Synthesis and Characterization of 3 -D Tissue Engineered Tumor
Models for Melanoma Study and Extracellular Matrix Investigation.

by
Joseph L. Spano

A thesis submitted to the College of Engineering at
Florida Institute of Technology
in partial fulfillment of the requirements
for the degree of

Master Degree
in
Biomedical Engineering

Melbourne, Florida
May, 2017

We the undersigned committee hereby approve the attached thesis,
“Synthesis and Characterization of 3-D Tissue Engineered Tumor Models for
Melanoma Study and Extracellular Matrix Investigation” by Joseph Spano.

_________________________________________________
Michael B. Fenn, Ph.D.
Assistant Professor, Biomedical Engineering
Committee Chairperson

_________________________________________________
Vipuil Kishore, Ph.D.
Assistant Professor, Biomedical Engineering
Committee Member

_________________________________________________
Lisa K. Moore, Ph.D.
Research Assistant Professor, Biological Sciences
Committee Member

_________________________________________________
Ted Conway, Ph.D.
Professor and Head, Biomedical Engineering

Abstract
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Author: Joseph L. Spano
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Introduction: Melanoma is the deadliest form of skin cancer, projected to claim over 9,700
American lives and necessitate $3.3 billion in care and treatment costs in 2017. In order to reduce
the socioeconomic burdens and lessen cancer-related mortality and morbidity, advancements in
early-stage diagnostics and treatments are essential. Two-dimensional (2-D) tissue culture treated
plastics (TCTP) are reductionist in vitro models that are commonly used in drug development and
preclinical drug evaluation. These models poorly recapture the native tumor microenvironment
(TME), providing unrealistic growth conditions, and are thus poorly suited to measure the efficacy
of newly emerging therapies. We have developed reproducible three-dimensional (3-D) tissue
engineered tumor models in order to assess the differential phenotypes expressed by melanoma
cells grown on our models of varying stiffness. The primary objective of this work is to investigate
and decouple the influence of the extracellular matrix (ECM) physicochemical properties on the
metastatic phenotype of melanoma. Further, we aim to provide more robust and relevant models
for investigating the TME in response to therapeutics. Methods: Bovine-derived collagen type 1
was used to prepare soft 3-D gels (GEL). Stiffer 3-D gels (XPC) were prepared from the GEL via
plastic compression and genipin crosslinking. The differential physicochemical material properties
of our models were characterized via AFM, SEM, and Raman spectroscopy. A375 and VMM-1
cells lines were cultured on-top of the GEL, XPC, and TCTP surfaces. Cellular proliferation was
measured with the AlamarBlue assay on day 1, 3, 5, and 7. Additionally, A375 and VMM-1 cells
were fixed and stained after 48h to visualize cellular morphology and actin stress fibers as well as
to quantify cellular spreading. Further, cryostat sections of the substrates were stained in order to
visualize the distribution of biomarkers, pFAK and integrin αvβ3, that are involved in focal adhesion
(FA) formation. Lastly, an 84-gene array RT-qPCR analysis and western blot were performed in
order to assess the differential expression of genes and proteins involved in cellular adhesion and
ECM-remodeling. Results and Conclusions: The AlamarBlue assay indicated significantly
(p<0.05) increased cell proliferation with increasing substrate moduli. Fluorescence microscopy
indicated that cells grown on the stiffer substrates displayed greater actin stress fiber distribution
as well as significantly increased cell spreading. Further, the size and distribution of pFAK and
integrin αvβ3 suggested the presence of mature and stable FA on the stiffer substrates and
temporary focal complexes on the soft gel. The western blot confirmed the expression of metastatic
markers within our models, which importantly were found to increase in expression with increasing
substrate moduli. The 84-gene array RT-qPCR analysis displayed significant differential gene
expression patterns for the cells grown on GEL, XPC, and TCTP. These results confirm that our
models are capable of inducing differential melanoma phenotypes. This further highlights the
influence of ECM physicochemical properties on metastatic progression, as well as it also
demonstrates the need for reproducible and tunable 3-D tumor models for melanoma research and
drug screening applications.
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Chapter 1
Introduction and Background
Melanoma
Melanoma is the deadliest form of skin cancer, resulting from over
proliferation of pigment producing cells within the skin [0-1]. The incidence rate of
melanoma is steadily increasing and over 9,700 people are projected to die in 2017
from this disease [2]. The socioeconomic and financial burdens of melanoma
necessitate roughly 3.3 billion dollars in annual spending within the United States
for care and treatment costs [3].
Melanoma, while primarily derived from melanocytic cells within the skin,
can occur in any tissue within the body containing melanocytes, including the eye
and other mucosal epithelia [1]. Conventional histopathological staining and other
current diagnostic techniques are can identify the four main subtypes of melanoma
and these include: superficial spreading melanoma, nodular melanoma, lentigo
maligna melanoma, and acral lentiginous melanoma. These melanomas can be
characterized by their distinct anatomical and morphological differences by a
trained pathologist. Early detection and treatment of melanoma is key for the
eradication of the disease and such advancements are paramount for a reduction
of associated deaths and suffering.
There are five stages (0-IV) that describe the development and progression
of melanoma. The criteria for the classification of the relative stages of melanoma
is constantly evolving and provides clinicians with critical information concerning
prognosis, treatment strategies and progress in clinical trials [4]. A promising
prognosis typically coincides with patients possessing localized melanoma (i.e.
stages I-II), while a poor prognosis often exists for those who exhibit signs of
advanced stages of the disease [6]. Due to melanoma’s high propensity to
metastasize, it is critical to catch the disease before it has the chance to invade
surrounding tissues, penetrate the basal lamina, and invade blood vessels via
1

intravasation. Cancer cell phenotype will dictate the survivability of the cell within
the bloodstream as well as its ability to migrate and potentially extravasate to a
secondary site, further exacerbating the process of metastasis.
Surgical resection and adequate clearing of tumor margins is often used to
treat early stage (0-II) melanoma successfully. While surgical excision is also
utilized as a first-line therapy for more advanced melanoma (stages III-IV), more
dynamic approaches are often necessary in effort to provide patients with
symptomatic relief and/or remission of the disease. To this end, there is much
ongoing research concerning the development of new chemotherapeutic drugs,
liposomal formulations, as well as immunotherapeutic and combinatorial strategies
for melanoma treatment. Recent advances in the field of nanotechnology have
paved the way for the development of new treatment strategies which have greater
specificity, lower systemic toxicity as well as employ targeted diagnosis and killing
of cancerous cells.
A strong movement has coincided with the recent advancements in
nanomedicine and cancer therapeutics to properly study and vet these
technologies in an environment which provides conditions similar to those
experienced within the human body. This includes the development of new
materials which recapitulate the native tumor environment as well as the utilization
of primary cell lines as opposed to immortalized cell lines.

The Extracellular Matrix and Dynamic Reciprocity
The heterogeneous collection of molecules which immediately surround
cells within the body can be defined as the extracellular matrix (ECM). For the
better half of a century, the ECM was considered a scaffold in which living cells
are embedded, whose function was solely to provide structural integrity and
support to cells residing within the matrix. It has since been realized that the
inherent complexity of the ECM influences and regulates cellular phenotype and
tissue architecture. The presence of different cell types within the ECM, and
importantly the chemical composition as well as the mechanical properties have
all been implicated in modulating cell growth, proliferation, differentiation,
migration, apoptosis, invasion and metastasis [6-9].
Bissell et al posited the concept of dynamic reciprocity. This new phrase
described the nature of how ECM physicochemical properties modulate, and are
modulated by, the behavior of cells which inhabit it [10]. The dynamic reciprocal
model was formulated after their group demonstrated that normal healthy
mammary cells will undergo malignant transformation in response to increasing
2

the stiffness and changing the composition of the growth substrate. Additionally,
Bissell et al triggered a reversion in cell phenotype from malignant back to healthy
when reverting the environment to normal, compliant conditions. Discher et al also
reported on the effects of modulating the ECM mechanical properties on the
cellular phenotype. It was observed that a soft compliant matrix, similar to that of
brain ECM, directs stem cell differentiation and determines a neurogenic stem cell
lineage. Similarly, stiffer matrices were shown to be myogenic, while the stiffest
material with a modulus similar to bone was shown to be osteogenic [11].
While the correlation between exogenous forces (matrix stiffness) and cell
phenotype is well established, the underlying molecular mechanisms that govern
this relationship are only partially understood [12]. The modulus of the tissue
under study has been shown to correlate positively with the rate of cell proliferation
as well as the clustering of integrins and formation of focal adhesion (FA)
assemblies. Cells will sense and “pull” on the surrounding matrix to “feel” its
compliance and detect the level of force necessary to deform the matrix. Signals
are then generated via mechano-transducers (i.e. integrins) to communicate with
intracellular motors and actin structures which are linked back to FA assemblies,
providing the transmission of force back to the external environment [11]. It is this
hierarchy of signaling events that directs the dynamic and reciprocal flow of
information between the cell and ECM. The resulting changes in cellular
architecture and induction of signals outward from the nucleus in turn modulate the
physicochemical properties of the ECM itself [8]. Now that the ECM is recognized
as an important regulatory and signaling entity, more focus has been placed upon
investigating the correlation between exogenous forces and malignant
transformation [12-15].

The Tumor Microenvironment
The interactions between malignant tumor cells, healthy cells and the
surrounding ECM constitutes the tumor microenvironment (TME). Cell-to-cell and
cell-to-ECM communication within the TME is a highly dynamic process regulated
by cytokines, chemokines, growth factors as well as proinflammatory and matrix
remodeling enzymes. The composition of the TME as well as the activity of the
transformed cells that inhabit it share many commonalities with the process of
wound healing and inflammation. In addition to malignant cells, the TME contains
various cell types of the immune system, fibroblasts, blood vessels and lymphatics.
A marked increase in ECM deposition, as well as enzyme-mediated crosslinking
of structural fibers is also observed within the TME, giving rise to its noticeably
stiffer properties as compared to normal healthy tissue. These numerous factors,
which enhance the inherent heterogeneity that is observed within the TME, pose
3

great challenges to those who wish to recreate such conditions so as to provide
physiologically relevant in vitro culture models.
The high degree of complexity of the TME becomes evident when
immunostained sections of tumors are viewed under magnification. Multiple cell
types such as fibroblasts, endothelial cells, pericytes, smooth muscle cells,
adipocytes, macrophages, lymphocytes, and mast cells can all be visualized in
addition to the transformed epithelial cells. Importantly, each of these cell types
belong to different lineages which give rise to various types of tissues (i.e.
capillaries, blood vessels, connective tissue and lymphatic ducts), further
influencing the heterogeneity of the TME. Each of these different cell types engage
in heterotypic signaling, or intercellular communication, with one another to
regulate the proliferation of other neighboring cells within the TME. Such
heterotypic signaling and regulation of dissimilar cell types is achieved via the
exchange of various growth factors such as hepatocyte growth factor (HGF),
transforming growth factor-a (TGF-a), and platelet-derived growth factor (PDGF),
in addition to growth inhibitory signals such as TGF-B and pro-survival factors such
as insulin-like growth factors 1 and 2. These heterotypic interactions promote the
process of tumor development, and in turn the construction of tumor tissue
architecture.
The collective interactions between tumor stromal cells and epithelial cells
dictate the blueprints for constructing the ECM and the basal lamina. Each cell
type expresses genes coding for specific major protein components of the ECM
(i.e. collagens, laminin, fibronectin, elastin, etc). Such components are of great
interest, particularly when considering the mechanical properties and chemical
composition of the ECM, as will be discussed in greater detail later. In addition to
various ECM components, tumor stromal cells (endothelial cells) are responsible
for the formation of capillaries and larger blood vessels. This process is essential
for providing oxygen and nutrients to all nearby cells and is mediated by angiogenic
factors such as vascular endothelial growth factor (VEGF) and angiopoietin-1
(Ang-1).
The myriad of heterotypic interactions encompassing the TME also give rise
to the dependence of carcinoma cells on stromal interaction and support. The
complexity and dependence upon heterotypic signaling also suggests that cancer
cells exploit and/or hijack preexisting biological programs (i.e. wound healing) in
lieu of writing a new program from scratch to drive the development and survival
of the tumor. Such dependence has created enormous barriers for researchers in
their efforts to adapt tumor cells for in vitro applications, which has necessitated
the establishment of human cell lines that have sufficiently progressed in vivo to a
point where they are no longer dependent on stromal interactions for their survival.
4

