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Chapter 1

Introduction

Despite all the scientific advances in cancer research, cancer continues to be
a lethal disease due to the disease relapse in the primary site or its metastasis to a
distant organ. According to a data collected in 2007 approximately 1.4 million men
and women in only US are diagnosed with cancer where more than one third of this
population loses the battle to the disease [1]. The same record estimates that about
1 in 3 people born today will be diagnosed with cancer in their lifetime. According
to the same survey, the 5 year survival rate for these patients is 65.3 % compared
to those without cancer.

Cancer, which is a genetic disease, is characterized by uncontrolled cell division
and growth with a high potential for metastasis in most diagnosed cases. In other
words, cellular aberrations caused by genetic or epigenetic alterations, accumulate
to form tumors in solid organs such as lung, brain or breast, or cause malignancies
in tissues such as blood or lymph [2,3]. One of the difficulties in curing cancer comes

from the genetic heterogeneity in the tumor cell population where different genetic



profiles can be identified even from tissue samples taken from the same specimen.
The tumor heterogeneity was also characterized by the striking variability in features
such as cell size, morphology, antigen expression, membrane composition as well as
behaviors such as proliferation rate, cell-cell interaction, metastatic potential and
sensitivity to treatments such as chemo- and radiotherapy [4,5].

In studying genetic pathways that lead to the establishment and maintenance
of tumors, two separate models, “clonal evolution” and “cancer stem cell” hypothe-
sis were separately proposed to support the heterogeneity of tumor cell population.
These two models, which shed light on different cell events that might be responsi-
ble for driving the growth and prospect of a tumor, can have different therapeutic
implications. In clonal evolution model, which was first proposed by Nowell in 1976,
it was hypothesized that genetic mutations that occur throughout the lifetime of a
tumor can lead any cancer cell to become invasive and therapeutic-resistant [6-12].
On the other hand is the cancer stem cell model, which was initially proposed by
Virchow over a century ago [13]. This model suggests that only a small subpopula-
tion of cells within the tumor express stem cell like properties and can drive tumor
initiation, progression and recurrence. While each model explains different cellular
events differently, they both agree on the assumption that the existence of a cell
population with stem cell characteristics is the main reason for the inefficiency of
current treatments. Although there is a strong body of evidence in support of each
model, our focus in this work will be solely on the cancer stem cell model and its

implications in breast cancer research.



1.1 Cancer Stem Cell Hypothesis

A common characteristic to all tumors and malignancies is the aberrant cell
division, which results in an uncontrolled tumor growth. Rudolf Virchow was the
first to propose in 1855 that tumors are similar to other tissues in that they arise from
the activation of a small subpopulation of stem cells that reside in the tissue [13].
Stem cells, which have a high capacity for self-renewal, give rise to multiple tissue
lineages upon asymmetrical cell division in appropriate conditions. In this process,
where normal stem cells behave according to a well conserved and predictable rule,
the size of the stem cell compartment of the particular tissue remains intact. In
other words, in each cycle of division, one stem cell and one progenitor or a more
differentiated cell is generated. The cancer stem cell hypothesis, on the other hand
suggests that tumors arise from an uncontrolled cell division that is caused by several
mutations. These mutations occur either within the stem cell pool, or in the more
mature and differentiated cell populations that have gained self-renewal capacity.
In this unstable process, the frequency of stem cells is no longer predictable.

The first solid evidence in support of the cancer stem cell hypothesis came
in 1994, more than one century after it was first proposed. In that observation,
Lapidot and his research group isolated cancer stem cells (CSCs) from an acute
myeloid leukemia (AML) using cell surface markers [14]. In a later experiment, it
was shown that these cells can initiate a tumor when injected at very low numbers
into immunocompromised mice. Subsequent analysis confirmed that these cell sub-

populations express characteristics common to stem cells [15]. In this observation



the possible role of mature, differentiated blood cells in initiation and progress of
the disease was completely excluded.

Cancer cells with stem like properties have since been identified in breast [16],
colon [17], brain [18], pancreas [19,20], and prostate [21,22] tumors, using cell surface
markers. It should be noted that while the tumorigenicity of the other subset of
cancer cells, i.e. the non-stem ones, are not completely ruled out, they are less
likely to initiate a tumor as was shown in a report by Clarke, et al. in 2003 [16].
In this observation, which was reported on breast tumors, it was shown that while
as low as few hundred cells with stem like properties are enough to form a tumor
upon injection into immunocompromised mice, it probably takes tens of thousands
or millions of cells in the other category to regenerate a tumor.

It is noteworthy to mention that the cancer stem cell hypothesis is mainly
defined based on the characteristic of that fraction of cancer cells that are capable
of initiating a new tumor and recapitulating the heterogeneous properties of the
original tissue. While controversies still exist among cancer biologists in defining the
source of cancer stem cells, it was decided in 2006 by the American Association of
Cancer Research (AACR), that “cancer stem cell” is the most scientifically accurate
label to refer to a malignant cell that fulfills the classical stem cell criteria [23].
Based on this definition, the term “cancer stem cell” refers to a tumor cell that
has a high capacity for self-renewal and can give rise to all cell lineages within
the tumor. It should be noted that this definition does not infer that cancer stem
cells are necessarily originated from stem cells in the tissue, as they can as well be
the offspring of progenitor and/or differentiated cells that have gained self-renewal
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capability as a result of mutations. Some groups thus refer to this cell subpopulation
as “cancer initiating cells” to avoid confusions around the origin of these tumorigenic

cells.

1.2 Pathways that Give Rise to Cancer Stem Cells

While most researchers agree on the stem cell-like properties of tumorigenic
cancer cells, the pathways that lead to the formation of mutant stem cells is still
a subject of debate. Understanding these pathways has different therapeutic im-
plications and can be used as a guide to target the most dangerous tumor cell
subpopulation. While different malignancies might arise from different subsets of
cells, there are in general three hypotheses about the cellular precursors of cancer
cells.

The first hypothesis suggests that cancer cells are driven by stem cells in the
tissue wherein the tumor is formed. This theory is widely supported by the evi-
dence that tumors are comprised of a heterogeneous population of stem as well as
differentiated cells similar to those in the tissue where the malignancy is raised.
Additionally, the self-renewal ability of stem cells gives them a lifespan that is long
enough (as compared to more mature, differentiated cells) to acquire multiple mu-
tations necessary for the formation and metastasis of the tumor [24]. Some of these
mutations include alterations in the signaling pathways such as Notch, Wnt and
Hedgehog pathways [25-27]. It should be noted however that most observations on

the stem cell origin of CSCs comes from studies on leukemia-inducing cells [28].



More investigations on the characteristics of tumor initiating cells in solid tumors
are therefore necessary before making conclusive statements on the origin of CSCs.

In the second hypothesis, progenitor cells are held responsible for the initiation
and growth of the tumors, instead of stem cells. Progenitor or precursor cells are the
intermediate cells that originate from a stem cell and can ultimately differentiate to
a more mature tissue cell. These cells, which exist in higher numbers compared to
stem cells, have partial self-renewal capacity', which makes them interesting subjects
in studying CSCs [29,30].

The third hypothesis on the other hand suggests the possibility that cancer
stem cells arise from differentiated cells. This hypothesis, which is more in support
of the cloning evolution model, is based on the assumption that a subpopulation
of mature, differentiated cells undergoes oncogenic mutations and de-differentiates
into a stem-like cell population. This model though does not discuss the possibility
that all tumor cells could have tumorigenic potential. However, it suggests that
based on the laws of probability, from a large pool of differentiated cells, some cells
can actually acquire the genetic mutations that are necessary for de-differentiation.
In support of this hypothesis, researchers have recently shown that by reprogram-
ming human adult somatic cells, these cells can display pluripotent properties, a
characteristic common to stem cells [31,32].

While each model is useful in describing different tumorigenic events, the one
thing all three have in common is that tumors are initiated and derived by a sub-

population of cells that expresses stem cell properties and possess a high potential

'Progenitor cells have less self-renewal capacity as compared to stem cells.



for self-renewal. Whether this characteristic is an inherent property of the tumor
initiating cells or is acquired through several mutations is an open question to be

answered.

1.3 Cancer Stem Cells in Relapse and Metastasis

Metastasis which is referred to the recurrence of the disease in an organ distant
from which the tumor is first diagnosed, is believed to be the result of cancer stem
cells dissemination through the patients’ blood or lymph nodes. In this process,
loss of E-cadherin, which is an adherent molecule at cell-cell junction will cause
some cancer stem cells to break loose from the surrounding epithelial tissue and
acquire mesenchymal or migratory characteristic through accumulation of genetic
mutations [33]. It is recognized that in this transition from epithelial to mesenchymal
behavior (referred to as EMT?), an important factor is the deregulation of the Wnt
signaling pathway [36], a signaling behavior that in normal conditions plays a pivotal
role in stem cell formation, tissue development and maintance of cell homeostasis
[37-44]. Aberration in Wnt signaling activity can therefore cause some cancer stem
cells to detach from the tumor tissue and get into the bloodstream where they
remain dormant until further mutations or an environmental stimulus reactivates
their tumorigenic machinery. It is often believed that tissue microenvironments or

niches similar to the cells’ original environment can attract these disseminated cancer

2Epithelial to mesenchymal transition (EMT), is a crucial component in early developmental
processes, and is also activated in adult tissues in occasions of wound healing and tissue regen-
erating. Activation of EMT in tumors, which occurs as a result of several mutations caused by
extracellular or microenvironmental stimuli has been additionally suggested as a trigger in gener-
ation of cancer stem cells from a differentiated cell population [34,35].



stem cells and stimulate them into forming a new tumor. Based on observations,
these cells can then recapitulate the stem as well as differentiated phenotypes of
their primary tumors in the corresponding metastases [45,46].

The question here would be whether all cancer stem cells are capable of metas-
tasis or there are two subsets of CSCs where one leads to the relapse and the other
to metastatic events. Some theories suggest that a tumor is comprised of a hetero-
geneous population of cancer stem cells, stationary and migratory, which are defined
based on their expression patterns [47]. While both classes of CSCs reside in the
epithelial tissue of their microenvironment or niche, stationary cancer stem cells are
embedded in deeper sites. This subset therefore cannot disseminate and is rather
active in the progression of the primary tumor. The existence of stationary CSCs
also justifies partly, the relapse that occurs after the cancer is thought to be treated.
The migratory or metastatic cancer stem cells on the other hand refer to that frac-
tion of CSCs that predominantly reside at the interface of the tumor and its host
organ [48,49]. It should be noted that while a single mutation can cause normal
stem cells (also residing in the niche [50]) to become stationary cancer stem cells,
migratory stem cells are the result of additional mutations [51] and/or unusual mi-
croenvironmental triggers [41,52-54]. In colon cancer for instance, a transformation
from benign adenoma to malignant carcinoma happens when CSCs try to cross the
thin muscle layer that separates mucosa from submucosa [47]. This transmigration
might in turn stimulate some aberrations in the environmental signaling pathways
that would consequently lead to a malignant transformation of cells. In a different

experiment, it was shown that the frequency of cancer stem cells at the tumor-host



interface with high EMT expression levels and/or high degrees of aberrations in the
Wnt signaling pathways are related to malignant progression and a poor prognosis
in patients with rectal cancer [48,49]. This phenotype was also detectable in tumors
of breast [55-58|, and pancreas [59], the intestinal type of gastric cancer [60] and
squamous cell carcinomas [61].

The migratory cancer stem cells in circulation remain quiescent until they find
a microenvironment that reflects that of the parent tumor. It should be noted how-
ever that other environmental factors such as oxygen gradients and other chemoat-
tractants that are secreted at the niche play an important role in trafficking cells
toward specific organs [62-65]. In the metastatic organ, the genetic instability of
CSCs then plays an active role in the survival and maintenance of cancer stem cells
in the new environment. In other words, the tumor stem cells’ plasticity makes
CSCs and their progenies more adaptable to the growth and signaling molecules of
the new environment [66].

Another interesting characteristic of metastatic tumors that is explained in
the of stationary versus migratory cancer stem cell model is the morphology and
differentiation heterogeneity of metastatic lesions that recapitulates that of the pri-
mary tumor [47,55-61]. As mentioned earlier, while some cancer stem cells at the
tumor-host interface manage to leave their microenvironment and metastasize to a
distant organ, some others are left behind to further participate in the progression
of the primary tumor. Since these two subsets originate from the same adult tissue
stem cells, they inherit identical genetic programs. In other words, according to this

model, the cancer stem cells that are involved in the development of both primary



tumor and their metastases, originate from the same tumor and consequently share
same genetic profiles. This in turn explains the heterogeneity of cell populations in
the metastases that mirrors that of the primary tumor. It should be noted however
that metastatic cells are capable of evolving into a more mutant stem cell as a result

of communication with the new environment.

