group. Reprinted from reference 96 with
permission from Elsevier
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Figure 6. Spheroids have been Utilized by a Number of Fields
Spheroids have been used in a number of fields including cancer research, (A) angiogenic

sprouting of endothelial cells, (B) and artificial tenocytes with embedded tendon cells (C and
D) [30.103,129] ‘pespite the diverse applications the similarities of the micron level structures
are apparent. Reprinted from reference 48 with permission from the JNS Publishing Group.
Reprinted from reference 101 with permission from The Company of Biologists Ltd.
Reprinted from reference 127 with permission from Elsevier.
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Figure 7. The Vascularized Spheroid
The combination of EC and cancer spheroids has lead to a fully vascularized spheroid.

Fibroblasts in the stroma stabilize the formation of vascular networks. Evidence of

interaction is apparent as cancer cells (green) can be seen within the vessel lumens (red)
[125], Reproduced from reference 123 with permission from The Royal Society of
Chemistry.
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