2-D or not 2-D?
Cell lines are typically propagated under conditions that are non-native to
the body; this environment is often two-dimensional (2-D) and comprised of plastic
which has a much stiffer modulus than that of most tissues in the human body.
Furthermore, the monolayer is devoid of ECM and provides cells with unequal
access to both nutrients and oxygen, in addition to a falsely high concentration of
serum and growth factors. These culture conditions are commonly used to
evaluate chemotherapeutic drug efficacy, as well as to study important cell-ECM
interactions and to further scientific knowledge surrounding cancer progression,
metastasis, angiogenesis, drug development and dose-response relationships.
Therefore, it is necessary to ask the question why such common culture practices
still predominate the field when their ability to recapture physiological conditions is
poor at best. Additionally, one must also question whether the use of immortalized
human cell lines will continue to provide valuable information concerning the
investigation of cell signaling pathways as well as the efficacy of newly-developed
anti-cancer therapies.
When assessing a newly-developed drug’s potential clinical efficacy, the
drug is often administered to immunocompromised small animal models that have
been subjected to tumor xenografts. One of the issues with this is that such
implanted tumors are derived from human cancer cells lines propagated within
standard 2-D culture conditions that poorly recapitulate the environment that is
commonly encountered in the clinical setting. Furthermore, these xenografts are
often implanted in a different location possessing dissimilar physicochemical
properties than that of the location where the cancer initially developed. It is likely
that by the time the cells have been immortalized, propagated on plastic, and
implanted into the mouse that the degree of interaction and signaling within the
new TME will be quite different from that of the original site. This level of variability
and uncertainty that is introduced often coincides with a weak correlation between
how the drugs typically work within mouse xenograft models versus that of human
clinical trials.
One response to circumventing the use of cancer cell lines as well as
artificial culture conditions is that of implanting fragments of human tumors directly
into small animal models. An additional advantage to this technique is the
preservation of epithelial and various stromal cells which give rise to a tumor that
more closely resembles the complexity and histology of that of the original tumor.
The challenge that this model poses is the extensive proliferation time of the tumor
once implanted as well as the laborious process for resecting a tumor and
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transplanting it from one species to another. Such struggles emphasize the unmet
clinical need for highly reproducible and implantable tumor models that can
recapture the physicochemical properties and histology of the native TME that is
often encountered in the clinical setting.
The aforementioned discoveries concerning the importance of ECM
physicochemical properties has prompted the use and development of 3-D models
within the academic research setting. Many newly emerging startup companies
are also developing innovative technologies that can be applied to the
development of more clinically relevant platforms for preclinical drug screening.
To this end, commercial products incorporating cell-laden hydrogels and unique
organotypic engineered constructs are being investigated for their use in improved
high-throughput screening platforms [22].

Application of 3-D Models for Melanoma Study
The implications of modulating both the stiffness and composition of 3-D
matrices have been made clear [12]. In particular, they have been shown to
dysregulate intracellular signaling pathways in addition to inducing significant
changes in gene expression profiles at the RNA level [17]. Despite this, 2-D
models are continually used to answer questions concerning the progression of
many disease states as well as in drug development, toxicology and predictive
modeling of biological response. Importantly, the delivery and access to nutrients
and therapeutics afforded by such models is not representative to that which is
encountered within normal physiological conditions.
Therefore, further
advancements in 3-D model synthesis would likely address the need for more
physiologically relevant platforms to be used in basic research, drug development
and preclinical drug screening.
The process of developing a drug and its successful advancement through
clinical trials is an incredibly costly and arduous process that takes upwards of 12
years. Between 1990-2010 there were 126 phase III clinical trial failures and 35
of these were due to drug toxicity. This translates to a waste of 35 billion dollars in
basic research and development efforts, as the average cost to bring a drug from
the basic research stages to trial completion is approximately 1 billion dollars [18].
There is a considerable demand for improved in vitro models which can
appropriately recreate the inherent heterogeneity and vasculature of the native
system so as to accurately model drug uptake and bridge the gap between in vitro
and in vivo animal testing. Such models would elicit a response closer to that
which is observed in clinical settings and therefore would provide valuable
information concerning the viability of new treatment methodologies. This
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information could be used to aid in the determination of whether it will be cost
effective for the drug to advance further along the FDA approval pathway.
Overcoming the limitations of existing technologies to provide this valuable
information sooner will translate to increased success rates of drugs, millions of
dollars in annual savings, less animal sacrifice, and offer alternative testing models
to animal models, maybe all-together at some point, in drug evaluation.
One of the issues concerning conventional research models for studying
melanoma is the aforementioned inconsistency that is often observed between
experimental and clinical outcomes. To this end, many groups have implemented
the use of more complex 3-D models to answer questions concerning cancer
progression, metastasis, and chemotherapeutic dose response.
Recent advances in 3-D culture models have allowed for the creation of
increasingly complex in vitro culture systems which can mimic the complexity of
the in vivo TME. 3-D cell culture is often performed on or within a matrix derived
from collagen or Matrigel (a proteinaceous extract of mouse sarcoma cells which
contains a high collagen content). This type of simulated geometry allows for more
realistic growth of implanted cells. This environment allows cells to adopt a
phenotype and genotype that is more characteristic to that seen in native tissues.
3-D cultures also allow for the incorporation cellular heterogeneity (i.e. cocultures), which accounts for the differences in microenvironment and phenotype
often observed in vivo. These conditions are not encompassed with 2-D cocultures that are devoid of ECM and propagated on a synthetic, plastic and
impermeable substrate which is not representative of the dynamic
physicochemical properties observed within the body. It is also well understood
that the tumor environment contains dynamic features such as leaky vasculature
and unequal gradients of nutrients and oxygen [17]. Furthermore, the stiffness of
tumor tissue is often significantly greater than that of normal healthy tissue. The
combinatory effects of such factors influence cell-to-cell and cell-to-ECM
interactions, which in turn further influence cellular behavior, phenotype, and gene
expression. These dynamic and reciprocal interactions further direct remodeling
of the surrounding matrix. For these reasons, it is imperative to capture as much
of the native tumor environment as possible within the laboratory setting and to
develop models which are highly reproducible.
The development of 3-D culture systems has the potential to provide a
framework that can be further applied to the assessment of therapeutic efficacy as
well as to further elucidate the mechanisms of tumor vasculature formation and
matrix remodeling. The process of matrix remodeling and the formation of tumor
vasculature are highly dynamic events that are only properly understood in three
dimensions. Matrix remodeling is facilitated via proteolytic degradation of ECM
7

constituents and is critical for tumor cell growth, invasion and metastasis. This
process is mediated by a family of proteins known as matrix metalloproteinases
(MMP) [16].
The importance of MMPs in matrix remodeling can be observed by genetic
modulation of tissue inhibitors of metalloproteinase (TIMP). Montgomery et al
further elucidated the role of TIMP-2 on metastasis by transfecting metastatic
melanoma cells with cDNA encoding for human TIMP-2. Overexpression of TIMP2 was shown to have no significant effect on the proliferation rate of melanoma
grown on top of gelatin coatings when compared to non-transfected and TCTP
controls [16]. However, markedly reduced growth rates were observed when the
same transfected cells were embedded into 3-D collagen matrices, further
illustrating the implications of modulating substrate dimensionality. It was also
observed that their 3-D collagen gels initially reduced cell proliferation and that
TIMP-2 overexpression further hampered growth by thwarting collagenolysis
(maintaining ECM physiochemical properties). TIMP-2 overexpressed cells were
also introduced subcutaneously into nude mice and led to a significant reduction
in tumor volume compared to that of the control. Further, while TIMP-2
overexpression reduced proliferation, it failed to reduce the metastatic potential of
tumors. Metastases were observed within the lymph nodes and lungs of mice.
This demonstrated the propensity for highly metastatic melanomas to metastasize
to secondary sites without the need for collagenolysis and that the breakdown of
basement membrane and interstitial collagens can be accomplished via other
means.
3-D models have also been applied to investigate the formation of tumor
microvasculature which is stimulated by intratumoral hypoxic conditions and
formed by a process known as angiogenesis. Fibroblast-recruiting transcription
factors, such as hypoxia inducible factor 1-alpha (HIF-1α), are formed in response
to hypoxic conditions and activate fibroblasts to secrete collagen IV, fibronectin,
and laminin which are necessary for vessel formation [18]. Maniotis et al further
clarified the relationship between the mechanisms which govern microvasculature
formation within the TME. This was accomplished by culturing highly metastatic
cell lines on top of collagen gels and measuring their dependence upon various
factors to promote angiogenesis and form histologically validated
microvasculature. Their results suggested that highly metastatic cell lines may
have the capacity to form vasculature without the need for soluble pro-angiogenic
factors such as VEGF. Additionally, Goldstein et al investigated the role of
fibroblasts to induce human microvascular endothelial cells (HMVECs) to
differentiate from a monolayer to capillary like morphology. This study highlighted
the utility of 3-D collagen-based models for assessing angiogenesis as well as the
versatility of such models for incorporating various cell types (co-cultures) and
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manipulating ECM physiochemical properties. Their co-culture method included
creating a monolayer of HMVECs which was overlaid with a 3-D cell-laden
collagen gel containing melanocytes alone, fibroblasts alone, or a 1:1 cell mixture
of the fibroblasts and one of twelve different melanoma cell lines. Angiogenesis
was only observed when fibroblasts were co-cultured with the melanoma cell lines.
The results were compared to the melanocytes cultured alone, which exhibited a
significantly lower response. Importantly, their results indicated that fibroblasts are
a requisite cell type for melanoma tumor sites to create microvasculature [19].
The TME contains cancer cells in addition to various stromal cells such as
fibroblasts, which actively release MMPs, growth factors, and cytokines. This in
turn governs MMP-mediated matrix remodeling, tumor metastatic niche formation,
and the development of chemoresistance. Tiago et al investigated the role of the
TME in regulating chemoresistance by implementing novel ‘skin reconstruct’
culture models that provide near identical histology to native human skin tissue
[17]. The 3-D collagenous matrix was prepared with and without the encapsulation
of normal human dermal fibroblasts (NHDF) and compared to monolayer TCTP
controls. Metastatic patient derived melanoma cells (SK-MEL-103) were cocultured on top of the skin reconstructs. Their results indicated that fibroblastsimulated microenvironments confer doxorubicin resistance by compromising
apoptotic pathways, marked by a decrease in p53 expression and caspase 3/9
cleavage.
3-D collagen-based materials have also been applied to investigate cancer
immunotherapeutics. Zhang et al measured the ability of cytotoxic T lymphocytes
(CTL) to migrate through a 500μm layer of fibroblast-embedded collagen gel to
reach melanoma tumor cells and induce apoptosis [21]. The model showed that
migration was chemokine-dependent, and required the production of CCR4 and
CCL2 within CTL and tumor cells, respectively. Further development of such
models may provide additional information relevant to chemokines, their receptors,
and the efficacy of newly emerging cancer immunotherapy strategies [21]. These
topics are often investigated in vivo using mouse models which are lacking in their
ability to provide information pertaining to patient-derived tumor cells. Additionally,
Transwell plates are often used, which lack tumor cells altogether and contain
artificial components that fail to recapture the native TME.
Tumors often grow and orient chaotically in three dimensions, forming
aggregates (or spheroids) comprised of multiple cells. This spheroid geometry
attributes to the tumor’s non-uniform access to nutrients and oxygen, as well as
the dynamic interactions with other physical and chemical stresses within the
surrounding TME. Additionally, it is understood this geometry influences the
multitude of dynamic interactions with ECM components and soluble factors, which
9

govern mechanotransduction, cellular adhesion and signaling – all of which have
reciprocal interactions that drive cellular phenotype as well as ECM remodeling
[24]. The challenges of establishing viable in vitro tumors have led to the use of
immortalized cell lines derived from patient tumors. These culture models fall short
in their ability to encompass the tumor as an organ as well the myriad of inherent
complexities within the native TME. To this end, many researchers have aimed to
recreate the TME using melanoma tumor spheroids (melanospheres). A variety
of methods can be utilized to form aggregates of melanoma cells and the spheroid
model can be used in tandem with 3-D culture models. The collagen-implanted
spheroid model has been implemented by many groups as a means to answer
questions pertinent to angiogenesis, chemoresistance, metastasis, intracellular
signaling and targeted therapies [25-35].