1.4 Implications in Therapy

The cancer stem cell hypothesis was also proposed to explain the inefficiency
of current treatments in curing the disease. This is due to the fact that these
treatments are mainly focused on targeting differentiating cells (especially in the
primary tumor) and have therefore failed to address metastatic events.

Since metastasis accounts for about 90% of lethality in cancer patients [67],
studying the cellular and molecular mechanism that underlies cancer metastasis can
lead to significant implications in therapy. In a previous section, we briefly described
a hypothetical model in which tissue stem cells acquire tumorigenic characteristics as
a result of mutations believed to be caused by microenvironments or niches. These
mutant stem cells can then orchestrate major cancer events such as relapse and
metastasis. If the model proves to be valid, targeting cancer stem cells in general
and metastatic CSCs in particular instead of differentiated cells (which are the target
of current treatments) can lead to significant improvement in cancer therapies.

In designing new treatments that would include both stationary and migratory

stem cells, one has to take into account the distinctive characteristics of CSCs that
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has made them resistant to current treatments. One inherent property of cancer
stem cells for instance is their high capability in pumping chemotherapeutic drugs
out of the cell through a family of ABC drug transporters. New drugs have therefore
been designed to target these transporters, inactivate their pumping machinery and
make CSCs more susceptible to chemotherapeutic agents [68]. Cancer stem cells on
the other hand respond to radiotherapy by stimulating their DNA repair activity,
making themselves more resistant to the treatment [69]. In this scenario, a strategic
approach might be to combine radiation with drugs that impair the DNA repair
mechanism. Cancer stem cells (as mentioned earlier in this document) also have a
high capacity for self-renewal. This property, which accounts for the growth of the
primary tumor and its metastasis, can have new implications in treatments. New
therapies have looked into targeting signaling pathways such as Wnt/f catenin that
are critical in the process of stem cell self-renewal [70]. Another approach, which
has proved to be more successful, attempts to indirectly eliminate the self-renewal
ability of CSCs (especially at the site of the primary tumor) by forcing stem cells
to differentiate [66].

While targeting migratory cancer stem cells can be very challenging, a prospec-
tive approach can aim at signaling pathways such as Wnt and genes that are associ-
ated with EMT. Another useful strategy might be using drugs that render migratory
stem cells dormant by targeting their proliferation activity (both self-renewal and
differentiation) at the site of the secondary tumor [66]. Therapies based on this idea
are however, far from materialization as dormancy models need first to be validated

and characterized.
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While recent studies focus on new treatments that target cancer stem cells
instead of more mature and differentiated cells, there is a major concern that these
new therapies might not be able to differentiate between a normal stem cell and a
mutant cancerous one. This concern arises from the fact that many molecular mech-
anisms that are involved in the machinery of normal stem cells, also play important
roles in the survival of cancer stem cells. Another challenge in applying treatments
that mainly target cancer stem cells is measuring the efficacy of the treatment as
CSCs constitute only a very small portion of the tumor. In other words, unlike
in current treatments that target differentiated cells that populate the bulk of the
tumor, the efficacy of new treatments targeted at minor CSC population, cannot be
measured by the degree of tumor shrinkage. In this regard, new treatments should
look instead for the level of reoccurrence as a measure of effectiveness.

While several characteristics of cancer stem cells and their relationship with
relapse and metastasis still needs to be validated before any new treatment can be
taken into effect, some researchers have focused on isolating these rare cells in in-
vitro assays and using them as a model for further analysis. This dissertation, which
is in concert with current in vitro techniques, will focus on the development of a
microsystem for the isolation and enrichment of tumor initiating cells. In the rest of
this document I will first discuss CSCs in the context of Breast Cancer (Chapter 2)
and will then focus on several techniques in isolating CSCs from patient samples or
propagated cell lines (Chapter 3). The main emphasis in Chapter 3 (and following
chapters) is on mammosphere assay, which is a 3-dimensional in vitro model of breast
cancer. In Chapter 4, I will first discuss the important factors that are involved in

12



cell-substrate interactions and their significance in driving spheroid formation as
in mammospheres. I will then move on to describe different approaches I took in
developing a homemade mammosphere assay and compare the results from each
assay. In Chapter 5 I will discuss how the homemade assay was translated into
a microsystem, the difficulties of a long term culture of mammospheres and the
strategies that I developed to overcome those challenges. I will finally conclude by

demonstrating a COMSOL simulation on the fluidics part of the micro-system.
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Chapter 2

Breast Cancer Stem Cells:
Biological and Medical Insights

Breast cancer is the most prevalent malignancy among women in western coun-
tries and the second leading cause of death in women diagnosed with cancer. Every
year, breast cancer accounts for more than 40,000 deaths in the United States alone
as reported by the National Breast Cancer Foundation [71]. While early detection of
the disease can lead to a better prognosis, the survival rate among those diagnosed
with advanced, metastatic breast cancer is still significantly low. This is mainly due
to a lack of systematic observations pertaining to cellular and molecular mechanism
of events such as relapse and metastasis that are exclusively involved in the pro-
gression of tumors. In this regard, as discussed in the previous chapter, the cancer
stem cell hypothesis was proposed to bring new insights into molecular pathways
that lead to the recurrence of the disease. This hypothesis brings attention to a mi-
nority subpopulation of tumor cells that have the potential to initiate and develop
a tumor, even after the disease is believed to be cured. This model argues that a
small group of tumor cells that have retained or acquired stem cell phenotypes as

a result of genetic or epigenetic mutations is invulnerable to stressful therapeutic
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conditions (such as chemo- and radiation-therapy) and can regenerate the primary
tumor or metastasis to a foreign organ. While the first solid evidence in support
of the cancer stem cell hypothesis came in 1994 where CSCs were isolated from
acute myeloid leukemia [14], breast cancer stem cells were the first to be identified
in a solid tumor [16]. In this chapter, breast cancer stem cells, their characteristics
and their implications in therapy will be discussed along with resources available
for their isolation. Specific markers of breast cancer stem cells will be identified in
the following chapters where current isolation techniques based on the detection of

surface markers as well as label free detection methods will be discussed.

2.1 Signaling Pathways Involved in the Regula-
tion of Breast Cancer Stem Cell Function

Several findings have demonstrated the involvement of signaling pathways of
epithelial origin in stem cell activities such as self-renewal, proliferation, differen-
tiation and survival. These pathways include Wnt, Notch, Nanog, Oct-4, hedgehog
and BMI-1 whose alterations can lead to a mutant stem cell or cancer stem cell. In
breast cancer, signaling pathways of integrin [72], insulin-like growth factor-1 [73],
ER and progesterone receptors (PgR) [74], epidermal growth factor (EGF)-like/EGF
receptor (EGFR) and HER2/Neu [75], BRCA-1 [76], leukemia inhibitory factor [77],
SDF1/CXCR4 [78], and interleukin-6 [79] are additionally involved in the functional
activities of cancer stem cells of the mammary gland. Another mechanism, impor-

tant in cancer metastasis, is the epithelial-mesenchymal transition (EMT) [34]. It
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has been shown that let-7, a distinct family of miRNA is involved in EMT through
the regulation of stemness related pathways and silencing of multiple genes [80].
Finally, it has been demonstrated that molecular pathways such as telomerase and
antiapoptotic proteins (survivin and Bcl-2) and pro-angiogenic factors that are in-
volved in the maintenance and survival of cells are activated and/or overexpressed
in breast cancer stem cells [81]. In what follows we will discuss in more detail some

of these pathways that have been used in clinical and experimental models.

2.1.1 Wnt Signaling

Wnt signaling pathway, which is a key component in embryonic development
has been found in certain human tumors and malignancies including leukemia and
colorectal cancer, which occurs as a result of genetic mutations in components such
as tumor suppressor APC or in Axin and f-catenin [82]. While deregulation of this
signaling pathway was initially detected in the stem/progenitor portion of breast
tumors in mice models, its relevance to human breast cancer has remained unclear
till recently. In a study conducted by Kumar, et al., it was demonstrated that an
increased level of MTA1 protein (metastasis associated protein 1) and MTAls (a
shorter variation of MTA1) can cause oncogenic alterations in certain types of human
breast cancers [83]. These proteins indirectly activate the Wnt signaling pathway
by reducing the level of Six3, a protein that is known to inhibit Wnti signaling
activity in normal circumstances. Another line of evidence indicates that MTA1s is

also involved in deregulation of Wnt pathways by directly affecting ERK mediated
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GSK3p pathways, which are Wnt related. These observations suggest that MTA1
and its variations can be used as potential targets in therapeutic applications in

breast tumors.

2.1.2 Oct-4 Signaling

Oct-/, which is a transcriptional factor that has an essential role in self-renewal
of embryonic stem cells, is also involved in regulation of pluripotent stem cells in tu-
mors [84]. In is shown that in breast cancer, Oct-4 is significantly higher in the tumor
lesion than its surrounding tissues. Using CD44%/CD24~ and non- CD44%/CD24~
breast cancer cells, it has been demonstrated that Oct-4 expression is much higher in
the CD44%/CD24~ subtype that is enriched in cancer stem cells [85]. An additional
line of evidence indicates that the expression level of Oct-4 is highly related to the
prognostic rate in post-operational cases. These observations therefore suggest that

targeting this molecular pathway can lead to better therapeutic outcomes.

2.1.3 Nanog Signaling

Similar to Oct-4, Nanog is highly involved in the maintenance of pluripotent
characteristic of embryonic stem cells and plays a pivotal role in the self-renewal of
stem cells. Several studies have shown that this transcriptional factor might also be
active in breast tumors and can therefore be used as a marker to identify and target
undifferentiated cancer stem cells [86]. In fact, in a recent report by Grudzien, et al.,

Nanog was demonstrated to be preferentially overexpressed in tumorspheres formed
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from several breast cancer cell lines and primary specimen as compared to the cells
from the bulk of the tumor [87]. The authors further demonstrate that the activity
of Nanog is elevated in ALDH positive cells but not in ALDH negative ones. The
upregulation of Nanog in tumorspheres and ALDH™ cells which are both enriched in
cancer stem cells suggests that this signaling pathway can be used as a therapeutic

target in breast tumors.

2.1.4 Hedgehog Signaling

The Hedgehog signaling pathway is an essential component of embryonic stem
cell differentiation. Activation of Hedgehog cascade in adult tissues has been impli-
cated in the development of several cancers, including brain, lung, prostate, skin,
and breast tumors. Additionally, this signaling pathway has been demonstrated to
play a crucial role in angiogenesis and metastasis [88]. It also controls the tumor
progression by upregulating angiogenetic factors [89] and anti-apoptotic genes by
downregulating apoptotic genes [90]. In breast cancer, sonic Hedgehog, which is one
of the three components of the Hedgehog family, is involved in initiation and de-
velopment of inflammatory breast cancer, which is an aggressive form of a primary
breast tumor [91]. The Hedgehog signaling pathway can also trigger molecular activ-
ity of proteins such as BMI-1 to suppress genes that are involved in the senescence
and death of human mammary epithelial cells, rendering them invulnerable to death
inducing stimuli. BMI-1 is also overexpressed in mammosphere cultures of breast

cancers that are enriched in cancer stem cells [92]. The BMI-1-based genetic profile
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has proven to be a powerful therapy-independent predictor of recurrence, distant
metastasis and death in 11 epithelial and non-epithelial cancers [93]. These ob-
servations have therefore led several pharmaceutical companies to actively develop
drugs that will selectively target hedgehog signaling pathway and its downstream

molecules.

2.1.5 Notch Signaling

Notch and most of its ligands are transmembrane proteins that are involved
in cell-cell communication and gene regulation activity in the process of cell differ-
entiation and proliferation. In mammary gland, they play an important role in de-
termining cells’ fate during the developmental stages [94]. Its deregulation has been
associated with many cancers including murine and human breast tumors [95-100].
For instance, Notch 1 and Notch 4 are involved in breast carcinoginesis in mice and
show an increased growth potential in anchorage independent assays [97,98]. Over-
expression of Notch 1 in patients with breast cancer has been associated with poor
prognosis, while Notch 4 has the opposite effect [97-100]. Since inhibiting Notch
signaling has anti-proliferative effect, it has been a subject of study in developing

anti-cancer drugs [101].

2.1.6 HER-2 Signaling

HER-2 or Neu, which is a member of EGFR (epidermal growth factor recep-

tor) family, is a regulator of stem /progenitor cell population in normal and cancerous
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mammary epithelial cells. Out of every 4 patient with breast cancer, about 1 case
has indications of HER-2 overexpression [102]. Amplification of this protein has
been correlated with high tumorigenicity and a poor prognosis outcome [99]. In
addition, using human breast cancer cell lines, overexpressed HFER-2 cell popula-
tions demonstrate a higher growth rate in non-adherent mammosphere cultures, and
an increased ALDEFLUOR activity, and have a better success rate in regenerating
tumors upon xenograft transplantation into non-obese diabetic (NOD) /severe com-

bined immunodeficient (SCID) mice models [103].

2.2 Resources for the Characterization of Cancer
Stem Cells

2.2.1 Breast Cancer Cell Lines

Cell lines have been extensively used for decades in cancer research as they have
been proven to retain the molecular signatures of the parental tumor. Whether they
can reconstitute the hierarchical organization of the tumor they were isolated from,
however is still a subject of debate. In breast cancer, cancer stem cells have been
identified in both murine and human cancer cell lines, using recognized stem cell-
surface markers [104,105]. Both subpopulations were able to form spherical colonies
in anchorage-independent cultures, displayed resistance to chemotherapeutic agents,
and were more tumorigenic than the parental line.

Using cell lines has many advantages over patient samples as they are more

accessible, require less manual steps in sample preparation, and have a higher yield
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and reproducibility. More importantly, they inflict less pain on patients as using
cell lines minimizes the need for blood or biopsy samples for basic investigations.
While use of cell lines can accelerate studies that focus on the characterization of
stem cells’ regulatory pathways and markers that can facilitate better therapeutic
targets, it does not offer an ultimate and perfect solution. This is mainly due to the
fact that major key factors that are consistently involved in tumor development and
progression such as environmental and inflammatory stimuli are absent in experi-
mental observations that include cell lines instead of real samples. In other words
the temporal and spatial plasticity, which is part of the dynamic nature of cancer
cells, cannot be investigated using cell lines, which in turn might lead to inaccurate

results.

2.2.2 Xenograft Models

While in vitro models have proved useful in studying the biology of cancer stem
cells and their implications in therapeutic strategies, they fail to portray a complete
picture of tumorigenic events. Identified cancer stem cells in vitro, are therefore
subsequently validated in vivo using immunodeficient animals. While these models
do not represent the exact tumor environment in human, the xenograft model of
patients’ sample seems the closest that one can get to a dynamic system for studying
carcinogenesis in human patients. In some experimental studies of xenografts, it has
been demonstrated that animal models do not naturally support the growth of a

tumor (or a healthy gland) upon transplantation of human tissue fragments or dis-
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sociated epithelial cells. This was specifically the case in xenograft transplantation
of human normal or cancerous mammary cells where the mice model had to be first
humanized by introducing normal fibroblasts into the clear fat pad of NOD/SCID
mice, before any subsequent experiment [106]. Additionally, it has been demon-
strated that in transplantation experiments, the site of injection plays an eminent
role in the experimental outcome of xenografted models [107]. While animal models
have in some cases offered a reasonable substitute to human physiological environ-
ments, it should be noted that in order to get the most accurate and reliable results,
the choice of xenograft models should be as close as possible to the native human

environment.

2.3 Breast Cancer Stem Cells in Response to Sys-
tematic Treatments

The cancer stem cell hypothesis, which was partly proposed to justify the inef-
ficiency of current treatments, was recently validated in breast cancer stem cells. In
this clinical observation conducted by Li and colleagues, it was demonstrated that
the postchemo residues of tumor cells were enriched in CD44% /CD24~/1% stem cells
and had higher mammosphere formation efficiency [108]. Another line of evidence
in support of cancer stem cell hypothesis came from observations on HER-2 positive
breast cancer patients in which an inhibitory drug was tested against this signaling
pathway, which is involved in self-renewal [75]. As was indicated in this clinical

trial, the residual tumor cells did not show any increase in tumor cells with putative
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stem cell features, suggesting that inhibition of specific signaling pathways involved
in stem cell regulation can have significant therapeutic implications. On the same
line of evidence, it was shown that therapeutic approaches targeting Notch signal-
ing pathway can reduce self-renewal capacity of breast cancer stem cells and limit
the mammosphere formation efficiency in non-adherent cultures derived from breast
tumor samples or cell lines [103]. In another set of experiment, it was found that si-
multaneous targeting of several signaling pathways such as EGFR and hedgehog that
are involved in self-renewal activity, can improve cytotoxicity of drugs in metastatic
tumors [109, 110]. Other reports have shown similar results in breast tumors by
inhibiting EGFR and HER-2 signaling cascades [75,100,103]. As was mentioned
previously, another treatment possibility in eradicating tumors is deactivating the
self-renewal capacity of tumor stem cells by generating a forced differentiation. This
approach, which was shown to be very effective in treating breast tumors in mice
models [34], can have promising implications in curing human breast tumors.
While studying therapies that target breast cancer stem cells have been im-
plicated in xenograft mice models, it should be noted that they are not completely
defect free. For instance, serial transplantation experiments are highly time con-
suming where they require several months of observation. Additionally, large scale
drug screening in several types of tumors such as breast have proven to be difficult
as they have a low success rate of transplantation into immunodeficient mice. The
significance of microenvironment that plays an eminent role in tumor initiation and
progression is also sacrificed in mice models. On the other hand are the in vitro

assays, which offer a rapid and quantitative approach but are highly protocol depen-
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dent and lack a systematic outcome. One logical approach to overcome limitations
associated which each method, will therefore be to combine in vitro and in vivo

assays in validating new therapeutic strategies.
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Chapter 3

Identification and Isolation of
Breast Cancer Stem Cells

While several techniques have been proposed and utilized in identification of
cancer stem cells, translating cancer stem cell research into clinical applications
is strongly dependent on the thoroughness and accuracy of these characterization
techniques and the reliability of markers used to study CSCs. In what follows, four
widely used techniques will be discussed where our emphasis will be more on func-

tional assays for the isolation and characterization of breast cancer stem cells.

3.1 Cell Surface Marker Assays

All cells, including normal and cancer stem cells, display a unique pattern of
proteins on their surface membranes that can be used as an identifying signature.
While different tissues and species express different cell surface markers, the markers
described below have been extensively used in studying human breast cancer stem
cells. Flow cytometry techniques are used in these studies to purify cells for CSCs

based on their unique surface markers. To examine the tumor initiating capability
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of cells sorted out for CSCs, these cells are later transplanted into a mammary fat
pad of mice models. It should be noted however that, for successful cell transplan-
tations, the microenvironment in xenografted models should closely resemble that
of the cells’ origin [111]. In other words, for these cells to survive and colonize in
their new environment, the experimental mice models should be first humanized. In
studying breast cancer stem cells, therefore normal fibroblasts are first introduced
into the clear fat pad of non-obese diabetic (NOD) /severe combined immunodeficient
(SCID) mice [106]. Later, epithelial cancer cells sorted out for certain cell-surface
markers (as described below), are orthotopically injected into the clear humanized
fat pad of mice models for further studies. It’s noteworthy to mention that among
a large variety of tumors transplantable into immunodeficient mice, breast cancers
are the most difficult to establish [112], which might explain the lack of consistency

in the results reported by different groups.

e CD44%/CD24/%v /lin~

In a pioneering study by Al-Hajj and colleagues, it was demonstrated that
breast cancer cells with a CD44%/CD247/!* /lin~ phenotype' obtained from pleu-
ral effusions, express a high tumorigenic potential [16]. In that seminal work, it was
shown that as few as 200 cells with a combined expression of cell surface markers
CD44%/CD247/" /lin~, are adequate to initiate a tumor upon xenograft trans-

plantation into the clear fat pad of NOD/SCID mice models whereas 20,000 cells

ITo isolate CD44%/CD24~/%% /lin~ cell types, lint cells (CD2, CD3, CD10, CD16, CD18,
CD31, CD64, and CD140b) had to be removed from the mixed cell population.
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that did not display this phenotype had no tumorigenic potential. Several other
groups have since reported the presence of CD44%/CD24~/%% /lin~ cells in the en-
riched breast cancer stem cells obtained from the primary breast tumor [113,114],
its metastases [78], and in the bone marrow specimens of patients with breast can-
cer [115]. Additionally, it has been demonstrated by several studies that chemother-
apy and radiation therapy enrich for breast cancer stem cells by increasing the level
of CD44% /CD247/1 /lin~ as was measured in cases with administered neoadjuvant
therapies [104, 116].

While CD44F /CD24~/%% /lin~ is a suitable precursor for identification of can-
cer stem cells, it should be noted that not all cancer cells with this phenotype are
capable of forming a tumor. The work by Dr. Max Wicha’s group has shown that
only a subset of these cells that express Aldehyde dehydrogenase enzymatic activ-
ity (as will be discussed in subsequent sections) has the potential to regenerate a
heterogeneous tumor in xenografted models [81,107]. In that study, it was demon-
strated that as few as 20 cells with a combined expression of CD44% /CD24~/1% /lin~
and ALDEFLUOR activity (which is an enzymatic activity identified in some tissue
stem/progenitor cells as well as CSCs from some tumor samples) are adequate to
initiate a tumor, while none of the cells in the other subset that lacks ALDEFLUOR
activity could grow a tumor in mice models. One can therefore conclude that the
expression of CD44% /CD24~/"* /lin~ does not by itself define a breast cancer stem

cell and should rather be combined with other biomarkers or enzymatic activities.
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e ITGA6/a6-integrin

In a study conducted by Cariati, et al., it was shown that using the MCF'7 lumi-
nal breast cell line, a subpopulation of cells with an overexpression of a6-integrin is
highly capable of forming tumor-spheres in anchorage-independent assays (a char-
acteristic of stem cells) [117]. This subpopulation shows more resistance to pro-
apoptotic agents and has a higher tumorigenic potential as compared to the rest of
the cell line. In addition to a6-integrin, it was shown that other cell-surface markers
such as ITGA6 play an important role in tumorigenicity of cancer cell lines. This
was exclusively demonstrated by inhibition of a6-integrin/ITGA6 in the MCFE7 cell
line, which caused the tumor-sphere derived cells to lose their colony forming ability
in anchorage-independent assays, and a weakened tumorigenicity upon transplanta-
tion.

It should be noted that, unlike stem cell populations of mouse mammary
glands, in human mammary glands the markers are scarce and the assays are more
difficult to standardize. Furthermore, the cell-surface markers used to isolate stem
cell populations in mice models are rarely valid in humans. This in turn has made
the field of breast cancer research more challenging and its clinical implications
less successful, due to a lack of human experimental models. Other techniques
in addition to cell-surface markers expression, however, have been proposed and
widely used to isolate human breast cancer stem cells. These techniques, which are
described in more detail in the following sections, exploit enzymatic activity and

functional characteristics specific to stem cells.
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3.2 ALDEFLUOR Assay

ALDEFLUOR assay is based on enzymatic activity of aldehyde dehydroge-
nase 1 (ALDH1). While this enzymatic marker has proven to be useful in iden-
tifying several types of murine and human hematopoietic, neural and mammary
stem/progenitor cells [107,118-121] as well as cancer stem cells in patients with
breast, myeloma, and leukemia cancer [107,121,122], it is not a universal marker for
stemness [123]. In breast cancer, ALDEFLUOR positive cells sorted by flow cytom-
etry or immunohistochemistry (that measures the enzymatic activity at cytoplasmic
subcellular fraction), are highly detected in basal and HER2 positive subtypes and
not in other mammary cells [124]. It should be noted that while ALDEFLUOR
positive cells in general have a higher capacity to engraft in vivo upon transplan-
tation in NOD/SCID mice, they display a heterogeneous tumorigenic characteris-
tic. In breast cancer cell lines for instance, ALDEFLUOR positive cells within the
CD44" /CD24~ and CD44%/CD133" populations express the highest tumorigenic
and metastatic potential [125]. Based on these observations, one can therefore infer
that identification of highly tumorigenic cancer stem cells is strongly dependent on
the isolation techniques. This in turn implies that a more accurate approach in iso-
lation of CSCs with the highest tumorigenicity is to utilize multiple CSC markers for
identification. Combining these isolation techniques with functional assays such as
xenograft transplantation in immunodeficient mice or anchorage independent assays

can lead to a more reliable result.
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3.3 Side Population Technique

The Side population (SP) technique has been used for many years to isolate
normal stem cells as well as cancer stem cells from different tissues and species
[126-129]. This technique is based on the ability of cells with stem like properties to
exclude vital dyes such as Hoechst 33342 or Rhodamin 123 due to high expression
of transmembrane transporters, such as ABCG2 (ATP-binding cassette protein)/
BCRP1 (breast cancer resistance protein 1). In normal breast for instance, cells
that remain negative for these dyes do not express luminal, myoepithelial or estro-
gen receptor markers; an indication of a stem/progenitor phenotype [130]. Using
the side population technique as a potential approach in isolating stem cells was
further validated in work done by Dontu, et al. using uncultured mammary cells
in parallel to mammospheres (which are enriched in stem cells). In that study, it
was shown that while the side population fraction of uncultured cells constitute
only 1% of the cells, the SP fraction in mammospheres is as high as 27% [131]. On
the other hand, SP cells isolated from the MCF'7 breast cancer cell line was shown
to represent 2% of the entire population. This fraction was further demonstrated
by xenograft transplantations into NOD/SCID mice to be highly tumorigenic and
capable of reconstituting the initial heterogeneity of the cell line [132]. In another
report, it was shown that side population cancer cells are additionally highly drug
resistant and might be enriched in CSCs [133]. It should be mentioned that while
the side population technique might be a useful approach in isolating cancer stem

cells, the functional studies of cells stained with Hoechst is highly limited by the
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toxicity of this dye. For this reason and the controversies around proper identifica-
tion of the side population, this technique is no longer the preferred approach for

stem cell studies.