Biomedical Applications of Raman Spectroscopy
Raman spectroscopy is a prominent vibrational spectroscopic technique
commonly used to assess chemical composition within a variety of interdisciplinary
topics, such as the pharmaceutical industry and materials science. Raman
spectroscopy has recently garnered substantial interest within the biomedical
sciences for its application as a powerful diagnostic tool. Raman is capable of
providing very detailed and valuable information concerning the composition of
tissues and affords specific advantages over other commonly used optical and
vibrational spectroscopic techniques [36]. In particular, Raman provides the ability
to rapidly and non-destructively probe complex systems while requiring little to no
sample preparation. Additionally, very little interference from water is observed in
the biological ‘fingerprint region’ of a Raman spectra, which is a common obstacle
encountered with other techniques such as Fourier Transform Infrared
spectroscopy (FTIR) [37].
Raman spectroscopy operates upon the basic principle of ‘inelastic
scattering,’ whereby the photons from an incident light source interact with the
sample at the molecular level and are subsequently back-scattered with a change
in energy (wavelength) from that of the incident photons. This inelastic, or Raman,
scattering of light occurs far less commonly than that of the typical elastic, or
Rayleigh, scattering of light. Rayleigh scattered photons are simply back-scattered
with no net change in energy after irradiating the sample. Approximately one out
of ten million photons undergo the ‘Raman effect,’ and are scattered at a
wavelength different from that of the incident light source. This change in energy,
or Raman shift, directly coincides with the specific molecular bending and
stretching vibrational modes of the sample under analysis. Therefore, very specific
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information pertaining to the molecular structure of the sample can be inferred from
the change in energy of the photons after they have interacted with the sample.
A plot of the Raman shift (cm-1) vs. the Raman scattering intensity can be
used to describe a typical Raman spectral acquisition. This plot can be interpreted
by examining the presence of peaks, or features, within a particular wavenumber
range and consulting the pertinent literature for information on characteristic peak
locations. Of particular interest is the ‘biological fingerprint region,’ between 5002000 cm-1, wherein features that pertain to the molecular vibrational modes of
biomolecules reside.
Biological molecules typically display weak Raman
scattering cross-sections and consequently longer exposure times are often used.
The characteristic peaks for proteins, lipids, and DNA can each be observed within
specific regions of the Raman fingerprint region. This data can be used to provide
extensive information relevant to the molecular composition of cells and tissues.
The methods for acquiring Raman spectra employed in vitro, ex vivo and
even in vivo in real-time, without damaging the specimen under investigation. The
technique also affords the advantage of collecting 2-D and 3-D maps, which can
be visualized under false color schemes that represent a sampling region in terms
of its chemical composition (example shown below). Raman spectral data sets
are often very large and cumbersome, necessitating the use of multi-variate
statistical analysis techniques in order to extract meaningful information [38].
While this task may seem daunting, the information gleaned can be very useful
and as such has incited many researchers to dedicate their time and resources to
develop such methodologies which can be applied to answer may questions
pertinent to biomedical research and beyond [37]. As this technology further
progresses toward the clinical setting, it becomes largely dependent upon the
implementation of optimized multivariate statistical techniques that are able to
provide rapid analyses with a high degree of accuracy. To this end, some of the
most commonly employed techniques are Principal Component Analysis (PCA),
Linear Discriminant Analysis (LDA), Hierarchical Cluster Analysis (HCA), K-means
clustering, Direct Classical Least Squares (DCLS), Support Vector Machines
(SVM), Artificial Neural Networks (NN), and Linear/Logistic Regression. These
techniques are often used alone as well as in combination and having knowledge
of these techniques can provide the researcher with certain advantages.
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Figure 1: An example 2-D Raman false-color map, generated by DCLS, depicting the differential
cellular and matrix components of melanoma cells growing on a 3-D collagen gel [51].

PCA is performed by a transformation of the axis of datasets such that they
are converted into a set of ‘linearly uncorrelated’ variables or principal components.
The first component accounts for the largest amount of variability, or contains the
greatest amount of variance, in the dataset. The second component is orthogonal
to the first component and accounts for the second largest amount of variance.
The process continues in this way for all remaining principal components.
Importantly, PCA affords dimensionality reduction and in turn allows more feasible
characterization of biological components [37]. While PCA can be used to explain
trends in data, and is often implemented on its own, it is commonly used in
conjunction with LDA or other related techniques. LDA operates differently from
PCA in that it maximizes intergroup variance; PCA does not account for the
variance among different groups. PCA and LDA have been used, either alone or
in combination, to provide larger separation among classes of data. This has
allowed for more efficient spectral discrimination and has been applied to many
topics within the biomedical sciences, including the identification of leukemia and
gastric cancer.
The two techniques described above are examples of
unsupervised learning algorithms, which can be used to identify hidden trends
within large datasets.
HCA and K-means clustering are two additional unsupervised clustering
techniques that group data according to common characteristics [39] and are
commonly used to interpret Raman spectral data [40-41]. SVM, NN, DCLS and
multivariate regression are supervised learning algorithms that rely upon training
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datasets to build predictive models [37]. SVM has been successfully applied to
Raman spectral data with regards to cancer diagnostics. Sattlecker et al employed
Raman spectroscopy to acquire maps of lymph node biopsies from breast cancer
patients. This training data was used to build a model capable of classifying 100%
of new datasets correctly, identifying those that presented a malignant phenotype
[42]
Raman spectroscopy has also been applied to measure compositional
variance within cartilage tissue during aging and the onset of osteoarthritis [40].
Articular cartilage, a specialized connective tissue, functions to reduce bone-onbone friction within the joints. This tissue is largely composed of an ECM,
containing collagen II and proteoglycans, that covers the surfaces of bone at
junctions. According to the composition and collagen fiber alignment, articular
cartilage can be grouped into three zones (superficial, middle, and deep). In
osteoarthritis and rheumatoid arthritis, ECM degradation often precedes cartilage
degradation. The development of a platform that could detect variance in the
composition of cartilage tissue ECM could aid in studying, diagnosing, and grading
osteoarthritis. Furthermore, the application of the necessary supervised machine
learning techniques could also be applied to quantitatively study the ECM in
general and thus predict and diagnose a variety of diseases which can be
classified on the basis of ECM dysregulation.
Bonifacio et al acquired 2-D Raman maps of the superficial, middle and
deep zones of porcine articular cartilage [40]. PCA was successfully implemented
to separate collagen and other ECM components from the convolved spectra.
HCA was used to generate an image displaying the distribution of the ECM
components. PLSR was used to quantify the contributions from each ECM
component. This was accomplished by building a calibration model comprised of
known analyte concentrations from basis spectra of pure DNA, CS, concanavalin,
albumin and collagen II. The results illustrated the relative distribution of each
ECM constituent. The model classified 20-30% of the tissue as GAGs, 50-60% as
collagen, and 10-20% as non-collagenous protein, which correlates well with other
studies characterizing the composition of articular cartilage [40, 43]. This study
demonstrates one of the ways in which Raman spectroscopy can be effectively
used as a quantitative technique, when employing regression and classification
models. Further improvement upon these areas could aid researchers in studying
the ECM as well as provide improved diagnostics for arthritis and a variety of
pathological states.
Pudlas et al further demonstrated the utility of Raman spectroscopy to
distinguish between the deep, middle, and superficial zones of cartilage tissue by
employing PCA to identify spectral features which were responsible for the
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variance among the datasets. The PCA loading plots were used to identify the
characteristic peak assignments for collagen, GAGs, and proteoglycans in order
to discriminate between the different zones.
Raman spectroscopy has also been used to monitor the deposition of ECM
in 3-D agarose cultures. Kunstar et al semi-quantitatively assessed the matrix
produced by chondrocytes and found that its collagen content increased by a
measurable extent. Immunofluorescence staining of collagen type II was used to
validate this finding. Votteler et al also used Raman spectroscopy, employing PCA
and SVM, to monitor ECM remodeling within the leaflets of porcine heart valves
[45]. A comparison of collagen peak ratios was used to differentiate between
samples with healthy and degraded ECM, Collagen type I immunostaining was
used to validate their findings. The ability to monitor ECM deposition and
remodeling could improve many facets of biomedical research and thus warrants
further study,
These studies demonstrate the use of Raman spectroscopy to assess the
distribution of ECM components in tissues. The relative distribution of ECM
proteins, such as collagens I and IV, fibronectin, vitronectin, laminin and elastin, is
known to fluctuate during the process of dynamic matrix remodeling and tumor
development [46]. Thus, further investigations in the ability to discriminate
between ECM components and their relative distribution could be used to construct
classification models for tissue samples based on their ECM fingerprint. This
combined with further advances in hardware, such as the development of fiberoptic endoscopic probes, may one day allow for real-time, rapid and non-invasive
diagnosis of many cancer types.

Research Goals
The ECM is now understood to be an important signaling entity and
regulator of cell fate and tissue architecture. This hierarchy of signaling events is
also further understood to be influenced by ECM architecture, structure, and
mechanical properties as well as the distribution of various ECM components such
as collagens, fibronectin, laminin, elastin and vitronectin. While 2-D culture models
are understood to poorly recapitulate the native ECM, they are continually used in
preclinical drug screening as well as in research to investigate fundamental
questions in biology. Though some progress has been made in the design and
implementation of 3-D culture models, more robust, reproducible and tunable
platforms are needed for their application in studying the TME, cancer, therapeutic
efficacy and beyond.
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The impetus of this project is to explore the use of 3-D collagen-based
materials and their potential for providing more clinically relevant culture models
for the study of melanoma as well as for use in preclinical drug screening. In this
work, we demonstrate the profound effects of modulating substrate dimensionality,
stiffness, and composition on the genetic and phenotypic expression of melanoma
cells. We have developed reproducible 3-D collagen-derived tumor models to
investigate these differential expression patterns within melanoma cells induced
by varying matrix composition and moduli. The changes in moduli coincide with
the range of stiffness that is typically encountered within the native TME. The
incorporation of additional ECM components, such as FN, demonstrates the
feasibility of including other constituents that are known for their involvement in
tumor development, progression and metastasis. These factors provide a more
robust platform for studying the TME as compared to the conventional TCTP that
is many times stiffer than the native tissue being investigated. Furthermore, 2-D
models lack the dynamic physicochemical cues encountered within the native TME
as they are devoid of ECM. Importantly, these models can also be used for
improved testing and evaluation of newly emerging cancer treatments as well as
the effects of the ECM on the efficacy of such therapeutics.
The fate of healthy tissue is regulated by ECM physicochemical properties,
and consequently ECM remodeling, and dysregulation has been observed as a
hallmark for various diseases, including cancer [23-24]. The ability to quantify the
relative presence of key ECM components could be used to predict the extent of
matrix remodeling and thus classify the metastatic potential of tumor sites. The
recent advances in Raman spectroscopy as well as the application of various
classification and regression techniques have allowed researchers to extract
spectral features of diagnostic importance and to quantify the relative distribution
of proteins within a heterogeneous matrix. The application of such methodologies
is investigated herein in order to study cell-biomaterial interactions for composite
materials under investigation for vascular graft and bone tissue engineering
applications. Furthermore, the use of AFM in tandem with Raman provides both
mechanical and compositional information at the same scale in which the cells
‘see’ the ECM.
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Overall Thesis Hypothesis: Modifications to the physicochemical properties of
tissue engineered scaffolds will influence cellular phenotype, genotype, and ECM
remodeling by a measurable extent.
Hypothesis 1: A mechanically stiffer and more densified substrate, as validated
by AFM and SEM, will induce significantly increased proliferation rates and
spreading of melanoma cells compared to that of a soft compliant matrix.
Aim 1: Development of Tunable 3-D Tumor Models for the study of Melanoma
 Fabricate more mechanically and chemically competent tumor models via
plastic compression, chemical crosslinking, and incorporation of ECM
proteins (i.e. FN).
 Employ SEM, AFM, and Raman spectroscopy to characterize surface
topography, mechanical properties, and composition of 3-D models.
 Assess differential proliferation rates of melanoma cells grown on the
models.
 Investigate morphological appearance, actin stress fiber distribution and
quantify melanoma cell spreading area as a function of substrate stiffness.
 Investigate morphological distribution of pFAK and integrin αvβ3 expressed
by melanoma cells grown on soft and stiff tumor models.
Hypothesis 2: Expression of known metastatic markers implicated in ECM
remodeling will increase with increasing substrate modulus.
Aim 2: Application of Tumor Models to Quantify Differential Protein Expression
 Perform western blot to assess relative protein expression, specifically β1integrin and MMP-2/9, in melanoma cells grown on models of varying
stiffness and composition.
 Perform RT-qPCR to quantify differential expression of genes implicated in
cell adhesion and ECM degradation/remodeling for melanoma cells grown
on soft vs. stiff models.
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Hypothesis 3: Raman spectral investigation of vascular grafts will confirm the
differential cell-material interactions imparted by varying the composition of tissue
engineered vascular grafts (TEVG).
Aim 3: Raman Spectral Analysis of Tissue Engineered Vascular Grafts.
 Collect Raman spectra of pure PCL and composite PCL-Collagen and PCLFibrinogen TEVG.
 Perform multivariate factor analysis, PCA, and regression (NNLS and
DCLS) to semi quantify the composition of TEVG.
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Chapter 2

Materials and Methods

1. 2-D Cell Propagation
The cell lines used in this work were primary patient derived melanoma cells
(A375) and secondary brain metastatic site melanoma cells (VMM-1). Additionally,
normal primary patient-derived melanocytes were used as a standard for
comparison.
RPMI-1640 basal media was used to culture the VMM-1 cell lines
(ATCC® CRL-1619™). DMEM basal media was used to culture the A375 cell lines.
Both basal medias were supplemented with 10% FBS, 1% penicillin/streptomycin
and 1% L-glutamine. A seeding density of 20,000 cells/cm2 was used to plate the
cell lines onto 75cm2 TCTP flasks. A solution of 0.25% trypsin/EDTA was used to
harvest the cell lines from their respective flasks prior to seeding on the 3-D
models.
Normal Human Epidermal Melanocytes (NHEM) were acquired from
Promocell® (Heidelberg, Germany, Cat. No. C -12402). NHEM were cultured as
per manufacturer protocol in complete melanocyte growth medium M2 (Promocell,
Heidelberg, Germany, Cat. No. C- 24300) supplemented with 1%
penicillin/streptomycin (Penicillin 10,000 U/ml, Streptomycin 10,000 ug/ml mix
from HyClone Cat. No. SV 30010). Passage 2-5 cells were plated at a density of
5,000 cells/cm2 onto 75cm2 TCTP flasks. The cell detachment kit DetachKit-250
(Promocell, Cat. No.C-41220) was used to harvest NHEM from the flasks prior to
3-D culture. All cell lines were left to culture in an incubator at 37⁰C and 5% CO 2.
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2. Substrate Fabrication
2.1 Collagen Gels
PureCol® acid-solubilized bovine-derived collagen type I was acquired from
Advanced Biomatrix at a working concentration of 3 mg/mL. An 8:1:1 ratio of
PureCol®, 0.1M NaOH and 10x PBS (Thermo Scientific) was used to prepare a
diluted collagen working solution that was adjusted to physiological pH (7.4). 200
microliters of the diluted collagen solution is pipetted into the wells of a 48-well
plate and left to set for 60-90 minutes in an incubator at 37⁰C and 5% CO2.
2.2 XPC
700 microliters of the diluted collagen solution (as prepared above) is casted
into a custom made mold and left to set as previously described. After
polymerization, the gels are then carefully removed from the conical plastic molds
with tweezers. The gels are placed between a sandwich of nylon meshes resting
on top of a metal mesh. A second sandwich of absorbent paper lines the outside
and the whole assembly compressed between two glass petri dishes. 17.5 g/cm 2
was applied for 7 minutes to facilitate the removal of water and densification of the
collagen gels.
After compression, the flattened gels are carefully separated from the nylon
meshwork into a solution of deionized water via downward scraping with tweezers.
The compressed gels are subsequently cut with a 0.95 cm 2 trocar. The circular
compressed gels are briefly soaked, on a flat inert surface, in a solution of 90%
ethanol. This additional step causes the existing salt bridges within the fibrous
protein structure to exchange for an increased number of hydrogen bonds when
immersed in ethanol [47]. This added stability and strength ensures that the
compressed gel will not wrinkle or fold upon itself, which often occurs during the
crosslinking process, allowing for a topography that can be more easily imaged.
Each substrate is then transferred into 1.5 mL of crosslinking solution (0.625%
genipin and 90% ethanol w/v) within a 24-well plate. The plate is sealed with
parafilm and incubated at 37⁰C for 72 hours to facilitate crosslinking.
After crosslinking, the gels are subjected to three washes in nanopure water
at 30 minutes each. The substrates are then incubated overnight at room
temperature in 0.25M glycine at pH 9. This step facilitates the quenching of any
remaining genipin moieties that may impart cytotoxic effects as well as induce
unwanted background fluorescence in subsequent fluorescence and Raman
spectral analyses. The substrates are again washed for a minimum of 1 hour with
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nanopure water and subsequently sterilized (70% ethanol in nanopure water) for
3 minutes. The substrates are then washed three times in 1x PBS for 20 minutes
to facilitate the removal of ethanol and rehydration of XPC substrates. A final
soaking of the XPC substrates in the host cell’s respective media (>20 minutes)
allows for the deposition of serum ECM proteins which facilitate cellular attachment
to the XPC substrates. The substrates are finally transferred to a 48-well plate that
has been pre-coated with pHEMA.

Figure 2: Photographs of compressed and cut collagen substrates before (left) and after (right)
crosslinking.

2.3 pHEMA Coating of TCTP
Before seeding the cells on the XPC substrates, all of the experimental wells
were coated with poly (hydroxyethyl methacrylate) (pHEMA). The amphipathic
structure of pHEMA causes the cells to preferentially attach to the XPC substrate,
as the TCTP surface is rendered hydrophobic. The coating procedure begins with
the preparation of a 1% solution of pHEMA in ethanol. The solution is sonicated
until fully dissolved and subsequently pipetted only into the wells which will later
contain the XPC substrates. 50 microliters and 150 microliters of pHEMA working
solution are used for 96-well and 48-well plates, respectively. The solution is left
to evaporate within the plates for several hours under a laminar flow hood. Once
dried, the plates are covered and subjected to UV irradiation for 45 minutes prior
to use.
2.4 Collagen Coating of TCTP
Collagen coated plates were prepared a few hours prior to cell seeding.
PureCol® bovine collagen type I was diluted at 1:30 in nanopure water under a
laminar flow hood. The diluted collagen solution was aliquoted at 100uL into the
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wells of a 48-well plate. The plate was left to incubate at 37oC for 1-2 hours. The
plate was returned to the hood and the wells were carefully aspirated so as to not
disturb the coating. Next, the coated wells were carefully rinsed with PBS and
again aspirated. The plate was left at ambient conditions until the cells were ready
to be seeded.
3. Cell Seeding and 3-D Culture
All cells were propagated as previously described and lifted from 75cm2
flasks with their respective detachment reagents. A seeding density of 20,000
cell/cm2 was used for both A375 and VMM-1 cell lines. NHEM cells were seeded
at 10,000 cell/cm2. For the TCTP and Gel substrates, a uniformly dispersed
mixture of appropriately counted cells was seeded on-top of the surface. In
contrast, the cells were seeded as a concentrated ~20uL drop on-top of the XPC
surface. These cell resuspensions were allowed to absorb and attach onto the
XPC surface for no longer than one minute prior to adding the remainder of the
complete respective growth medium.
For the experiments that involved lysate preparation and protein
quantification, all 3-D culture was performed in 48-well plates with a working
volume of 300 microliters of complete growth medium. All experiments involving
fluorescence imaging were performed in 96-well plates with a 100 microliter
working volume of complete growth medium. All experiments were incubated at
37⁰C and 5% CO2 for the specified length of time.
4. AlamarBlue Cell Proliferation Assay
Cellular proliferation, a measure of the balance between cellular division
and cell loss, is known to increase profoundly within tumors. Proliferation is often
measured as a function of DNA content and cellular respiration. The AlamarBlue
assay is commonly employed to assess the bioactivity of tissue engineered
constructs and involves the use of a non-toxic dye to assess cellular metabolic
activity. The active ingredient, resazurin, is readily reduced to the highly
fluorescent resorufin via cellular metabolism. This process coincides with an
apparent color change from blue to pink after the reagent is incubated in the
presence of live cells. The assay is easy to perform and is highly sensitive with a
detection limit as low as ~50 cells.
The AlamarBlue assay was used in this work to assess the differential
proliferation rates of melanoma cells grown on substrates of varying moduli. The
assay was carried out as per manufacturer protocol. Briefly, a SpectraMax M2
(Molecular Devices) was utilized to measure the fluorescence intensity by using
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an excitation wavelength of 555nm and emission of 585nm. A day 1 standard
curve was constructed by obtaining fluorescence readings from several replicates
of serially diluted melanoma cells which were incubated with the working solution
(10% Alamar-Blue reagent in complete growth media) for 2 hours. The same
exercise was repeated on the cells which were grown on the GEL, XPC, and TCTP
substrates for the following intervals: 24, 72, 120, and 168 hours. A regression
analysis was performed in MS Excel to determine the cell number for each
respective condition and time point.
5. Actin Staining
Phalloidin, a highly bioactive toxin, is derived from the notorious Amanita
genus of mushroom that has been historically implicated in countless deaths as
well as in traditional shamanic rituals [48]. Phalloidin has a very high binding
affinity for filamentous actin and is commonly conjugated to Alexa Fluor® 488, a
bright green fluorescent dye, to observe the distribution of actin within eukaryotic
cells. DAPI (4',6-diamidino-2-phenylindole), a once failed drug developed for the
treatment of parasitic disease, is known to bind very strongly to A-T rich regions of
DNA as well as to brightly fluoresce. The excitation and emission profiles of
Alexa Fluor® 488 and DAPI are 495nm/518nm and 358nm/461nm, respectively.
In order to assess the cellular morphology and actin distribution, DAPI and
phalloidin staining was performed on A375, VMM-1 and NHEM cells grown on
GEL, XPC, and TCTP substrates for 48 hours. After culturing as previously
described, the cells were first processed via a 10 minute formalin (4%
formaldehyde in PBS) fixation to preserve cellular architecture and composition.
The fixed cell-seeded substrates were then washed thrice, for 10 minutes, in 0.3M
glycine to quench any background fluorescence imparted by the fixative. The cells
were subsequently permeabilized, for 10 minutes, in a buffer consisting of 0.2%
Triton X-100 in PBST. A blocking buffer, consisting of 1% BSA and 0.05% Triton
X-100 in PBST, was added to the substrates and left to incubate for 40 minutes at
room temperature (RT) with light rocking.
A 6.6µM stock solution of
Alexa Fluor® 488 phalloidin was diluted 1:30 in blocking buffer and subsequently
added to the substrates for a 20 minute incubation period at RT. The cells were
then washed and counterstained with 300nM DAPI in PBS for 5 minutes and
immediately imaged via fluorescence microscopy.
6 Immunocytochemistry
The 3-D culture conditions (GEL and XPC) were embedded in optimal
cutting temperature (OCT) compound to acquire frozen cryostat sections of
approximately 10 microns. These thinner sections also allow for an overall
22

reduction in autofluorescence of the material that is exacerbated by the genipin
crosslinking process. It is important to take advantage of the combinatory effects
of the thinner sections as well as the previously described glycine quenching and
ethanol pre-soak
ing in order to facilitate ease of imaging and background
reduction. All of the sections, along with the TCTP conditions, were subjected to
0.2% Triton X-100 permeabilization for 10 minutes. Next, a blocking solution of
10% goat serum, 0.1% BSA and 0.2% Triton X-100 in PBST was added and left
to incubate for 60 minutes at RT with gentle rocking.
For the detection of phosphorylated FAK, all of the substrates were
incubated in 1:250 rabbit anti-FAKY397 (ab81298) in a blocking solution for 18-24
hours at 4°C. After washing, an Alexa Fluor® 488 conjugated secondary goat antirabbit IgG H&L (ab150077) was added at 1:250 in blocking buffer and left to
incubate at RT for 50 minutes.
For the detection of integrin aVB3, the substrates were incubated in a 1:250
solution of mouse anti-integrin aVB3 (ab78289) to blocking buffer for 18-24 hours.
After washing, the substrates were incubated for 50 minutes at RT in a solution of
1:500 Alexa Fluor® 488 conjugated secondary goat anti-mouse (ab150117) to
blocking buffer. 300nM DAPI in PBS was used to counterstain all samples for 5
minutes. The TCTP conditions were imaged immediately, while the sections were
prepared on a glass slide with Fluoromount-G® and subsequently imaged.
7 Image Acquisition, Processing and Analysis
Deconvolution is commonly employed to remove the characteristic out-offocus, or convolved, light that is transformed by the collective optical
characteristics of an imaging modality. This unique response of the imaging
system to the presence of a point source or point object can be modeled by its
point spread function (PSF). Deconvolution is an iterative algorithmic process that
locates objects and subsequently blurs them utilizing knowledge of the PSF. This
blurred image is essentially background subtracted from that of the convolved
image until all of the convolved light is restored back to its initial point of origin [49].
An example of a 3-D deconvolved image is displayed below in Figure 3.
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Figure 3: A 20x deconvolved fluorescence microscopy image of A375 melanoma cells oriented
along an electrochemically aligned collagen (ELAC) fiber. The ELAC fiber was provided by Dr.
Vipuil Kishore’s lab.