3.4 Mammosphere Assay

Another characteristic specific to normal as well as cancer stem/progenitor
cells is their capability to form 3-dimensional spherical structures in selective culture
conditions. In these conditions, single cell suspensions obtained from a human
or animal model or alternatively from propagated cell lines are cultured onto a
low-attachment surface in a serum free medium that is supplemented with growth
factors. In this technique, which takes advantage of the anchorage independent
characteristic of stem cells, cells with stem like properties are isolated and enriched
in the form of spheroidal suspensions. In other words, unlike differentiated cells
that require a solid substrate for survival, stem/progenitor cells are independent of
their substratum and can proliferate to form undifferentiated cell clusters that are
enriched in stem cells [131].

The first demonstration of the spheroidal culture technique was in studying
the self-renewal capacity of neural stem cells [134,135]. In those studies that were
implemented about two decades ago, the suspension culture of neuronal cells re-
sulted in the selective formation of floating spherical colonies, referred to as neuro-
spheres. These neurospheres consisted of 4% - 20% stem cells which demonstrate

multipotent characteristics. Later, Singh, et al. and Hemmati, et al., utilized sim-
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Figure 3.1: In conventional cell culture (left), cells are cultured in serum-rich media
within wells or flasks that have a bottom surface that is optimized for cell attach-
ment. Cells attach and form a monolayer. In mammosphere culture (right), cells
are cultured in serum-free mammosphere media on low-attachment surfaces. Un-
der these conditions, differentiated cells do not survive, but tumor-initiating cancer
stem cells survive and proliferate to form floating colonies enriched in stem cells.

ilar culture conditions to form neurospheres from samples taken from solid brain
tumors, demonstrating that the neurosphere technique may also be applicable to
cancer stem cells [136,137]. This technology was later adopted for human breast
epithelial cells by Dontu, et al. [131] where the suspension culture of human mam-
mary epithelial cells (hMECs) taken from reduction mammoplasties resulted in the
formation of spherical colonies called mammospheres. The subsequent monolayer
culture of these mammospheres under differentiating conditions interestingly can

lead to the formation of mixed colonies of luminal-like and myoepithelial-like cells,
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an indication of multipotency, which is a stem cell characteristic [81,131]. Soon after
this revelation that stem cells from breast tissue could be enriched through the sim-
ple mammosphere culture technique (illustrated in Fig. 3.1), it was demonstrated
that mammospheres could also be formed from breast cancer cells. Ponti, et al.,
were able to culture mammospheres from breast tumor lesions and from the MCF7
breast cancer cell line [81]2. Cells recovered from mammospheres had protein ex-
pression patterns that are recognized as being common to stem cells, and were able
to initiate new tumors when as few as 1000 cells from MCF7 mammospheres were
injected into the mammary fat pad of mice (one million MCF7 cells were required
to form tumors when mammosphere enrichment was not used). Similar results were
also achieved in later work by Grimshaw, et al., in which mammosphere colonies
containing a relatively high fraction of tumor-initiating cells were generated from
pleural effusions from breast cancer patients [138]. These reports demonstrate that
the mammosphere technique is capable of enriching the highly tumorigenic CSCs
— probably the most dangerous cells within a tumor — from the bulk population of
tumor cells using a simple in-vitro culture technique®. It should be noted however,
that while mammosphere technique is used to enrich for stem cells, the spheroidal
colonies that form consist of a heterogeneous population of stem vs. non-stem cells.
In one report for instance it was demonstrated that while the vast majority of cells

in the colonies are enriched for stem cell markers, only 10%-20% of these cells have

20ther cell lines reported to form mammospheres in low-attachment culture include SK-BR-3,
MDA-MB-231 [138], MA-11 [139], BT474, T47D, ZR75-1 [140].

3The tumorsphere culture technique (as in mammosphere assay) that is used to enrich for
CSCs have been since reported for a number of different tissues, including melanoma [141] and
prostate [142], as well as a number of cell lines, including glioblastoma, mammary carcinoma, and
melanoma [139)].
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self-renewal capacity [81].

Today the mammosphere technique is on a path to becoming a relatively
common tool in the study of CSCs due to its simplicity and higher efficiency as
compared to conventional isolation techniques that exploit fluorescent activated cell
sorting (FACS), which isolates CSCs on the basis of their cell surface markers. In fact
unlike FACS, which requires tedious sample preparation steps and highly trained
personnel for sorting CSCs from a large number of cells?, isolation of cancer stem
cells via mammosphere culture can be implemented in a few simple steps using low
cell concentrations. This is highly beneficial as in many cases, the total number
of CSCs available in a biopsy sample or in patient blood (as circulating tumor
cells) may be extremely low. For these reasons, mammosphere culture is gaining
popularity in research labs for enriching potential breast cancer stem cells using
low-attachment plates and serum free media that are commercially available.

The mammosphere culture technique may have great promise to enable those
who study cancer to unlock some of the mysteries associated with the cancer stem
cell hypothesis, such as the role of CSCs in the growth of primary tumors and more
importantly the cellular and molecular pathways that are involved in the recurrence
of the disease. Meanwhile, isolating and enriching CSCs from cultured cell lines can
aid researchers to determine whether particular cells have been transformed to be
highly tumorigenic (i.e., capable of forming mammospheres), which in turn enables
one to study the triggers involved in tumor growth, relapse, and metastasis [34].

In other words, the cells within the mammospheres can be analyzed for biomarkers

1A large fraction of the sample may be lost using the FACS technique.
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that indicate metastatic potential. Furthermore, drug screens can be performed
on the tumorspheres (enriched in CSCs) to determine directly their resistance and
susceptibility® as mammospheres are a more accurate 3D tumor representation for
cancer drug investigations [145]. In what follows, a brief overview will be given
on certain biomarkers expressed on CSC containing mammospheres as well as their

drug screens.

Mammosphere Assay in the Discovery of Biomarkers and Therapeu-
tic Identification

Currently, the mammosphere technique is being used by many research lab-
oratories to establish pathways toward diagnosis and treatment. For example, the
assay was initially used to discover and validate biomarkers associated with CSCs,
which can then be used to provide a more thorough diagnosis of a patient’s can-
cer in the clinic. In one of the pioneering reports on mammospheres, Ponti, et al.,
cultured mammospheres from patient breast cancer tumors and reported that the
cells within the mammospheres had reduced expression of epithelial markers, and
that these markers returned upon differentiation of the cells in culture [81]. In
addition, this work verified that CSCs were CD44%/CD24~, as had been reported
earlier [16]; this biomarker profile is now commonly associated with breast CSCs.
Later, in another important report on CSC biomarkers, it was shown that cells that

were stained positively for aldehyde dehydrogenase (ALDH) activity formed mam-

5Cancer stem cells have been shown to be resistant to a number of chemotherapeutic agents,
and thus it is critical to evaluate cancer drugs on mammosphere cultures [68,104,113,143,144]
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mospheres, while those with low ALDH activity did not form mammospheres [107].
As a result, ALDH activity is now a marker for CSCs. In another biomarker valida-
tion, Cicalese, et al., reported that cells from ErbB2*% breast tumors were far more
likely to form mammospheres [146]. Similarly, the technique of spheroid formation
in low-attachment culture was used to discover that CD133 is a biomarker for CSCs
in non-small-cell lung cancer [147].

More recently, the mammosphere assay has been used in research laboratories
to identify important signaling pathways involved in maintaining the CSC pheno-
type; these pathways could serve as identifiers for CSCs and potentially as drug
targets. Liu, et al. discovered that cells enriched for mammosphere-forming capa-
bilities showed high expression of hedgehog signaling elements, and that activation of
the hedgehog signaling pathway increases mammosphere formation [148]. Later, the
same group demonstrated that recombinant IL-8 increased mammosphere formation
in breast cancer cell lines, thus verifying that 1L-8 is involved in maintaining the
CSC phenotype [149]. Similarly, Fillmore, et al., reported that estrogen stimulation
increases the capability of MCF7 breast cancer cells to form mammospheres [150].
Further experiments confirmed that estrogen signaling increases the number of CSCs
through the FGF/FGFR/Tbx3 signaling pathway. In another example of research
that may lead to drug targets, it was reported that Musashil (Msil), a regulator
of the well-known stem-cell-related Notch and Wnt pathways, is correlated with
mammosphere-formation in breast cancer cell lines [151]. Upon identifying it as an
indicator of CSCs, the authors then demonstrated that knockdown of Msil decreased

mammosphere formation. In addition, Chiou, et al., applied the mammosphere cul-
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ture techniques to lung cancer cell lines and demonstrated that ectopic expression
of Oct4 and Nanog increased spheroid formation, as well as drug resistance and the
tendency to undergo an epithelial-mesenchymal transition, which is associated with
metastasis [152].

Finally, the mammosphere assay is also useful in the identification and valida-
tion of drugs that combat CSCs in patient tumors. In one important study, Gupta,
et al., utilized the mammosphere technique to demonstrate that many popular can-
cer drugs, including doxorubicin, paclitaxel, and others, are not effective against
CSCs [144]. The authors screened a number of chemical compounds, and ulti-
mately identified salinomycin as a potential drug for CSCs, as it greatly reduced the
mammosphere-forming capability of breast cancer cells as compared to paclitaxel.
Bandyopadhyay, et al., confirmed that doxorubicin is ineffective against CSCs, but
proved using the mammosphere technique that doxorubicin in concert with TGF(
type 1 receptor kinase inhibitor was effective against CSCs [153]. In other work on
identifying drug candidates, Li, et al., discovered that sulforophane inhibits mam-
mosphere formation in breast cancer cell lines [154]. Another compound that has
potential as an anti-CSC drug is tranilast, which was shown to reduce mammo-
sphere formation in MDA-MB-231 breast cancer cells [155]. Botchkina, et al., used
the mammosphere technique to demonstrate that SB-T-1214, a new derivative of
taxol, may be an effective treatment against CSCs [156]. Together, this collection
of recent results on signaling pathways that represent targets for drugs, as well as
the assessment of drug candidates, suggests that the mammosphere technique may

be an effective tool in the clinic as well.
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Chapter 4

Fabrication of Mammosphere
*

Culture Promoting Substrates

As was mentioned in earlier chapters, progress in cancer stem cell research has
been overwhelmingly slow, despite all the investment that has been put forth into the
field. This is mainly due to the lack of systematic techniques for the identification
of cancer stem cells and their progenies, which has in turn led to inconsistent results
and theories. On the other hand, functional assays such as anchorage-independent
cell cultures offer a more reliable technique in studying cancer stem cells, as tumor-
spheres that are enriched in CSCs also closely mimic a 3-dimensional tumor pheno-
type.