Deconvolution fluorescence microscopy was utilized for the imaging of the
samples that were stained as previously described. For the immunocytochemistry
staining of pFAKY397 and integrin aVB3, a 40x objective with 0.6 NA was used for
acquiring z-stack images with a 2.5 micron step size. All acquisitions were
performed with a ZEISS Axio Observer.A1 confocal microscope in ImagePro and
were subsequently deconvolved in AutoQuantX3 to yield a 3-D maximum
projection image.
A 20x objective was used to assess the actin distribution and extent of cell
spreading. Pixel quantification was performed on n = 9 images per condition via a
custom-built MATLAB program that measured the percentage of actin coverage
per field of view. This percentage was normalized to the cell number per field of
view to yield the normalized cell spreading area. A one-way ANOVA and Tukey’s
HSD were performed on the results of the spreading analysis using MS XLSTAT.
The ANOVA indicated statistical significance among the 3 groups tested. The
Tukey’s post-hoc test indicated that all 3 groups (GEL, XPC, and TCTP) were
significantly different from each other.
8 Western Blot
Western blotting was employed to assess the relative expression of proteins
involved in cellular adhesion and matrix remodeling. To begin, lysates were
collected from the cells grown on GEL, XPC, and TCTP substrates for 7 days as
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previously described. Each substrate required its own lysis extraction procedure
tailored to the unique composition of the matrix. All of the buffers used in the
western blotting procedure are listed, along with their recipes, at the bottom of this
section in Table 2.
8.1 Cell Lysate Collection
8.1.1 TCTP Lysates
The growth media was first removed from the cell-seeded 75cm2 TCTP
flasks and subsequently washed twice with 10mL of chilled PBS to remove the
residual media and dead cells. 400uL of RIPA (Pierce, Cat# 89900) supplemented
with 5 mM EDTA and Halt Protease and Phosphatase Inhibitor Cocktail
(ThermoScientific) was added to the flask and the cells were lifted with a cell
scraper. The suspension was quickly transferred to a 50mL conical tube on ice
and left to shake for 30 minutes at high speed. While incubating, further lysis and
breakage of DNA was facilitated by running the suspension through a 27-gauge
syringe needle several times. 50uL of the suspension was reserved for protein
quantitation via the BCA protein assay kit. The remainder of the cell lysis
suspension was mixed with 4x sample buffer, heated at 95oC for 10 minutes and
subsequently stored at -20oC.
8.1.2 Collagen Gel Lysates
The growth media was first removed from the 48-well plate containing the 5
GEL substrates. The 5 substrates were then washed twice with chilled PBS,
carefully removed from the wells with tweezers and quickly transferred into a single
Eppendorf tube. Approximately 350uL of collagenase (5mg/mL) was added to the
Eppendorf tube and the samples were left to incubate at 37 oC until the collagen
substrates were fully dissolved (approximately 15 minutes). At 5 minute intervals,
the samples were removed from the incubator and quickly inverted, shaken and
returned to the incubator. After complete digestion of the collagen material, the
samples were centrifuged at 200g in an Eppendorf 5415D tabletop centrifuge for
5 minutes. The supernatant layer is then removed and the pellet is resuspended
in 300uL chilled PBS and again centrifuged at 200g for 5 minutes. The supernatant
layer is once again aspirated and the pellet is mixed with 90uL of the RIPA buffer
working solution. The suspension is incubated on ice for 15 minutes with shaking.
10uL of the suspension was reserved for protein quantitation via the BCA protein
assay kit. The remainder of the cell lysis suspension was mixed with 4x sample
buffer, heated at 95oC for 10 minutes and subsequently stored at -20oC.
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8.1.3 XPC Lysates
The growth media was first removed from the wells containing the 5 XPC
substrates and the substrates were washed twice with chilled PBS. The 5
substrates were removed from the wells with tweezers and placed into an
Eppendorf tube containing 90uL of the lysis buffer working solution. The sample
was left to shake on ice for 15 minutes with intermittent burst sonication (twice for
10 seconds each). After incubation, the samples were centrifuged at 200g for 5
minutes and the supernatant was collected. The pellet was stained with 300Nm
DAPI for 5 minutes and visualized under a fluorescence microscope to confirm that
the substrates were devoid of nuclear material. 10uL of the supernatant was
reserved for BCA protein quantitation. The remainder of the suspension was
mixed with 4x SDS-PAGE sample buffer, heated at 95oC for 10 minutes, to
linearize the protein, and stored at -20oC.
8.2 BCA Protein Quantitation
The BCA protein assay kit (Pierce, 23225) was used to determine the
overall protein concentration for each lysate sample. This was performed to
ensure that equivalent amounts of protein could later be loaded into an
electrophoretic gel in order to assess relative protein expression. A working
solution of reagent A and B was prepared at a ratio of 50:1, respectively. The
lysate sample was diluted 1:3 in RIPA buffer and subsequently pipetted (25uL) into
a single well of a 96-well plate. Next, 200uL of the reagent A/B working solution
was added to each well and the plate was incubated for 1 hour at RT with
intermittent shaking. The plate was brought to room temperature and the
absorbance was measured at 562nm with a SpectraMax M2 (Molecular Devices)
plate reader. A regression analysis was performed in MS Excel to construct the
standard curve used to determine the unknown protein concentration.
8.3 Gel Electrophoresis
For the running of the samples though an electrophoretic gel, 4-15%
Criterion TGX Precast Midi Protein Gels (Cat. # 5671083) were used. The gel was
removed from its package, the comb was removed from the gel, and the gel was
rinsed liberally with deionized water. The gel cassette was placed into a Bio-Rad
Criterion Cell (Cat. # 165-6001) as per manufacturer protocol and the apparatus
was subsequently filled with 1x Running Buffer. The necessary volume of the
protein samples, equivalent to 20ug, were loaded into the wells. The
electrophoresis apparatus was connected to a power supply and the gel was run
at 200V for approximately 50-55 minutes. The gel was removed from its cassette
and submersed in transfer buffer 15 minutes.
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8.4 Gel Transfer
The gel was placed on top of a TBST-wetted nitrocellulose membrane and
sandwiched between wet filter paper. The assembly was further sandwiched
between two wet sponges, locked into into the Bio-Rad blotter holder and placed
into a Bio-Rad Criterion Blotter tank that was subsequently filled with chilled
transfer buffer. A magnetic stir bar and ice pack were placed into the apparatus to
counter the heat is generated during the transfer process. The apparatus was
connected to a power supply set at 100V and run for 60 minutes. The components
were disassembled, the membrane was removed, air dried and marked with a pen
to indicate the location of the standard marker bands once they have faded.
8.5 Probing the Membrane
The appropriate blocking buffer was added to the membrane to prevent
non-specific binding against the primary antibody used. Table 1 below lists all of
the antibodies that were used in this work as well as the host species in which they
were raised. The preferred blocking buffer is also listed in addition to the
respective dilution ratio for each antibody. The membrane was incubated with the
blocking buffer for 1 hour with light rocking. Next, the primary antibody was diluted
appropriately in blocking buffer, added to the membrane and left to incubate
overnight at 4oC with light rocking. The membrane was then washed four times in
TBST while shaking for 10 minutes each wash. The secondary antibody was
diluted appropriately in blocking buffer and incubated with the membrane for 1 hour
at RT with light rocking. The membrane was again washed with TBST four times
for 15 minutes with light rocking. Next, the membrane was treated with the Super
Signal West Pico Rabbit IgG detection kit (Thermo, Cat. #34083) as per
manufacturer protocol to develop the blot. The membrane was then imaged with
a Bio-Rad Chemidock MP detection system. Lastly, the membrane was stripped
5 times for 30 minutes at 55oC using the Stripping Buffer. Finally, the membrane
was washed at least 4 times with TBST for 15 minutes, dried, and stored at RT so
this exercise can be repeated for the next antigen.
Antigen
1° Cat. # 1° Host
N-Cadherin ab-76011 rabbit
E-Cadherin ab40772 rabbit
β1-Integrin ab52971 rabbit
MMP-2
ab92536 rabbit
MMP-9
ab76003 rabbit
Vimentin AF2105 goat
β-Actin
SC8432 mouse

1° Dilution Blocking 2° Dilution
1 to 20000 5% milk 1 to 5000
1 to 20,000 5% milk 2 to 5000
1 to 1000 5% milk 1 to 5000
1 to 5000 5% milk 1 to 5000
1 to 5000 5% milk 1 to 5000
1 to 1000 5% milk 1 to 1000
1 to 20000 5% BSA 1 to 500
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2° Antibody

Peroxidase conjugated anti-rabbit IgG
Peroxidase conjugated anti-rabbit IgG
Peroxidase conjugated anti-rabbit IgG
Peroxidase conjugated anti-rabbit IgG
Peroxidase conjugated anti-rabbit IgG
Donkey FITC-conjugated anti-goat IgG
Peroxidase conjugated anti-mouse IgG

Table 1: List of antibodies, host species, blocking buffers (prepared in TBST) and dilution ratios used for all
analyses.
10x TBS (pH 7.4)

10x Running Buffer

Transfer Buffer

4x Sample Load Buffer

15mM Tri s ba s e - 18.2g

Tri s ba s e - 30g

Tri s ba s e - 17.4g

0.04M Tri s -HCl pH 8

150mM Na Cl - 87.65g

Gl yci ne - 144.10g

Gl yci ne - 87g

0.004M EDTA

bri ng to 1L wi th NP wa ter SDS - 10g

SDS - 3g

4% SDS

1x TBST

MeOH - 600mL

20% β-ME

Bri ng to 1L wi th NP wa ter (pH 8.3)

1L of 1x TBS

Bri ng to 3L wi th NP wa ter 40% Gl ycerol

Ma ke i t 0.05% Tween-20

Bromphenol Blue (1 drop)

Table 2: List of all of the buffers referenced in the Western Blot protocol with their corresponding
recipes.

9 RT-qPCR Analysis
9.1 Cell Lysate Collection
The Human ECM and Adhesion Molecules kit of the RT 2 Profiler PCR Array
(QIAGEN, Cat. No. 330231 PAHS-013 ZA) was used to measure the gene
expression profile of A375 cells grown on the GEL, XPC, and TCTP substrates.
All of the genes measured with this assay code for proteins that include structural
or binding components of the ECM, proteolytic proteins or their inhibitors, and
cellular adhesion proteins. The assay was performed as per manufacturer
protocol. The cells were cultured on GEL, XPC, and TCTP substrates for 5 days
in a 48-well plate as previously described. Substrates from each condition (GEL
or XPC) were combined in an Eppendorf tube. The Eppendorf tube containing the
GEL substrates was subjected to the same separation procedure as described in
the Western Blot section, except the cell pellet was lysed with 600uL RLT buffer
containing 1% β-ME.
9.2 RNA isolation from GEL and XPC
The lysates are homogenized via vortexing for 1 minute and subsequently
centrifuged for 3 minutes at maximum speed. 350uL of 70% ethanol is added to
the lysate and it is subsequently mixed by pipetting. The sample is transferred to
an RNeasy Mini spin column placed within a 2mL collection tube. The lid is closed
and centrifuged for 15 seconds at > 8,000g. The flow-through is discarded and
350uL of RW1 Buffer was added to the RNeasy column. The column was
centrifuged again for 15 seconds at > 8,000g and the flow-through was discarded.
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80uL of a solution, 1:8 DNase I to RDD buffer, was added to the column membrane
and left to incubate for 15 minutes at RT. Then, 350uL of RW1 Buffer was added
to the column and subsequently centrifuged for 15 seconds at > 8,000g. The flowthrough was again discarded 500uL of RPE Buffer is added to the column for
further centrifugation – this process was repeated twice. The RNease spin column
was placed into a new 1.5mL collection tube and 25uL of RNase-free water was
added to the spin column membrane for a final 1 minute centrifugation at > 8,000g
to facilitate RNA elution.
9.4 RNA isolation from TCTP
The cells were trypsinized and centrifuged to form a pellet. The pellet was
resuspended in 600uL of RLT buffer and the RNA isolation was continued as per
manufacturer protocol (previously described in section 9.2).
9.5 RT-qPCR Array preparation and Thermocycling
The genomic DNA was removed from the RNA samples via incubation with
DNase I from RNase-Free DNase Set (QIAGEN, Cat. No. 79254). The RT 2 first
strand kit (QIAGEN, Cat. No.330401) was used to produce cDNA from 0.5 μg of
whole cell RNA. Next, 30uL of the cDNA was combined with RT2SYBR Green
qPCR Mastermix (Qiagen). This was dispensed onto the plates of the RT2 PCR
array. A real-time cycler (CFX Connect, Bio-Rad) was used to perform the PCR
amplification with an initial 10 minute step at 95°C. This was followed by 40 cycles
of 95°C for 15 seconds followed by 60°C for 1 minute. The fluorescence was
measured after each amplification cycle and the cycle threshold (CT) was recorded
as a cycle correlated to the first detectable product.
9.6 Data Analysis
The data was imported into Excel to create the bar plot (Figure 12) and
MATLAB R2016a was used to generate the heatmap and volcano plots (Figure
13 and 14). For each individual gene, the difference, or ΔCT, was taken between
the CT value of the gene of interest (GOI) and the average CT value of the reference
genes. In our case, the average CT value for several housekeeping genes were
used as the reference gene. This was performed for each of the 3 biological
replicates per condition to yield three ΔCT values for each GOI. These ΔCT values
were later used in the clustergram analysis.
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Equation 1 (Adapted from [51]): ΔCT (GOI Test Group) = CT (GOI) – Average CT (Ref. Genes)

For the Volcano plots (Figure 14) and bar plot (Figure 12), the results from
Equation 1 were further used to generate ΔΔCT , Fold Change, and Fold
Regulations shown in Equation 2, 3, and 4. The “Test Group” in Equation 2 refers
to either the GEL or XPC condition, while the “Control Group” refers to the TCTP
condition.
Equation 2 (Adapted from [51]): ΔΔCT (GOI) = ΔCT (GOI Test group) – ΔCT (GOI Control Group)
Equation 3 (Adapted from [51]): Fold Change(GOI) = 2[- ΔΔCT GOI]
Equation 4.1 -4.2
4.1 If Fold Change is positive…. Fold Regulation =

Fold Change

4.2 If Fold Change is negative… Fold Regulation = −

1
Fold Change

For the clustergram analysis, the gene expression magnitudes from
Equation 1 were expressed as 2(-Δ CT). Since each GOI contained 3 replicates, an
average 2(-Δ CT) value was taken and loaded into the MATLAB clustergram function,
which further normalized the values (i.e. mean = 0, standard deviation = 1). The
results of the heatmap (Figure 13) contain the gene expression profiles for the
cells that were grown on GEL XPC and TCTP substrates.
The student’s t test was performed to compare GEL vs. XPC conditions
using the values for 2[- ΔCT GOI]. The genes with p-values < 0.05 were considered to
be statistically significant. All of these statistically significant genes can be found
below in Table 3. The genes from this table that possess Fold Regulation values
greater than 1.8 were used to construct the bar plot (Figure 12). In the bar plot,
differential gene expression is shown for the cells growing on GEL and XPC. This
relative expression is plotted as the Fold Regulation calculated in Equation 4.
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XPC Fold Regulation GEL Fold Regulations p value
ADAMTS1
COL1A1

1.82

3.41 0.02824

-1.42

-2.78 0.00479

COL4A2

1.70

1.98 0.02930

-1.14

-1.85 0.04713

ICAM1

3.08

2.35 0.03963

ITGA1

6.43

10.84 0.01540

ITGA2

-1.20

1.76 0.05021

ITGA5

1.70

2.02 0.02317

ITGB1

1.04

1.09 0.03915

LAMB1

1.85

1.61 0.00614

SPG7

-1.27

1.10 0.03764

SPP1

1.75

2.43 0.04956

THBS1

-11.10

-25.00 0.02209

THBS2

3.67

5.96 0.04181

TIMP1

3.99

12.18 0.00531

FN1

Table 3: A list of all genes that we found to be statistically significant. The genes with Fold
Regulation values greater than 1.8 were used to construct the bar plot.

The Fold Change for all of the genes with detected expression, below the
threshold cycle (35), were used to construct the volcano plots. The graph plots the
log2 of each gene’s Fold Change on the x-axis and the -log10 of the gene’s p-value
on the y-axis. The p-values were determined by performing a student’s t test to
compare the 2[- ΔCT GOI] values for GEL vs. TCTP conditions as well as the XPC vs.
TCTP conditions.
10 Scanning Electron Microscopy
The density and extent of crosslinking of the 3-D models were assessed via
scanning electron microscopy (SEM). The GEL and XPC substrates were
subjected to graded ethanol washes to and subsequently critical-point dried. The
dehydrated substrates were mounted onto aluminum stubs with carbon tape and
subsequently sputter coated with goat. The samples were imaged with a JEOL
6380-LV (Peabody, MA) operating at 5kV.
11 Atomic Force Microscopy
A Bruker Dimension FastScan AFM was used to obtain the average
modulus values and peak force curve measurements for the GEL and XPC
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substrates. The soft gels were left to gel (60 minutes) on a positively charged
glass microscope slide prior to imaging. A 4.5um polystyrene bead was used on
a Novascan cantilever (k = 0.6 N/m) that was calibrated in water prior to use with
an Icon scanning head. Contact mode was employed to collect peak force curve
measurements from multiple regions of several gel samples in an aqueous
environment.
The peak force quantitative nanomechanical mode was used for the stiffer
XPC substrates. The stiffer substrates were prepared for imaging by fixation of
the XPC to glass microscope slides via the application of nail polish to the
perimeter of the substrates. A Scanasyst fluid probe (k = 0.4 N/m, d = nm) was
used to collect topographical maps of the samples at a 0.2Hz line rate. The
amplitude set points and feedback were adjusted to provide optimal surface
tracking and minimal error signal. The Young’s modulus was calculated on the
retract force curve using linearized and Hertzian models.
12 Raman Spectroscopy
Raman micro-spectroscopy was used to assess the composition and
densification of the compressed and crosslinked collagen substrates produced for
this work.
The Raman system consisted of a Renishaw InVia Raman
Spectrometer (Renishaw PLC, UK) coupled to a Leica DM2500 microscope with
an automated XYZ stage. The components of the spectrometer included a 785nm
NIR diode laser, 1200 1/mm grating and a 1” Deep Depletion CCD camera. The
objective lens used was a 0.9 NA Leica 63x water immersion objective lens with a
2mm working distance was used. The substrates were prepared for Raman
analysis by placing them onto MgF2 slides that were submersed in PBS. Aluminum
washers were used to weigh down the substrates to prevent movement or floating
during analysis. Average Raman spectra were obtained from 2-D line maps which
were acquired via the StreamlineHR mapping function within the Renishaw Wire
4.3 software. Line maps consisting of 15 acquisitions at 15 seconds each were
acquired using a 5 micron step size. The preprocessing steps included a fitted
polynomial baseline subtraction and a cosmic ray removal using the ‘width of
features’ identification routine within WiRE 4.3.
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Chapter 3

Development of Tunable 3-D Tumor Models for
Melanoma Study

Introduction

This chapter reviews the various materials characterization techniques that
were used to assess the differential physiochemical properties of our 3-D
models. Raman spectroscopy and atomic force microscopy have been
employed to provide chemical and mechanical information at the scale in which
the cells are interacting with the material. We further asked how the behavior
and phenotype of melanoma cells are modulated by the differential material
properties observed. The extent of cellular proliferation was measured as a
function of material stiffness at multiple time points via the AlamarBlue cell
proliferation assay. We further utilized fluorescence microscopy to observe the
changes in cellular morphology and the degree of spreading as a function of
substrate stiffness. Lastly, immunofluorescence was used to visualize the
distribution of integrins and focal adhesions on the GEL, XPC and TCTP
substrates.
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Results and Discussion
3-D model characterization confirms differential physicochemical material
properties

Figure 4: Scanning electron micrographs of GEL (left) and XPC (right) substrates depicting substrate density
and extent of crosslinking. Special thanks to Gayle Duncomb, of the High Resolution Microscopy &
Advanced Imaging Center, for providing me with the resources and necessary training to acquire these
images.

Topographical imaging of the GEL and XPC substrates (Figure 4) displayed
randomly oriented fibers of approximately the same diameter. Additionally, an
apparent difference in the density of the substrates can be observed. The
increased hydration of the GEL prior to critical-drying can account for the greater
porosity that is observed within the SEM images. As expected, the plastic
compression and subsequent crosslinking of the gel produced a microstructure
that is indicative to greater crosslinking.

Figure 5: Height sensor (A) and Peak Force (B) AFM maps of the XPC substrates.
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Figure 5: Quantitative Nano-mechanical AFM characterization of hydrated 3-D models. Peak
force curves are shown for GEL (A) and XPC (B) substrates followed by the average moduli plotted
on a log scale (C). I would like to thank the Mayo Clinic (Jacksonville, FL) and Dr. Santanu
Bhattacharya for the necessary resources and expertise to perform these measurements and for
providing me with hands-on AFM training.

The Young’s modulus values obtained for the GEL ranged from 0.00268 0.00479 MPa. The modulus values for the stiffer XPC substrates ranged from
0.697 – 1.8 MPa, an increase in approximately 1.5 orders of magnitude from that
of the GEL. Given that the Young’s modulus of the traditional TCTP surface is on
average 6-7 orders of magnitude higher than soft collagen gels, the XPC
substrates provide an intermediate level of stiffness between the GEL and TCTP
experimental conditions. The high-resolution topographical AFM maps of the XPC
substrates complements the SEM images and provides a more realistic 3-D-like
image, displaying a height profile, of the substrates when they are hydrated.
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Figure 6: Average Raman spectra obtained from GEL and XPC substrates as prepared.

The major characteristic collagen peaks can be observed within the average
Raman spectra of the GEL and XPC substrates. There is a marked increase in
the intensity values for the collagen-associated peaks within the XPC samples.
This further confirms the densified structure of the XPC substrates over the GEL.
The intensity value of the amide III peak at 1247cm-1 is over 50x greater in the
XPC spectra than that of the GEL. Similarly, the 1004cm-1 and 1035cm-1 peak

36

intensities are over an order of magnitude greater in the XPC spectra than that of
the GEL. Additionally, the appearance
of peaks within the XPC substrates that are absent within the GEL substrates
suggest that signatures corresponding to the genipin-induced crosslinking are
observed. The characterization data presented in this section provides mechanical
and compositional information, at the nano-scale, confirming that differential
physicochemical material properties exist within our 3-D models.
Cell proliferation and spreading is influenced by the stiffness of 3-D
matrices
In order to assess the influence of 3-D matrix stiffness on melanoma cell
phenotype, the proliferation rate was assessed for A375 cells grown on GEL, XPC,
and TCTP substrates. The proliferation was measured by performing the
AlamarBlue assay on day 1, 3, 5, and 7 as previously described. The data is
shown below in Figure 7.

Figure 7: AlamarBlue assay proliferation results for A375 cells grown on GEL, XPC, and TCTP.
The symbols (*†‡§) denote statistical significance between the GEL, XPC, and TCTP conditions
for each respective time point. I would like to acknowledge my lab mates Gouchang Ye and Trevor
Schmitt for their assistance with this assay and the subsequent data analyses.
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The results of the AlamarBlue indicate a steady increase in cell number, for
all substrates, over a period of 7 days. Importantly, a trend of increased
proliferation with increasing stiffness is also observed. After 24 hours of growth,
the number of cells present on both stiff matrices (XPC and TCTP), while not
significantly different from each other, are significantly (p < 0.0001) higher than
that of the soft matrix (GEL). Thus, the effects of matrix stiffness on cell
proliferation are already evident after 24 hours. On day 3, the trend of increasing
proliferation with increasing moduli can be observed as all 3 conditions are
significantly (p < 0.0001) different from one another. The same trend can be
observed on day 5. Furthermore, the percent increase in cell number from GEL to
XPC was determined to be approximately 67%, while the increase from GEL to
TCTP was approximately 82.4%. This 15.4% difference in cell number between
the XPC and TCTP conditions, while substantial, was not statistically significant.
This is due to the large variance in the readings acquired for the XPC samples on
day 5. On day 7, the same trend of increasing proliferation with increasing stiffness
can be observed. All of the conditions are significantly (p < 0.0001) different from
one another on this day.
The effects of modulating substrate physicochemical properties on cellular
morphology and spreading as well as actin distribution were assessed via 3-D
deconvolution fluorescence microscopy. Additionally, an in-house MATLAB
program, coded by Jonathan Wamsley, was utilized to determine the extent of cell
spreading. The microscopy images are displayed in Figure 8 below and the
results of the cell spreading analyses are displayed in Figure 9 on the following
page.
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Figure 8: Confocal images for A375 (A-C) and VMM-1 (D-F) cells depict increased
spreading and increased actin stress fiber visualization. Fewer cells are observed on the softer
substrates as well as the morphology is markedly more rounded. Cells grown on TCTP display
confluency and the greatest amount of spreading.