Today mammosphere culture assays use Low-attachment multi-well culture
plates and serum-free media that are commercially available. Figure 4.1 shows
micrographs of MCF7 cells (a commonly studied breast cancer cell line) cultured
in a typical commercial attachment flask (Fig. 4.1 (a)) and in a commercial low-

attachment plate (Fig. 4.1 (b)). The spherical colony in Fig. 4.1 (b), which resulted

“Some of the material in this Chapter is included in “A Tunable 2- and 3-Dimensional Cell
Culture Microenvironment for the Isolation, Enrichment, and Study of Breast Cancer Stem Cells”
submitted to the journal of Biomaterials.
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Figure 4.1: MCF7 cells cultured in (a) tissue culture treated flasks with typical cell
culture media and (b) low-attachment plates with mammosphere media (after seven
days in culture).

after seven days in culture, is a mammosphere.

While the multi-well format is somewhat useful for studies of tumorigenicity
and cancer stem cells, a number of manual steps are required, and it is essentially
impossible to perform subsequent assays on the cultured mammospheres, such as
immunostaining and drug screens because reagents cannot be exchanged within the
well that contains the suspended mammosphere colonies. It is clear that it would
be highly beneficial to integrate the mammosphere culture assay into a microsystem
with other microfluidic functions, including tumor cell enrichment and purification,
in-situ immunofluorescence, drug screens with concentration gradients, and reverse-
transcription polymerase chain reaction (RT-PCR). Furthermore, microsystem inte-
gration reduces the consumption of expensive reagents, the opportunity for sample
contamination, and the number of difficult sample manipulation steps.

To implement a mammosphere culture micro-system, a low attachment, trans-

parent and biocompatible surface must be identified, which can additionally be in-
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corporated with microfabrication techniques. This in turn implies that surfaces that
normally enhance cell attachment through hydrophilic-hydrophilic interactions or in
some cases through protein-protein encounters are the least desirable substrates for
non-adherent cultures as in mammospheres. On low-attachment surfaces where the
majority of cells with a more differentiated phenotype go through anoikis' as a
result of delay in attachment, cells with stem like properties survive this stressful
condition by changing their growth machinery as they proliferate into suspended tu-
morspheres. These spheroids (or mammospheres in the case of breast cancer cells),
which are composed of non-polarized undifferentiated cells, have the ability to form
large numbers of cyst shape structures over several weeks of culture. These colonies
continue to grow for as long as they are supplied with culture media.

While techniques that are used in cell culture systems for the purpose of cell
attachment are well documented in literature, a non-adherent cell culture device
for studying tumorigenic events have not been sufficiently addressed. Non-adherent
surfaces, which are mainly used in tissue engineering and in cell patterning, exploit
antifouling materials to minimize protein and cell attachment onto certain regions
and environments. Among several materials that inhibit cell-surface interactions,
some polymers have been more widely used due to certain characteristics displayed
by these materials. In developing a mammosphere culture microdevice, we therefore
investigated two of such materials that are commonly used in cell culture studies.

Surface characterization of the mammosphere promoting material was then carried

! Anoikis is a programmed cell death that occurs when cells are deprived from environmental
signals that support their attachment.
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out to investigate the key factors involved in cell-surface interactions that determine
the cells’ fate. After the successful culture of mammospheres on the polymeric sub-
strate, subsequent growth capacity of mammospheres or the cells isolated from these
tumorspheres were investigated. The role of media in cancer stem cell proliferation
and differentiation on the culture substrate and the growth rate of tumorspheres
over the time course of the culture then led to interesting revelations that are pre-

sented in more details in this chapter.

4.1 Poly(ethylene glycol) as a Protein/Cell Re-
pellent Substrate

Poly (ethylene glycol) or PEG and its derivatives are the most commonly used
biomaterials in the fabrication of protein and cell repellent surfaces [157,158]. In
fact, the steric hindrance effect of PEG plays an eminent role in inhibiting protein
and/or cell attachment onto surfaces that are coated with this material. PEG and
its hydrogels were therefore the first candidates to be tested for a mammosphere

culture system as will be discussed in the following subsections.

4.1.1 Surface Modification of Glass Substrates with Poly(ethylene
glycol) Monolayers

EXPERIMENAL

Surface modification with MM(PEG )5

In order to modify glass substrates with poly(ethylene glycol), the surface of
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glass should be first functionalized with a functional group that has a high affinity
for PEG. One such reagent is (3-Mercaptopropyl)trimethoxysilane (3MTS), that is
used to silanize the glass surface. In this reaction silane will covalently bond to the
glass, exposing the thiol functional group of SMTS for further surface modifications
with PEG.

To prepare the glass surfaces, 1”7 x 1” size glass slides were first washed in a 1:4
solution of HyO9:HCI (piranha acid) for 30 minutes, rinsed in DI water, blow dried
with air and put in the oven for 45 minutes. Clean glass slides were then function-
alized using 1% (v/v) 3MTS in 90%/10% Ethanol/acetate buffer for 1 and a half
hour at room temperature using a shaker. This was then followed by an Ethanol
rinse and a 2 hours bake in a 65°C oven. Silanized glass slides were then PEGylated
using 1% (v/v) MM(PEG);2 for 1 and a half hour followed by a water rinse. These

substrates were then stored in 6 well trays for cell culture experiments.

Surface modification with mPEG-silane (methoxy PEG-silane)

To eliminate the silanization step, in this experiment we functionalized glass
surfaces with methoxy PEG-silane; a PEG derivative that is conjugated with a silane
group. In this surface treatment, the silane terminal of mPEG-silane reacts with
glass, leaving PEG exposed on the surface. For the surface treatment, 1”7 x 1” size
glass slides were first washed in piranha acid (as described earlier). mPEG-silane
was made in two stock solutions, one as a 0.5% (v/v) mPEG-silane in 90%/10%
v/v Ethanol/acetate buffer and the other as 1% (v/v) mPEG-silane in adhydrous
toluene. Piranha-cleaned glass slides were then treated with either mPEG-silane
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solution for 1.5 h at room temperature followed by a rinse. Functionalized glass
slides were then baked in a 65°C oven for 40 minutes and put in 6 well trays for cell

culture experiments.

Commercial PEG-silane Treated Glass Slides

Commercial PEG-silane treated coverslips were used as a comparison template
to investigate the efficiency of PEG modified glass surfaces in preventing cell attach-
ment onto each substrate. For cell culture experiments, the cover slips were placed

into 6 well trays that were later loaded with cell containing media.

Cell Culture

MCEF7 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with
4 mM L-glutamine, 4.5 g/L glucose and reduced sodium pyruvate supplemented
with 5 ul/mL Penicillin/Streptomycin, 1% Non-essential amino-acids, and 10% FBS
(this media is referred to as regular media throughout this dissertation). Cells
were subcultured in T25 flasks every 3-5 days by trypsinization with 0.25%/0.02%
trypsin/EDTA in a 37°C incubator with 5% COs.

To prepare cells for culture on surface-modified substrates, MCF7 cells re-
moved from flasks were spun down and resuspended in fresh media. To obtain a
single cell suspension, the cell mixture was passed repeatedly through a 0.45 mm
syringe needle. Cells were diluted to approximately 0.5 x 10 cells/mL and loaded

into the wells of the trays. The trays were placed in a 37°C incubator with 5% COs,.
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RESULTS

Cell attachment is a phenomenon that occurs as a result of cell-substrate in-
teractions such as hydrophilic and/or protein interactions. While commercial tissue-
culture treated surfaces that are most commonly used in cell culture systems take
advantage of the hydrophilicity of the plasmonic treated polystyrene or plastic ma-
terials to enhance cell attachment, other cell culture substrates that are developed
in research labs are modified with attachment promoter proteins?. In the latter
scenario, the substrate is either pretreated with proteins such as fibronectin and/or
vitronectin or will be indirectly functionalized through the culture media that is rich
in serum proteins. Cell attachment will then occur as a result of interaction between
cells’ membrane proteins and the protein coated material. In order to inhibit cell
attachment therefore one approach would be to utilize surfaces that have a minimum
affinity for proteins. Poly(ethylene glycol), which have been used in several contexts
as an antifouling material, was therefore used in these experiments to fabricate a
substrate that is inert to protein and cell attachment. Self-assembled monolayers
(SAM) of PEG compounds such as MM(PEG);2, methoxy PEG-silane as well as
commercial PEG-silane treated glass slides were used in these experiments to study
the efficacy of PEG surface treatment in repelling proteins. Clean glass slides were
used as a control in these experiments. Cell attachment was then used as a detective
mechanism to measure possible protein absorptions onto PEG-grafted surfaces.

The results of these experiments demonstrate that a self-assembled monolayer

2In cell culture conditions where none of these attachment promoting factors exist, cell attach-
ments are attributed to other factors such as electrostatic or hydrogen interactions between cells
and their substratum.
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. Untreated Glass

Figure 4.2: Self-assembled monolayer PEG on glass slides. Images are from day 7.

of PEG is not sufficient for inhibiting cell attachment as MCF7 cells (an epithelial
breast cancer cell line) formed a monolayer after one week of culture. Possible ex-
planations could be inhomogeneous PEG binding or degradation of the thin PEG
layer that occurs overtime. Modification of the surface treatment protocol, which
included variations in PEG concentration, and/or prolonging treatment and baking
time, still resulted in cell attachment, as can be seen in Fig 4.2. Similar results were

obtained using commercial PEG-silane treated cover slips.

4.1.2 Poly(ethylene glycol) Hydrogels

Polymer hydrogels have been extensively used in tissue engineering and for cell
encapsulation. In these experiments, the hydrogel serves as the extracellular matrix
for the cells of study. In should be noted however that while some polymers such
as poly(ethylene glycol) are intrinsically non-adherent to cells and tissues, when in
direct contact with a tissue, adhere strongly by interdigitation with the microscopic

texture of their environment [159]. In this dissertation where the focus is on cell
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culturing onto surfaces (rather than cell encapsulation), the cell repellency of PEG

is exploited as will be discussed later in this chapter.

EXPERIMENTAL

Chemically Crosslinked Poly(ethylene glycol)-diacrylate (PEGDA)

PEGDA disks were fabricated by making a solution of ammonium persulfate?
(15 mM) and tetramethylethylenediamine (15 mM) in a 30% v/v PEGDA (M,,=575)
in DI water. The crosslinked PEGDA was then rinsed twice with phosphate buffered
saline (PBS) or water to remove uncrosslinked radicals. PEGDA substrates were

then immediately used for cell/mammosphere culture.

Photo-Crosslinked Poly(ethylene glycol)-diacrylate (PEGDA)

In this method, a UV source is used to initiate the crosslinking process in
PEGDA, instead of chemical compounds. The PEGDA precursor is prepared by
adding 1% (v/v) 2-Hydroxy-2-methyl-propiophenone (a UV light photoinitiator) to
the PEGDA solution. 96 well trays are then filled with 50 ul. of the precursor
and illuminated by 220 nm UV light for 6 seconds. After photopolymerization, the

hydrogels are rinsed twice with PBS or DI water to remove the uncrosslinked agents.

Cell Culture

MCEFT cells were grown on T25 tissue culture treated flasks as described in

3Ammonium persulfate (APS) is used as an initiator and tetramethylethylenediamine
(TEMED) as an accelerator in the crosslinking of PEGDA chains.
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the previous section. For mammosphere culture on PEGDA hydrogels, MCF7 cells
removed from flasks were spun down and resuspended in MammoCult”™ Basal
Medium (Human) supplemented with 10% MammoCult”™ Proliferation Media (this
media is referred to as mammosphere media throughout this document). As a con-
trol, MCF7 cells in regular media were also cultured onto PEGDA surfaces. To
obtain a single cell suspension, the cell mixture was passed repeatedly through a
0.45 mm syringe needle. Appropriate cell dilutions (250 cells/mL for 96 well PEGDA
coated wells and 0.5 x 10* cells/mL for 6 well hydrogel coated trays) were then made
and loaded into the wells of the trays. The trays were placed in a 37°C incubator

RESULTS AND DISCUSSION

As can be seen in Fig. 4.3, MCF7 culture on PEGDA hydrogel substrates us-
ing either media (regular and mammosphere) did not result in any cell attachment
as was expected. However, these substrates did not induce mammosphere formation
either, which indicates that PEGDA is not an effective surface for mammosphere
growth. While the number of MCF7 cells on PEGDA substrates remained constant
over the two week culture period, where they are observed mostly as single cell
entities, in some cases they cluster in one spot to form aggregates. Although cells
on PEGDA substrates did not show any growth activity (consistent with previous
reports [157]), the fact that they keep their original size, and round morphology
(as demonstrated in Fig. 4.3) and are in some cases stained partially live with a

Live/Dead stain, brings further attention to the concept of tumor cell dormancy.

47



Mammosphere Media

Mammosphere Media Regular Media

Figure 4.3: MCF7 cell culture on PEGDA hydrogels: 103 cells/mL cells cultured
onto chemically crosslinked PEGDA hydrogel in (a) mammosphere media and (b)
regular media. 250 cells/mL cultured onto photo-crosslinked PEGDA hydrogel in
(c) mammosphere media and (d) regular media. Images are taken on day 7.).

Further investigation on this matter is however out of the scope of this dissertation.

4.2 Polydimethylsiloxane (PDMS) as a Mammo-
sphere Culture Substrate

Polydimethylsiloxane or PDMS, which is a silicone-based organic polymer, is
widely used in biomedical devices and in fabrication of microsystems owing to its
unique characteristics [160-162]. These properties include biocompatibility (an es-

sential element of biological assays that require non-toxic environments [160, 163],
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optical transparency with wavelengths down to 256 nm for optical and fluorescence
microscopy [164], elasticity and durability. The low cost and mechanically flexible
characteristic of PDMS has further made this polymer a suitable material for pro-
totyping microsystems using soft-or photolithography based microfabrication tech-
niques [165-167].

The unique characteristics of PDMS as mentioned above, has made this poly-
mer to become one of the most widely used materials for cell culture devices. How-
ever, normally several surface modifications are implemented on PDMS based cell
culture systems, some which require labor intensive processes and expensive reagents
for surface treatments. While these modification techniques are well established, no
studies have been implemented to date on certain surface characteristics of PDMS
that alone can be exploited for a modification free cell culture device that can be
equally used for both cell attachment and non-adherent suspension cultures. In this
study therefore, we first characterized surface properties of PDMS that are com-
monly involved in cell-material interactions. Certain characteristics of this polymer
were then exploited to fabricate a mammosphere culture as well as cell attachment
based devices, as will be discussed in more details. A comparison between these poly-
meric surfaces, clean glass as well as commercially available tissue culture treated
(TC-treated) and commercially low-attachment (hydrogel treated) mammosphere

plates was then performed.

EXPERIMENTAL

Formation of Substrates for Cell Culture
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PDMS substrates for cell culture were created by filling the wells of 96-well
plates with the elastomer. PDMS was prepared by mixing a 1:10 ratio of curing
agent with the prepolymer and was poured into the wells, degassed in a vacuum
desiccator, and cured in an oven (65°C) for one hour. For cell culture on glass
substrates, glass cover slips were diced to fit into the wells of 96-well plates and
were cleaned in piranha acid. A thin layer of PDMS (1:10 ratio) was poured into
wells of a 96-well plate, and then the diced and cleaned cover slips were placed on
top of the thin layers of PDMS. The plates were placed in an oven (65°C) for one
hour to cure the PDMS, which fixes the cover slip fragments into the wells, with the
glass serving as the surface. In parallel to glass and PDMS coated wells, cell cul-
ture was implemented on commercial cell-culture-treated as well as hydrogel-coated
(non-adherent) 96-well trays in order to compare the efficiency of our engineered

substrates with that of the well-established commercial plates.

Cell Line Selection

MCEFET and MDA-MB-231 epithelial breast cancer cell lines as well as MCF10A,
which is a non-tumorigenic breast cell line, were selected for our culture experi-
ments. Mammosphere formation has been reported for MCF7 and MDA-MB-231
cell lines [138,168-172]. While neither MCF7 nor MDA-MB-231 are commonly con-
sidered as a cancer or normal stem cell, prior reports of mammopshere formation
indicate that a subset of cells from each sub-culture have stem-like properties [173].
Further reinforcing this notion, Chaffer, et al., verified that a subset of human

mammary epithelial cells (HMEC) has stem-like properties, and interestingly, that
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a sub-population of the cells is capable of de-differentiating into stem-like cells [174].
This demonstrates that within each sub-culture, cell lines may continually consist
of a heterogeneous population that includes some stem-like cells. As a result, it is
not surprising that mammosphere formation can occur from cultured MCF7 and

MDA-MB-231 cells.

Cell Culture

MCF7 and MDA-MB-231 cells were grown in regular media as described pre-
viously. For MCF10A cell culture, DMEM/F12 media was supplemented with
5% Horse Serum, 0.02% Epidermal Growth Factor?, 0.05% Hydrocortisone, 0.01%
Cholera Toxin, 0.1% Insulin and 0.1 pL/mL Penicillin/Streptomycin. Cells were
subcultured in T25 flasks every 5-7 days by trypsinization with 0.25%/0.02% trypsin/EDTA
in a 37°C incubator with 5% COs.

To prepare cells for mammosphere formation, cells removed from flasks were
spun down and rinsed with PBS before any mammosphere culture to ensure the
complete removal of serum from the cells. The cell pellets were then resuspended in
mammosphere media. For regular cell culture, another set of cells was simultane-
ously prepared using regular serum-rich media. To obtain a single cell suspension,
the cells were passed repeatedly through a 0.45 mm syringe needle. Cells were di-
luted to approximately 250 cells/mL and 200 uL of the cell suspension was loaded

into the wells of the plates. At least 5 wells were used for each experimental condi-

1A stock of 0.01% w/v EGF was prepared by dissolving the growth factor into 10 mM Acetic
Acid.
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tion. The plates were placed in a cell culture incubator at 37°C with 5% CO,.

Surface Roughness Measurement

Surface textures of PDMS and glass were measured using a profilometer (Ten-
cor TP-20 Profilometer, AlphaStep 200 Inc.), which provides a profile for each sur-
face. The data acquired from these measurements was then analyzed to determine

the surface roughness of each material.

Contact Angle Measurements

The hydrophobicity /hydrophilicity of each surface was determined using the
static sessile drop technique, which utilizes a goniometer (Tantec A /S, Denmark) to
measure the contact angle of a water droplet that is pipetted onto the surface. For
each substrate the contact angle was averaged from measurements of at least three

droplets.

Protein Adsorption Determination

The protein adsorption onto PDMS and glass surfaces was measured by passing
a serum-rich and serum-free (mammosphere) media through a microchannel with
either a glass or PDMS base. Typical soft lithography procedures were used to
fabricate 600 pmx30 pym microchannels with PDMS. Briefly, Hexamethyldisilazane
(HMDS) was spin coated onto a silicon wafer for 40 seconds. Shipley 1813 photoresist
was then spin-coated onto the wafer for 40 seconds at 4000 rpm. The wafer was

then baked for 1 min on a hot plate, rehydrated at room temperature for 1 min, UV
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exposed at 365 nm through the mask for 9 seconds using an MJB-3 mask aligner
and developed in a CD-30 developer. A deep reactive ion etcher (DRIE) was then
used to etch the negative of the microsystem features to a depth of 30 um.

To facilitate PDMS removal after replica molding, the master mold was coated
with trichloro(1H,1H,2H,2H -perfluorooctyl)-silane. PDMS was mixed in a 1:10 ratio
of curing agent and prepolymer, poured onto the master, degassed in a vacuum
desiccator and cured in an oven (65°C) for two hours. The PDMS was then washed
in ethanol, plasma oxidized using a corona discharge and brought into contact with
the appropriate substrate (glass or PMDS), to which it is permanently bonded after
30-minutes at 65°C.

In each experiment serum-rich or serum-free media was run through microchan-
nels with a PDMS or glass bottom surface for 30 minutes at a speed of 10 L /min.
The microchannels were then rinsed with water for 10 minutes in order to remove
unattached proteins. Fluorescein isothiocyanate (FITC), which is an amine-reactive
dye was then passed through the channel to fluorescently label any adsorbed protein.
The FITC was prepared at 0.1% (w/v) in 90/10 (v/v) de-ionized (DI) water/DMSO.
Channels were rinsed with DI water to remove unconjugated dye molecules from the
surfaces. Channels were observed with a fluorescence microscope using a 1 second
integration time. For comparison, FITC was also passed through channels with
glass and PDMS bottom surfaces that were not treated with either media. Images
were also taken before FITC exposure using the same filter setting to establish a

baseline for each device.
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Imaging

An Olympus IX-51 inverted microscope was used to record all images in this
work. Monolayers of cells were imaged using phase contrast imaging. To image
FITC staining of protein layers, the fluorescence imaging capabilities were utilized

with a filter set designed for green fluorescent protein (GFP) imaging.

RESULTS AND DISCUSSION

PDMS Substrates Selectively Drive Mammosphere Formation

MCFET7 and MDA-MB-231 cells, which have been shown to form mammo-
spheres [138, 168-172], were loaded in mammosphere media onto four surfaces:
PDMS, commercial low-attachment plates (hydrogel-treated), piranha-cleaned glass,
and commercial TC-treated plates. Figure 4.4 presents representative images of all
four experimental conditions after seven days in culture. As shown in the micro-
graphs in Figs. 4.4 (a-b) and 4.4 (e-f), mammospheres formed from MCF7 and
MDA-MB-231 cells on the PDMS and the commercial low-attachment plates. MCE7
cells form tightly packed mammospheres while the MDA-MD-231 cells form loosely
structured mammospheres; this is consistent with previous reports [138]. Mammo-
spheres continued to thrive in culture on PDMS up to 14 days and beyond, as shown
in Fig. 4.5.

The MCF7 mammosphere on PDMS in Fig. 4.4 (a) is approximately 200 pym
in diameter and, assuming a spherical geometry of the mammosphere, contains ap-
proximately 500 cells (using a cell diameter of 23 ym and a packing factor of 0.74).
Meanwhile, the MCF7 mammosphere on the low-attachment surface in Fig. 4.4
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MCF7, PDMS (b) MCF7, low-attachment MCF7, glass : MCF7,
TC-treated

MDA-MB-231, 1 MDA-MB-231, ~ ; MDA-MB-231,
PDMS N B low-attachment || -2~ R TC-treated

Figure 4.4: MCF7 cells (a-d) and MDA-MB-231 cells (e-h) cultured in mammosphere
media on four different surfaces: PDMS (a, e), commercial low-attachment plates
(b, f), glass (c, g), and commercial TC-treated plates (d, h). The colonies in a, b,
e, and f are mammospheres, which remain in suspension. On glass and commercial
TC-treated plates both mammospheres and attached monolayers could be found (c,
d, g, h) however, on these surfaces mammospheres are attached to the underlying
monolayer. (Images were taken after seven days in culture. TC-treated = tissue-
culture-treated. All scalebars = 100 pm.).

(b) has approximately 100 cells, indicating that the exponential growth on PDMS
is about two cycles ahead. However, commercial low-attachment plates contained
an average of 6.6 mammospheres (N=9 wells), while PDMS wells contained one or
two mammospheres (N=9 wells). The reason for these two differences is likely be-
cause the PDMS wells have a gradual bowl-shaped surface, causing cells to collect
in the center shortly after loading. As a result, each mammosphere on PDMS likely
resulted from a few cells brought together in close proximity by the shape of the sur-
face. In contrast, in low attachment plates, cells drift to the outer edge of the well,
and thus the mammospheres likely evolved from single cells. The concave geome-

try of PDMS coated substrates provides an additional advantage over commercial
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MDA-MB-231.
FDMS

MIDA-MB-231,
low-attachment

MCF7, low-attachment

Figure 4.5: MCFT7 cells (a,c) and MDA-MB-231 cells (b,d) cultured in mammosphere
media on PDMS (a-b) and commercial low-attachment plates (c-d) after 14 days in
culture.

plates as it makes it less challenging to monitor the growth of cell colonies over a
period of time as they are found only at one single spot. In other words, on PDMS
wells mammosphere(s) are restricted and trapped at the bottom of the bowl shaped
surface and cannot roll around with the same ease that mammospheres do on flat
commercial plates. This also assures us that the huge colonies that form over a few
weeks period are the result of just a few cells, and not an aggregation of several
smaller colonies. It is noteworthy to mention that unlike other reports in which
mammospheres are cultured using at least 1000-10,000 cells, in all experiments im-
plemented in this research, on average fewer than 20 cells were used and yet they

5

successfully formed tumorspheres®. This is a significant result as it confirms the

°Even though we aimed for 50 cells/well (200 uL of peen=250 cell/mL per each well), this
number is an over estimation of the cells that are actually distributed into each well as was shown
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hypothesis that only a few numbers of cells would suffice to initiate a tumor in-vivo.
These colonies then continue to grow uncontrollably even in non-ideal environmen-
tal conditions®. The fact that in some experiments we formed mammospheres from
single cells also indicates that these cells can survive well in isolation”. The second
important conclusion that can be drawn from these experiments is that in contrast
to the common belief, a larger percentage of cells that have gone through several
differentiation cycles are in fact capable of rewinding into a more stem/progenitor
state. This in turn can further confirm the new hypotheses that suggest that tu-
mor cells have a dynamic behavior and can switch back and forth between a stem
and a non-stem state upon external triggers. More detailed investigation is however
required to verify the accuracy of this hypothesis.