Figure 9: Quantitative cell spreading data for VMM-1 (A) and A375 (B) cells corroborates
the morphology seen in Figure 3. Spreading analyses performed via image segmentation and pixel
quantitation. Data show a roughly ~2 fold increase in actin stress fiber visualization from soft to stiff
collagen gel. (*p < 0.05, **p < 0.0001). Special thanks to Jonahan Wamsley for the customdesigned MATLAB code that was used for this analysis. I would also like to acknowledge Trevor
Schmitt for his assistance with the statistics.
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The A375 and VMM-1 cells were grown on GEL, XPC and TCTP substrates
for 48 hours and subsequently fixed and stained for DAPI and phallodin. These
images were used for the subsequent spreading analysis via pixel quantitation as
previously described. The spreading analyses in Figure 9 indicate a significant
increase in cell spreading area with increasing substrate moduli for both VMM-1
and A375 cells.
The spreading factor is a measure of the area of cellular cytoplasm
normalized to the cell number per field of view. For the VMM-1 cells, this spreading
factor was found be approximately 125% higher on the 3-D stiff substrate than that
of the 3-D soft substrate. This difference in spreading among the GEL and XPC
substrates was determined to be significant (p<0.0001) through a Tukey’s posthoc test. Furthermore, the spreading factor was determined to be approximately
25% higher on the 2-D stiff surface than that of the 3-D stiff matrix. This difference
the XPC and TCTP conditions was also determined to be significant (p<0.003).
For the A375 cells, the increase in cellular spreading was also found to
correlate positively with increasing substrate stiffness. The spreading factor was
found to increase by approximately 84% from the 3-D soft to 3-D stiff matrices.
This difference in the relative spreading between the GEL and XPC conditions was
found to be significant (p<0.0001) Similarly, the spreading was also observed to
increase by a factor of approximately 63% from the 3-D stiff to 2-D stiff matrices.
This difference in spreading between the XPC and TCTP substrates was
determined to be significant (p<0.0001)
This trend of significantly increased spreading with increasing substrate
moduli corroborates the results from the AlamarBlue assay shown in Figure 7 and
confirms the hypothesis. The modulus of the 2-D plastic surface is approximately
6-7 orders of magnitude higher than that of the soft compliant gel. The resulting
marked increase in spreading and proliferation observed can be attributed to the
enhanced exogenous forces which augment integrin clustering and focal complex
assembly. Integrin-based adhesions are dynamically active signaling hubs that
trigger events that determine cellular fate and phenotype. These adhesions can
be sub-grouped into nascent adhesions (NAs), focal complexes (FCs), focal
adhesions (FAs), and fibrillar adhesions (FBs) [50]. NAs are small, punctate and
either rapidly disassemble or mature into FCs. FCs ‘sample’ the matrix and can
develop into FAs that are larger in size and recruit other proteins such as FAK.
FBs are stable anchorage points which often associate with fibronectin. To further
understand the implications of the ECM physiochemical properties on cellular
phenotype, an experiment was performed to assess the morphological distribution
of αvβ3 and FAKY397 in A375 cells. The results are displayed below in Figure 10.
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Figure 10: 40x microscopy images of actin (A-D), FAKY397 (E-H), and Integrin aVB3 (I-L)
distribution within A375 cells grown on on GEL, XPC, TCTP and collagen-coated TCTP
substrates. Nuclear shape can also be visualized in blue (scale bar = 20 um). Special thanks
to Dr. Tatiana Karpova for her efforts in working with me to optimize the ICC sample
preparation, staining, and imaging procedures.

FAK is a tyrosine (Tyr) kinase that co-localizes with integrins and
orchestrates the association of many integrin-binding proteins upon
phosphorylation. FAK can undergo phosphorylation at Tyr-925, Tyr-861, Tyr-577,
and Tyr-576, and Tyr-397. FAKY397 phosphorylation is critical for growth-factor
mediated cellular motility. The distribution of FAKY397 was investigated as well as
Integrin aVB3 due to its critical role in regulating FA assembly.
The phalloidin staining of A375 cells in Figure 10(A-D) depicts the cell
shape and distribution of actin stress fibers. The shape of the cells grown on the
soft collagen gels is noticeably more rounded compared to the cells grown on the
2-D and 3-D stiff matrices. The cells grown on the stiffer substrates (XPC, TCTP,
and TCTP+Col) presented a morphology that featured greater spreading and
numerous protrusions. Additionally, the ease of visualization of actin stress fibers
in the cytoplasm of A375 cells coincided with increasing substrate modulus (actin
visualization: XPC < TCTP < TCTP+Col).
The immunostaining of FAKY397 appeared to be small and punctate within
the A375 cells that were grown on the 3-D GEL substrates. The distribution of
these adhesion sites was homogeneous throughout the cytoplasm as shown in
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Figure 10(E). This pattern of distribution and irregular size can be attributed to the
short lifespan (<1 minute) and dynamic structure that is often observed within NAs.
The FAKY397 immunostaining of the A375 cells grown on the stiff substrates (XPC,
TCTP, and TCTP+Col) revealed larger and more organized assemblies localized
to the membrane periphery. This shape is consistent with the more mature and
stable structure that is often observed within FAs. Collectively, this data suggests
that the formation of more organized, mature and stable FAs can be induced by
increasing the modulus of the growth substrate. Additionally, this data suggests
that the changes in the dimensionality of the substrate influenced the extent of
dynamic remodeling.
To conclude, this chapter has confirmed that our fabricated 3-D models
possess differential topographical, chemical and mechanical properties. Further,
these changes in material properties induce significant changes in melanoma cell
phenotype in terms of their proliferation and spreading as well as their morphology
and distribution of actin, integrin, and FAKY397. Further investigation into the
impacts of substrate stiffness on the relative protein and genetic expression of
melanoma cells will be discussed in the following chapter.
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Chapter 4

Application of Tumor Models to Investigate Differential
Protein Expression

Introduction

In order to further understand and display the profound influence of the ECM
physicochemical properties on determining cellular fate, we investigated the
expression of known biomarkers that are implicated in ECM remodeling and
cellular adhesion. Western blotting was employed to assess the relative protein
expression for integrins, cadherins and MMPs within the melanoma cells grown on
our substrates of varying moduli. Increased relative expression of such markers
on denser collagen gels has been reported for other cancer types, so the
hypothesis herein was to confirm that our models are capable of inducing
differential expression when applied to melanoma cells. We further employed RTqPCR to measure the expression of 84 genes encoding for proteins involved in
cellular adhesion and ECM remodeling.
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Results and Discussion
Differential expression of clinically relevant metastatic markers is induced
by varying matrix composition and stiffness.
Western blotting was performed in order to quantitatively asses how
changing the physiochemical properties of the growth substrate influenced the
cellular behavior of A375 grown on GEL, XPC, and TCTP substrates. The relative
expression was measured for various markers that are commonly associated with
a metastatic and invasive melanoma phenotype, such as E-cadherin, N-cadherin,
Integrin β-1, MMP-2, MMP-9 and Vimentin. These markers were found to be
present on our 3-D models and importantly, they were found to be elevated to a
greater extent on the substrates of greater moduli.

Figure 11: Western blot analyses confirmed the presence of well known markers of metastatic
melanoma within our 3-D models, such as N-cadherin, Integrin β-1, MMP2, MMP9, and vimentin.
I would like to acknowledge Dr. Tatiana Karpova for her efforts and the extensive training that was
necessary to complete this analysis.
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Cadherins are calcium-dependent cellular adhesion molecules. E-cadherin
and N-cadherin are two makers that are commonly used in the characterization of
a malignant and metastatic cancer phenotype. The loss of E-caherin and gain of
N-cadherin, a hallmark of the metastatic phenotype, signifies that cells have
undergone the epithelial to mesenchymal transition (EMT). The EMT transition
signifies that the cancer cells have less of a tendency to associate with one another
within the TME and a greater tendency to migrate and invade the surrounding
tissues. The western blot results (Figure 11) indicate that the metstatic A375 cells
are no longer expressing E-cadherin, while the primary normal human epidermal
melanocyte (NHEM) cells are expressing E-cadherin. Additionally, the A375 cells
are expressing N-cadherin while the NHEM cells are not. This data, as we would
expect, confirms that the A375 cells have undergone the EMT while the NHEM
cells have not. Furthermore, the data interestingly shows that A375s express
increasingly higher levels of N-cadherin as the modulus of the substrate increases
(i.e expression of N-cadherin on GEL < XPC < TCTP). This shows that the
modulus of the growth substrate correlates positively with the expression of
metastatic markers.
Integrin β-1 is known to associate with a number of different α-integrin
subunits as well as to mediate cell-to-ECM binding [62]. This is facilitated by
associating with specific binding sequences, such as the RGD sequence, that are
common to fibrillar ECM proteins, such as the collagens, fibronectin, laminin,
vitronectin and fibrinogen. Integrin β-1 expression has previously been shown to
coincide positively with increasing matrix rigidity [63-64]. Further, matrix rigidity is
understood to be influenced by the extent of LOX-mediated crosslinking of
collagens [63-64]. Western blotting was therefore used to determine the impact
of chemically crosslinking a collagen type 1 matrix on Integrin β-1 expression. The
results of this analysis indicate that the expression of Integrin β-1 increased with
increasing 3-D matrix stiffness (i.e. GEL < XPC). The expression of Integrin β-1
was found to be the highest on the TCTP.
Proteolytic degredation and remodeling of the ECM, which is facilitated by
MMPs, is vital to the process of tumor development and metastasis [65]. In
particular, the necessary invasion of the basal lamina, which is largely comprised
of collagen type IV, is facilitated by the proteolytic degredation of collagen type IV
by MMP-2 and MMP-9 [65]. Western blotting was employed to investigate the
expression of MMP 2 and 9 within the A375 cells grown on the substrates with
varying moduli and composition. MMP-2 and MMP-9 were found to be expressed
at higher levels on the XPC subtrates than that of the GEL. The expression of
MMP-2 was the highest on the TCTP, while there was no expression of MMP-9
observed on the TCTP. These results support the hypothesis that stiffer matrices
will induce increased expression of markers involved in ECM degredation.
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Vimentin, an intermediate filament, is understood to regulate various
proteins that are involved in cellular attachment, signalling, migration as well as in
the formation of focal adhesion complexes. Since vimentin expression has also
been reported to correlate positively with the EMT as well as metastasis [66], we
asked how the changes in substrate stiffness would influce the metastatic potential
A375 cells in terms of their vimentin expression. The results show that the vimentin
expression is relatively equal within all of the conditions. Since vimentin has multi
phosphorylation sites and its role in regulating various tumorigenic events is
unknown, this analysis may warrant further investigation.
Matrix stiffness and dimensionality directs a differential genetic profile in
melanoma cells.
In order to measure how our 3-D models influenced cellular behavior at the
genetic level, we investigated the expression of genes directly related to ECM
organization and metastasis. A RT-qPCR array was used that determined the
expression of 84 genes that code for structural ECM proteins, proteolytic proteins
and cellular adhesion proteins. Statistically significant alterations in the genetic
expression became evident when changing the dimensionality of the matrix (2-D
to 3-D) as well as the stiffness of the matrix (3-D soft to 3-D stiff).
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Figure 12: A bar plot of the RT-qPCR analysis, displaying upregulated genes that exhibited a fold

regulation greater than 1.8 as well as statistical significance between the GEL and XPC conditions.
Fold regulation values are shown for GEL and XPC substrates, normalized to TCTP. Statistical
significance was calculated using the student’s t test. *p < 0.05, **p < 0.001.

Figure 13: A bar plot of the RT-qPCR analysis, displaying downregulated genes that exhibited a

fold regulation lower than 1.8 as well as statistical significance between the GEL and XPC
conditions. Fold regulation values are shown for GEL and XPC substrates, normalized to TCTP.
Statistical significance was calculated using the student’s t test. *p < 0.05, **p < 0.001.

As displayed above in Figure 13, the expression of THBS1 was
downregulated on the both the GEL and XPC substrates by 23 and 12 fold,
respectively. The THBS1 gene has many functions but is commonly referenced
as an anti-angiogenic factor. Therefore, downregulation of THBS1 coincides with
the establishment of tumor vasculature, which is a critical feature of the invasive
cancer phenotype.
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Figure 13: A heat map, generated via the MATLAB
clustergram function, displays the differential genetic
expression of ECM-related proteins in A375 cells grown
on GEL, XPC and TCTP substrates. Upregulation is
shown in red, while downregulation is shown in green. I
would like to acknowledge, once again, Dr. Tatiana
Karpova for training me in performing this assay and the
subsequent analysis.