For the control experiments, we studied mammosphere formation on glass and
tissue culture (TC) treated plates. While clean glass and TC-treated plates represent
optimal surfaces for attachment, both of these surfaces produced a heterogeneous
distribution of cells in which both mammospheres and attached monolayers could
be found (Fig. 4.4 (c-d) and (g-h). In general, MCF7 cells continued to survive
and grow in this heterogeneous distribution, while the MDA-MB-231 cells mostly
attached to the surface, and then contracted and died.

An interesting observation in this picture of a heterogeneous cell distribution

by cell counting.

6In all these experiments even though media was not replenished over the life span of the exper-
iments (more than two weeks), mammospheres continued to grow until the wells were completely
dried out. This in turn indicates that once mammospheres are formed, they continue to grow
uncontrollably even when they are low in nutrition.

Single cell culture of mammospheres were implemented using a mammosphere culture microde-
vice that will be discussed in the following chapter.
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is that unlike mammospheres that form on PDMS and commercial low-attachment
surfaces, tumor-spheres that form on the surface of glass and TC treated substrates
(which are optimized for cell attachment), are not in suspension. In other words,
they grow as 3-dimensional structures on top of attached monolayers and are there-
fore fixed in place. Although it is not completely clear which pathway the cells decide
to take first when they proliferate, it seems that they initially form attachment and
then choose a few spots to grow colonies. A logical explanation might be the exis-
tence of some unattached cells in the culture well that eventually interact with the
cell monolayer and start colonizing. In determining the order of proliferation paths
that cells take in this mixed condition, one might also consider the possibility that
cells form colonies before any attachment occurs. In this scenario, the colonies then
interact with the surface (that is optimized for cell attachment) and, as a result of
making an attachment with the substrate, proliferate as monolayers. Regardless of
the pathway that cells take in forming this heterogeneous mixture, the surprising
fact is that monolayers form despite the lack of serum protein that is necessary for
all cell attachment based assays. This observation might suggest that surfaces play
a more dominant role in the growth and differentiation of tumor cells than a media
component does. Whether this holds true for non-cancerous cells would be an in-

teresting subject to investigate.

Role of Media in Mammosphere Formation
As was shown in previous section, PDMS substrates drive mammosphere for-
mation when combined with a serum free medium (or mammosphere media). In
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MCF7, PDMS MCF7, 100 pun MCF7,
low-attachment TC-treated plate

100 pm

MDA-MB-231,
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MDA-MB-231, PDMS

Figure 4.6: MCF7 cells (a-d) and MDA-MB-231 cells (e-h) cultured in regular media
on PDMS (a, e), commercial low-attachment plates (b, f), glass (c, g), and com-
mercial tissue-culture-treated plates (d, h). Images were taken after seven days in
culture. TC-treated = tissue-culture-treated. All scalebars = 100 pm.

fact the ability of this polymer to induce spheroid formation is comparable with
that of the hydrogel treated, low attachment commercial plates. We also showed
that glass and TC-treated commercial plates do not selectively drive mammosphere
culture while inhibiting non-mammosphere forming cells. To investigate the role of
media in mammosphere formation, we also loaded MCFEF7 and MDA-MB-231 cells
onto these same four surfaces in regular media. Figure 4.6 presents representative
micrographs after seven days in culture. As expected, when MCF7 and MDA-MB-
231 cells are loaded onto clean glass and TC-treated plates, they form attached
monolayers and multiply quickly. A comparison between cell attachment onto these
substrates using serum free and serum rich media (Figs. 4.4 (c, d, g, h) and 4.6 (c,
d, g, h)) indicates that while cells can still attach without serum, the proliferation

rate is much slower. In addition a close look at the morphology of cells attached
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in these two media conditions clearly indicates that cells without serum are more

stressed and are therefore not as healthy.

MDA-MB-231,
TC-treated plates

MCFT7,
TC-treated plates

Figure 4.7: MCF7 cells (a,c) and MDA-MB-231 cells (b,d) cultured in regular media
on PDMS (a-b) and commercial tissue-culture-treated plates (c-d) after 14 days in
culture.

As for PDMS, when regular media is used, cells can attach to PDMS and
form monolayers as can be seen in Figs. 4.6 (a, e). Attachment and growth was
initially slow (compare Figs. 4.6 (a, e) with Figs. 4.4 (c, d, g, and h)), but cells
continued to grow over extended periods of time. Figure 4.7 compares monolayers
of cells on PDMS and TC-treated plates after 14 days in culture. In contrast to
PDMS, Figs. 4.6 (b, f) show that mammospheres formed in the commercial low-
attachment plates, even though regular media was used. In general, however, fewer
mammospheres were found in each well as compared to when mammosphere media
is used. Additionally, after three days in culture, many cells were observed to form
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Mammosphere Media Regular Media

Glass Attachment + Small Colonies | Monolayer Attachment

TC-Treated Plates Attachment + Small Colonies | Monolayer Attachment

PDMS Mammosphere Formation Delayed Attachment

Low-Attachment Plates Mammosphere Formation Mammosphere Formation

Table 4.1: Tumor cell’s response to different environmental conditions imposed by
substrate and culture medium.

attachment to the commercial low attachment plate, but these cells died before the
seven-day time point.

Together, these results (which are summarized in Table 4.1) show that PDMS
provides a resistance to the attachment of epithelial cells, and that this resistance is
sufficient to drive mammosphere growth of stem-like cancer cells in mammosphere
media. While Fig. 4.6 shows that cell attachment can occur on PDMS (though
more slowly than glass), Fig. 4.6 confirms that the delay in attachment onto PDMS
is sufficient to drive mammosphere growth in mammosphere media. Importantly,
this result demonstrates for the first time that PDMS, a common microfabrication
material, can be utilized to form the substrate for mammosphere assays. In addi-
tion, the combination of the results in Fig. 4.4 and Fig. 4.6 indicate the potential

of utilizing PDMS as a multi-functional cancer cell culture substrate.

MCF7 Cell Culture on PDMS of Varying Stiffness

As discussed in previous sections, PDMS substrates selectively drive mammo-
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sphere formation in the absence of serum proteins and promote cell attachments
when signaled by a medium that is rich is serum proteins. These observations were
made on a PDMS substrate that had a 1:10 curing agent to prepolymer ratio, which
is the commonly used protocol for the fabrication of PDMS substrates. We then
studied how variations in the elasticity of PDMS substrates affect mammosphere for-
mation and cell attachment onto this material in the absence and presence of serum.
For this experiment, PDMS was prepared by mixing 1:15, 1:10, 1:7.5, 1:5 and 1:3
ratios of curing agent to prepolymer and poured into the wells of 96-well plates,
degassed in a vacuum desiccator, and cured in an oven (65°C) for one hour. For
simplicity we will designate these substrates as PDMS; 15, PDMS; /19, PDMS; /75,
PDMS, /5, and PDMS, 3. For cell culture onto these substrates, MCF7 cells were
then prepared as discussed previously. A 200 ul. single cell suspension that was
prepared at a density of 250 cells/mL in either mammosphere or regular media was
then loaded into the wells of the PDMS-coated 96 well trays. The plates were placed
in a cell culture incubator at 37°C with 5% CO2. Images of mammospheres or cell
monolayers that formed on these substrates were then taken at one week point, and
17 days after the culture.

While PDMS substrates pertaining to different rigidities displayed almost a
similar trend in the interaction with cells (with the exception of PDMS; 5, and
PDMS,/3), a few differences were noticeable between different PDMS templates as

is discussed below.
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e Cell Culture in Mammosphere Media on Varying PDMS Stiffness

Several reports have indicated that cells behave differently on substrates with
a different elasticity [175,176]. While these observations were mainly in the context
of cell attachments, substrate rigidity can also have minor effects on mammosphere
formation on PDMS, as will be discussed here. As can be seen in Figs. 4.8 (a-e),
after one week of culture in mammosphere media, an average of 1-3 colonies form
on each PDMS substrate. However, it is noticeable that colonies formed on surfaces
with the highest curing/base ratios, i.e. PDMS; /5, and PDMS; /3 are much smaller
in size than those formed on the three other surfaces. As a matter of fact these
cells, which were more in the form of cell aggregates (Figs. 4.8 (d, e)), did not look
healthy and displayed unusual dark spots on their surface membranes. This cell

behavior, which was more pronounced on PDMS; /3, might be a sign of toxification

Figure 4.8: MCF7 mammosphere culture on PDMS substrates with different rigidi-
ties. The images were taken after 7 days.
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Figure 4.9: MCF7 mammosphere culture on PDMS substrates with different rigidi-
ties. The images were taken after 17 days.

due to the higher ratio of curing agent in PDMS, which is composed of toxic ma-
terials. In some instances the un-crosslinked low molecular weight polymer leaches
into the culture medium where the monomer can then affect cellular activities by
interacting with the hydrophobic part of the cells’” membrane. The effect of high
curing agent/base ratio PDMS substrates on cell culture was further confirmed by
the fact that cell growth was arrested soon after this time point (week 1), as can be
seen from images of day 17, where cells are all dead (Figs. 4.9 (d, e)). On the other
hand, on other PDMS surfaces, i.e. on PDMS; 15, PDMS; /19, PDMS; /7 5, mammo-
spheres continued to grow and multiply. Mammosphere formation might specifically
be enhanced by lowering the ratio of the curing agent to prepolymer as in few cases
the 1-2 colonies observed on PDMS; 15 on day 7 (Fig. 4.8 (a)), continued to grow

into multiple colonies after 10 additional days (Fig. 4.9 (a)). Mammospheres on
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other two PDMS substrates only doubled after 17 days of culture (Figs. 4.9 (b, ¢)).

e Cell Culture in Regular Media on Varying PDMS Stiffnesses

Using a serum rich medium, differential cell attachment was observed on
PDMS substrates that were prepared by mixing different ratios of curing agent with
the prepolymer. That is while cells attach on PDMS; /15, PDMS; 19, PDMS, 75
substrates (Figs. 4.10 (a-c)), on PDMS; /3, PDMS; /5 cells remain as inactive single
entities over the one week culture (Figs. 4.10 (d, e)), similar to what we had previ-
ously observed on PEGDA hydrogels (Fig. 4.3). However, unlike PEGDA hydrogels

on which cells retain their symmetrical and round morphology over an extended pe-

Figure 4.10: MCF7 culture in regular media on PDMS substrates with different
rigidities. The images were taken after 7 days.
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Figure 4.11: MCF7 cell culture in regular media on PDMS substrates with different
rigidities. The images were taken after 17 days.

riod of time (which can be an indication of cell viability), on PDMS; /3, PDMS, 5
cells eventually undergo apoptosis. This can be seen by the dramatic decrease in the
cells” size and uneven cell surface membrane after 17 days of culture on PDMS; 3
and PDMS, /5 (Figs. 4.11 (d, e)). On the other hand, cells adhered on all three
PDMS; 15, PDMS; /19, PDMS, 75 substrates where no significant difference in at-
tachment was observed. This can be seen in Figs. 4.10 (a-c), where cells display
a slow attachment on PDMS; 19, PDMS, 75 and PDMS; 5 over the first week of
culture but eventually form a monolayer after two weeks (Figs. 4.11 (a-c)). One
can also notice some free and unattached cells on top of these monolayers, which are
specifically higher in numbers on PDMS, /7 5 and PDMS; /1. From the size of these

cells, one could infer that these floating cells that were not observed over the first
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week of culture are in fact alive and capable of growing. However, it is not clear
how their function might be different from the original cells that were seeded onto
the PDMS wells.

All in all, these results indicate that using a bare (or unmodified) PDMS sub-
strate, PDMS surface rigidity does not in general play a significant role in cellular
activities such as attachment or colony formation (except in the case of PDMS; 3
and PDMS; /5, that might be a toxicity effect). Therefore from here after, all mam-
mosphere culture experiments are implemented on PDMS; /1o (referred to as PDMS
from here on) as the 1:10 mixture of curing agent/prepolymer has proven to be
more fabrication friendly in the design of microsystems. In what follows a few func-
tional characteristics of mammospheres formed on PDMS or cells isolated from these

spheroids will be discussed.