When examining the heatmap in Figure
13, a colorimetric comparison can be made
concerning the overall genetic regulation for
the A375 cells grown on the GEL and TCTP.
For these two substrates, an inverse
correlation can be observed for most of the
genes tested. This is of interest because the
GEL and TCTP substrates represent the two
extreme conditions in that their respective
moduli differ by ~7 orders of magnitude.
Furthermore, the XPC (intermediate stiffness)
appears to lie somewhere in the middle of the
two.
Most of the ECM-related genes that are
known to correlate with increased metastatic
potential displayed the same or higher levels
of expression on the stiff 3-D matrices
compared to that of the soft matrices.
Changing the stiffness of the matrix, from 3-D
soft to 3-D stiff, induced a significantly greater
level of expression for the structural and
adhesion matrix proteins FN1, COL1A1,
LAMB1 ICAM1, THBS1, and SPP1.
All of these genes have been previously reported to coincide with metastatic
tumor development [58-61]. Furthermore, the differential expression observed for
TIMP1, an inhibitor of MMP, was found to be significant. This decrease in MMP
inhibition could be indicative to an increased proteolytic potential and MMP activity
imparted by the changes in microenvironment. Down regulation of THBS2 was
also observed in the 3-D stiff matrices which would suggest a more proangiogenic
environment.
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Figure 14: The results of the RT-qPCR analyses are represented as Volcano Plots indicating the
gene expression for A375 cells grown on soft (top plot) and stiff (bottom plot) 3-D matrices. The
fold change and p-values were cacluated as previously described and used to construct a plot of –
log10(p-value) vs. log2 Fold Change for each gene of interest. The genes that lie beyond the dashed
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lines presented Fold Regulation values greater than 2. The horizontal lines indicate a p-value of
0.05. Genes that were significantly upregulated are marked in red, while genes that were
signficantly downregulated are marked in blue. Selected genes with the highest upregulation and
downregulated are labled.
Marker # Gene Acronym

Fold Reg. Fold Reg. p-value p-value
Gel/TCTP XPC/TCTP Gel/TCTP XPC/TCTP

Gene Name

1
2
3
4

CTGF
ITGA5
TNC
ITGA3

connective tissue growth factor
integrin subunit alpha 5
tenascin C
integrin subunit alpha 3

-14.53
2.02
2.77
2.26

-14.1
1.7
2.62
1.77

0.0005
0.0006
0.0009
0.0011

0.0005
0.0099
0.0021
0.0375

5

TIMP1

TIMP metallopeptidase inhibitor 1

12.18

3.99

0.0017

0.0003

6
7

COL1A1
ICAM1

-2.77
2.35

-1.42
3.08

0.0018
0.002

0.0329
0.0058

8

ADAMTS1

3.41

1.82

0.0024

0.0568

9

THBS2

5.96

3.67

0.0026

0.0031

10

SPARC

collagen type I alpha 1 chain
intercellular adhesion molecule 1
ADAM metallopeptidase with
thrombospondin type 1 motif 1
thrombospondin 2
secreted protein acidic and
cysteine rich

2.02

2

0.0031

0.0022

11

CLEC3B

4.66

7.49

0.0042

0.0666

12
13
14
15

ITGB3
ITGA1
SPP1
THBS1

2.26
10.84
-2.41
-23.28

1.77
6.43
-1.75
-11.14

0.0011
0.0075
0.0148
0.0166

0.0375
0.013
0.0392
0.0194

16

ADAMTS13

2.35

2.2

0.0167

0.1379

17
18
19
20
21

ITGA7
MMP11
COL6A2
ITGB4
MMP1

integrin subunit beta 3
integrin subunit alpha 1
secreted phosphoprotein 1
thrombospondin 1
ADAM metallopeptidase with
thrombospondin type 1 motif 13
integrin subunit alpha 7
matrix metallopeptidase 11
collagen type VI alpha 2 chain
integrin subunit beta 4
matrix metallopeptidase 1

2.28
-1.41
3.35
-2.66
-1.41

2.1
-2.09
3.22
-1.59
-2.09

0.0197
0.1523
0.0399
0.0471
0.1523

0.0277
0.0067
0.1066
0.2839
0.0067

22

TIMP3

TIMP metallopeptidase inhibitor 3

-1.47

-1.94

0.1066

0.0042

C-type lectin domain family 3
member B

Table 4: A list of genes that were found to be statistically significant (p < 0.05) and beyond the fold
2 regulation cut-off value.

The changes in matrix dimensionality (from 2-D to 3-D) increased the
expression of integrins. The expression of integrins ITGB3, ITGA3, ITGA5, ITGA7
were found to increase by > 2 on the 3-D matricies. Additionally, the integrin ITGA1
expression was found to increase by 5 and 10 fold for A375 cells grown on the
XPC and GEL substrates, respectively. This upregulation in the expression of
integrins coincides with an increase in the metastatic potential of melanoma, while
a decrease in integrin expression has been previously reported in nomal primary
melanocytes [53-54]. A > 2 fold downregulation of ITGB4 was observed on our 3-
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D models and downregulated integrin expression has also been reported for
tissues containing aggressive metastatic melanomas [55].
The 3-D models also upregulated both ADAMTS1 by >3 fold and
ADAMTS13 by 2 fold. The structural ECM proteins, such as the collagens
COL4A2 and COL6A2 were upregulated 2 and > 3 times on the 3-D substrates.
TNC, an adhesion receptor associated protein correlating with melanoma
invasiveness, was found to be upregulated by > 2.5 times. Also, CTGF expression
was found to decrease on both soft and stiff 3-D matrices by 14 fold. Furthermore,
the 3-D GEL condition was found to upregulate the expression of both MMP-14
and MMP-11 by 2 and 4 fold, respectively. These MMPs actively degrade ECM
constituents and facilitate matrix remodeling as well as the invasion and metastasis
of melanoma.
Both of our 3-D models also upregulated the expression of ICAM1 and
CNTN1 by > 2 fold with respect to the TCTP conditions. Upregulation of these
adhesion molecules have also been reported to correlate with increasing
metastatic potential [56-57]. Additionally, the expression of CLC3B on the soft and
stiff 3-D matrices was upregulated by 4.5 and 7-fold, respectively.
Most of the genes tested were found to be upregulated on the 3-D matrices
possessing a higher modulus. Some of the genes which are considered to be
metastatic promoting, such as ITGA1, ITGA2, ITGA5, ADAMTS1, and COL4A2,
were found to be downregulated on the 3-D matrices of higher moduli. This could
potentially be explained by the unique phenotype that is intrinsic to this cell line.
The RT-qPCR results demonstrate that our 3-D models of varying moduli
are capable of inducing differential genetic expression within melanoma cells. The
XPC displayed the same or higher levels of expression, with regard to the GEL, of
most of the metastasis-correlated ECM-encoding genes. Importantly, the relative
protein expression observed within the western blot displays the trend of
increasingly greater expression of Integrin β-1 and E-Cadherin with increasing
matrix stiffness. Furthermore, an increase in relative expression of MMP-2/9 was
observed on the XPC as compared to the GEL. To conclude, the relative protein
expression and gene expression data support the hypothesis that changing the
modulus of the growth substrate will induce differential expression of the genes
implicated in ECM remodeling.
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Chapter 5

Raman Spectral Characterization of Tissue
Engineered Vascular Grafts

Introduction

In this section, Raman spectroscopy and multivariate factor analysis were
used in order to characterize the composition of pure and composite vascular graft
as well as to evaluate the changes in material composition over time when seeded
with cells. The goal of the experiment was to reduce the dimensionality of the data
set and extract latent factors which encompass the majority of the overall sample
variability. Further, we sought to semi-quantitatively assess the contributions of
each factor to the overall graft composition and finally to relate the factor score
spectra to pure component spectra using non-negative least squares regression.
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Results and Discussion
Many laboratory instruments, particularly with regards to spectroscopy,
produce high dimensionality data sets containing thousands of measured
variables. This is often the case with FTIR and Raman spectroscopy, where an
information overload commonly overburdens the researcher with highly correlated,
or redundant, information. The task of the researcher is often to dig deep within
the data set to uncover the covariance between variables.
Principal components analysis (PCA) and multivariate factor analysis (MFA)
are two techniques that are commonly used to reduce the dimensionality of the
data set as well as to extract useful information, or factors. These factors, that are
extracted via singular value decomposition of the large data set, describe the major
trends, or variance, within the data. The factors, or principal components, are
eigenvectors that are given in descending order with regards to the overall
variance that is explained by each factor.
When a matrix is decomposed, each principal component can be expressed
in terms of its scores and loadings. The score vectors, ti, are linear combinations
of the original X variables of the data matrix that are defined by the loading vectors,
pi (or X • pi = ti). When the component score vectors are plotted against one
another (i.e. in a biplot), this can provide information on how the samples relate,
co-vary and the extent of intergroup separation that is achieved. When the loading
vectors are plotted against each other, this provides information on how the
variables relate and co-vary.
In this work, Raman spectral data sets, provided by Dr. Bashur’s lab, were
collected from 3-D electrospun meshes composed of a blend of poly(εcaprolactone) (PCL) and naturally-derived materials. The electrospun meshes
were cultured with smooth muscle cells for up to 21 days, and then subsequently
analyzed with Raman spectroscopy. The three cultured experimental conditions
measured were the pure PCL, the PCL with incorporated collagen (90%/10% w/w),
and the PCL with incorporated fibrinogen (90%/10% w/w). After the acquisition
and preprocessing, the spectra were normalized and the PCL control condition
was subtracted from each cultured condition. This was performed in effort to
remove the large contribution of PCL, a high Raman scattering component, leaving
only the contributions from the fibrinogen and collagen as well as the cellular
contribution.
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Figure 15: A biplot of the factor scores for D1
vs. D2 (A), D3 vs. D1 (B), and D3 vs. D2 (C),
displaying sample variability and grouping.

A

Multivariate factor analysis
(MFA) was performed on the data set
to reduce the dimensionality and
extract three latent factors that
collectively explained over 95% of the
overall variance contained within the
data. Next, the component scores for
each of the three factors were plotted
against one another as shown in the
biplot in Figure 15.
This
demonstrates
that
intergroup
separation among the three conditions
was achieved. Each of the three
factor scores were plotted against the
variables (wavenumbers), to acquire
the three factor score spectra shown
in Figure 16. Based on the spectral
information contained within each
factor, it is our assumption that the
factor 1 spectrum describes PCL and
the remaining ECM proteins (collagen
and fibrinogen) can be described by
linear combinations of factor 2 and 3.

B

C

Figure 16: Factor score spectra obtained by plotting each factor against the wavenumber range.
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Further collection of more robust data sets would allow for the
implementation of a non-negative least squares regression in order to describe
how well each factor fits to a reference spectra of PCL, collagen, and fibrinogen.
Using the NNLS, the factor score spectra could be fit to the pure component
spectra and the resulting regression coefficients could be used to describe the pure
component spectra in terms of the factor score spectra. Finally, an average factor
loading value was obtained from the replicates of each condition and used to
describe the correlation between factors among the three experimental graft
conditions. As shown in Figure 17, there is a large contribution of factor 1, which
is assumed to reflect PCL, within the pure PCL cultured condition. Interestingly,
both of the composite graft conditions are negatively correlated with respect to the
factor 1 contributions within the pure PCL condition. This could be explained by
the presence of incorporated collagen and fibrinogen within the composite graft
conditions and thus the reduced overall quantity of PCL within these two
conditions. Furthermore, the remaining two factors are differentially correlated with
respect to one another within the composite COL-PCL and FIB-PCL conditions.
This could be an expected result if pure collagen and fibrinogen were explained by
linear combinations of factor 2 and 3. Performing an NNLS on more robust data
sets could provide the answer to this question.

Figure 17: Average loading values for each factor displaying their contributions to each graft
condition.

In conclusion, this section presents a method that can be used to
characterize the composition of pure and composite vascular grafts as well as to
measure the changes in composition over time when seeded with cells. This
method could also be applied to characterize the composition of our 3-D models
and the extent of ECM-remodeling occurring over time. This can be accomplished
by utilizing MFA to deconvolve a large spectral data set into a few latent factors
that describe the overall fingerprint of the sample. Next, the average loading
values for each factor can be used to describe the correlations, and therefore the
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contributions, of each factor to each cultured graft condition. Finally, the factor
score spectra can be fit to average reference spectra obtained from pure
components of interest to describe what combination of extracted factors are
necessary to explain the pure component spectra.

56

Chapter 6
Conclusions and Future Considerations
To conclude, the results presented herein further attest to the underlying
correlation between the ECM physiochemical properties, cellular response and the
progression toward a metastatic phenotype. The results collectively demonstrate
the need for and validation of more biologically relevant, tunable, and reproducible
3-D tumor models for cancer research and drug screening applications.
Suggestions for future work include the application of these models to
assess the efficacy of well-studied chemotherapeutics as well as newly emerging
strategies for treating melanoma. Additionally, these models could be further
applied to characterizing the response of additional melanoma cell types (i.e.,
primary, secondary site). Future studies involving the implantation of these models
as xenografts into small animal models would reveal the potential for these models
to be used for in vivo studies for melanoma research and preclinical drug screening
applications.
We have already performed studies involving further modification of these
models to incorporate fibronectin, an additional ECM component, in effort to
decouple the effects of the overall ECM physicochemical properties in influencing
metastatic behavior. Future studies could involve the incorporation of additional
ECM components such as laminin, vitronectin, collagen IV, and elastin, or
combinations thereof.
Future studies involving Raman spectroscopy, employing multivariate factor
analysis and regression, could be applied to semi-quantitatively assess the extent
of ECM reorganization occurring within these models. Robust data sets consisting
of spectra for cells, collagens and various ECM components could be used to build
training models to fit the factors obtained from the experimental data. A PLSR
model, consisting of calibration curves for each ECM component, could be used
to quantify the ECM components, similar to what was shown by Bonifacio et al
[40]. Lastly, 2-D Raman false-color maps could be used to depict the relative
distribution of these various ECM components at varying time points.
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