Time Dependent Growth and Cell Shedding of Mammospheres on
PDMS

To measure the time dependence growth of colonies on PDMS substrates,
PDMS coated wells were filled with a dilution of MCF7 cells in mammosphere me-
dia (250 cells/mL). The mammospheres growth rate over a two-week culture period
was then determined by measuring the diameter of the colonies (assuming a spher-
ical structure) and calculating the average number of cells that the mammospheres
are composed of. As can be seen in Fig. 4.12, these colonies continue to grow con-
sistently for approximately 10 days. Their size then suddenly drops after this time
point at which they have reached an average diameter of 160-170 pm (in some cases
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Figure 4.12: MCF7 mammosphere growth rate on PDMS substrate over a two
weeks culture period. These data were obtained by measuring the average diameter
of colonies (n=4) (a) and the average number of cells that constitute these colonies

(b).

however a re-growth was observed after a couple of days). This might suggest that
cells that are located deep inside the colony undergo necrosis when the colonies get
to a certain size. In other words, in large dense spheroids, cells that are at the center
of the colony might not receive enough nutrition and will therefore experience cell

death. This size reduction of the colonies might alternatively be explained by the
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Figure 4.13: Mammospheres can shed viable cells into their surrounding as shown
by the arrows in the figures. These cells appear to be larger in diameter than a
typical MCF7 cell that colonies originated from.

fact that mammospheres can shed cells into their surrounding environment when
they get to a certain point in their growth, as is noticeable in Fig. 4.13. These cells
that might be similar to migratory stem cells in vivo, have the ability to form new
tumorspheres over time as demonstrated by their multiplication potential in several

experiments (also compare Figs. 4.8 (a) and 4.9 (a)).

Propagation of Cells Isolated from Mammospheres that Form on
PDMS Substrates

To ensure that PDMS surfaces do not interfere or alter cells’ regular activities,
we then propagated cells that were isolated from mammospheres formed on PDMS
substrates. In these experiments, cell attachment and colony formation capability of
these isolated cells were separately examined. For cell attachment experiment, cell

isolated from mammospheres formed on PDMS were dissociated and resuspended
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in regular media. These cells were then cultured onto commercial tissue culture
treated 96 well trays. Images were taken after one and two weeks of culture. As can
be seen in Fig. 4.14, these cells make complete monolayer attachments and continue
to proliferate consistently. This cell attachment is in fact comparable with that of

the pre-mammosphere cultures.

Figure 4.14: Propagation of cells isolated from mammospheres that had formed on
PDMS substrates. These isolated cells that are cultured onto commercial tissue
culture treated plates in serum rich media, form monolayer attachments after two
weeks in culture.

To examine the spheroid formation capability of cells isolated from primary
mammospheres formed on PDMS, the isolated cells were resuspended in fresh mam-
mosphere media and cultured onto commercial low attachment plates. Images of
mammospehres were then taken after one and two weeks of culture. As can be seen
in Fig. 4.15, these cells successfully form spheroidal colonies, which are in fact larger
in size than primary mammasopheres formed on both PDMS and low-attachment
plates (Figs. 4.4 (a,b) and 4.5 (a,c)).

The result of these experiments together indicate that PDMS can successfully

be utilized as an alternative to commercial hydrogel-treated low attachment plates.
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Figure 4.15: Propagation of cells isolated from mammospheres that had formed
on PDMS substrates. The isolated cells formed secondary mammospheres when
cultured onto commercial low attachment plates in serum free media.

In fact, PDMS has a few advantages over commercial plates, as it not only offers
a low cost material for the isolation and enrichment of cancer stem cells, it also
offers a practical solution for miniaturizing the assay into a microsystem as will be

discussed in more detail in the following chapter.

Non-Transformed MCF10A Mammosphere Culture on PDMS

In previous sections, we demonstrated that PDMS is capable of driving mam-
mosphere formation of epithelial breast cancer cell lines when a serum free culture
medium is used. We also showed that this characteristic of PDMS is fairly compara-
ble with that of the low-attachment commercial plates. To investigate the interaction
of PDMS with non-cancerous cells, we then cultured MCF10A cells onto the poly-
mer substrates as well as commercial low-attachment plates using mammosphere
media. The MCF10A cell line, which is an immortalized non-transformed epithe-

lial cell, is derived from human fibrocystic mammary tissue. MCF10A cells, which
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are considered non-tumorigenic®, have a near diploid karyotype and are normally
used as normal breast epithelial cells in experiments. It has been shown in several
reports that these cells do not have the ability to grow in anchorage-independent
assays [177], however, they form 3-dimensional acini shaped structures upon culture
onto a mixture of collagen and laminin [178,179].

Consistent with previous reports [177], our experiment with MCF10A cells
on commercial low-attachment plates did not result in colony formation as cells
died soon after they were cultured in serum free medium onto these substrates.
Interestingly though, MCF10A cells formed fairly round 3-dimensional structures
upon culture onto PDMS substrates. Unlike mammosphere culture of MCF7 and
MDA-MB-231 cells on PDMS, which resulted in 1-2 colonies per well, MCF10A cells
formed quite a few number of colonies, which were spread across the PDMS surface
as can be seen in Fig. 4.16. In rare cases though, one could find one or two cell
attachments in addition to the colonies. These colonies as depicted in Fig. 4.16,
continued to grow up until four weeks, where they then start to form dark shaped
structures.

These results indicate that the PDMS surface is not only a suitable substrate
for isolation and enrichment of cancer stem cells from breast cell lines, it also per-
forms well in enrichment of normal stem-like cells. Consequently as demonstrated
by this experiment, this polymeric substrate can be a better candidate for anchorage

independent assays as compared to commercial plates. Whether PDMS substrates

8MCF10A cells do not have the ability to form tumors upon transplantation into mammary fat
pad of mice models and are therefore considered non-tumorigenic.
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Figure 4.16: MCF10A mammosphere culture onto a PDMS substrate.

are as effective in isolation and enrichment of normal and cancer stem cells from

other tissues and organs as they were in breast cell lines, is yet to be investigated.

4.3 Factors Involved in Cell-Material Interactions

As was demonstrated in previous sections, PDMS substrates offer a useful,
straightforward and cost effective substrate for the isolation and enrichment of stem-
like cells, especially in the study of tumorigenicity. In this section, we will continue
to probe the characteristics of this polymer in driving mammosphere formation in
the form of suspension culture, where the emphasis would be on characteristics im-
portant in cell-surface interactions. Studies have shown that there are a number

of factors that are involved in the interaction between cells and their substrate. In
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general, the transfer of signals from the substratum into the cells depends on the
physiochemical nature of the material [180]. Properties such as surface chemistry or
surface functional groups [181], roughness [182], hydrophobicity/hydrophilicity (or
level of surface free energy) [181, 183-186], rigidity [187], surface charge [184, 188|
and finally specific interaction with the cell surface can all affect cell activities. How-
ever, since cell-material interaction is a very complicated phenomenon, it is not clear
which property plays the dominant role. In other words, the dominant factor might
differ significantly from one system to another. In what follows, some characteris-
tics important in cell-surface interactions will be discussed in order to unravel the
driving force in mammosphere formation on PDMS substrates that is induced in

the absence of serum.

e Surface Charge

In any cell culture system, electric charges of the surfaces onto which cells are
exposed have an eminent role in determining the cells’ fate. This is due to the fact
that a large portion of cell and serum protein surfaces are negatively charged and are
therefore electrostatically more attracted to positively charged materials?. Within
the same context, polymers with a negative surface charge density such as PDMS,
can serve as a protein/cell repellent substrate and inhibit or delay cell attachments.
The delay in cell attachment can then causes cancer stem cells to form mammo-

spheres in the absence of serum. In the presence of serum, however some protein

9A1l cells have a considerable amount of both positive and negative charges however, the total
(-potential of a cells surface is negative.
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attachments occur possibly due to van der Waals interactions. This interaction,
which leads to an inhomogeneous protein coating on PDMS substrates, will in turn
mediate cellular attachments as can be seen in Figs. 4.6 (a,c) and 4.7 (a,b). On
the other hand as was demonstrated in Figs. 4.4 (c,g) and 4.6 (c,g), cell attach to
the surface of glass regardless of the media content. While clean glass slides are
electrically neutral, they become deprotonated upon exposure to aqueous solutions
where the hydroxyl (-OH) group on the glass surface can then enhance cellular at-
tachments through hydrogen bonding with the polar groups on the cells’ surface. In
the presence of serum proteins, cell attachment onto glass is further enhanced due

to proteins in the culture medium that will be presented onto the glass surface.

e Protein Adsorption—-Mammosphere Formation is Inversely Related

to Protein Adsorption

To further confirm the hypothesis that mammosphere formation on PDMS is
driven by a resistance to cell attachment, we also investigated protein adsorption
onto our PDMS substrates relative to glass. It has been shown previously that cell
attachment to surfaces is correlated with protein adsorption on surfaces [184, 186].
That is, the same mechanism that works in favor of protein adsorption onto a surface
can mediate cell attachment. It should be noted however, that protein adsorption is a
very complex phenomenon and is driven by factors such as the acidic or basic nature
of the protein and the characteristic of the surfaces onto which proteins interact.

Additionally, the type of energies exchanged between proteins and their substrates,
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(a) Inlet Outlet|

£Glass substrate

Glass (after culture media)

Glass (untreated) PDMS (untreated)

Figure 4.17: Protein adsorption to glass and PDMS. (a) Microfluidic channels with
either a glass or PDMS bottom are used. Fluorescence images are aquired through
the bottom surface. (b-c¢) Fluorescence image of FITC-labeled protein on (b) glass
and (c¢) PDMS. (d-e) For reference, fluorescence images from (d) glass-bottom and
(e) PDMS-bottom were collected after FITC-staining of untreated surfaces.

in the form of van der Waals, hydrophobic or electrostatic, play an important role
in the protein-surface interactions.

To determine the protein adsorption to the substrates, we passed regular cell
culture media, which contains protein-rich serum through a microchannel with either
a glass or PDMS bottom (Fig. 4.17 (a)). After rinsing, we passed FITC through
the channels; the FITC fluorescently labels any adsorbed proteins on the channel
surface. To account for possible residues that FITC might leave behind, we also did
a negative control on glass and PDMS substrates that were not exposed to media.
The fluorescence micrographs in Fig. 4.17 show that serum protein adsorption is

much lower on PDMS as compared to glass. A comparison between Figs. 4.17 (c)
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and 4.17 (e) indicates that the fluorescent intensity on PDMS substrates is in fact
mainly due to residues that FITC leaves behind on any surface, regardless of its
coatings. Nonetheless, the fact that serum protein does not adsorb well to PDMS
suggests that cells will have difficulty forming attachments, which is consistent with
the formation of mammospheres (Fig. 4.4). Meanwhile, the high protein adsorption
onto glass suggests that cells can quickly form attachments onto a glass substrate,

as shown previously in Figs. 4.4 and 4.6.

e Surface Wettability — Hydrophobicity Can Drive Mammosphere For-

mation

Surface wettability (hydrophobicity/hydrophilicity), which is a measure of sur-
face free energies has a great impact on how cells and proteins interact with the
substrate. The hydrophobicity of a surface, which is determined by contact angle
measurements, mainly depends on the functional groups that form the outermost
layer of the material. For instance while hydroxyl groups on the surface of glass make
it more hydrophilic, the highly hydrophobic property of PDMS can be related to
the methyl groups that present the surface of the polymer. In addition to the effect
that functional groups impose on the degree of surface wettability, surface rough-
ness can also significantly affect hydrophilicity or hydrophobicity of a substrate. In
other words, rough surface textures can serve as physical barriers and prevent water
droplets from spreading/flattening on the surface of the material. This was in fact

confirmed by our experiment in which a moderately rough PDMS surface with a
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feature size of ~ 80 nm displayed a higher contact angle than a smooth glass surface
(R &~ 4 nm). In the context of protein/cell attachment, it is recognized that a mod-
erately hydrophilic surface with a contact angle of 40°-50° has a significantly higher
level of attachment than highly hydrophobic or hydrophilic surfaces [183-186]. Since
cells in suspension culture in general require a protein and cell repellent substrate
to grow on, a suitable surface for mammosphere culture can therefore be one with
a highly hydrophobic (or highly hydrophilic) property. Consistent with this theory,
as has been discussed in previous sections we successfully formed mammospheres
on PDMS substrates, which display a highly hydrophobic characteristic. In fact
this hydrophobicity, which delays cell attachment, is the dominant factor (besides
surface charge densities) that forces cells with stem like properties to survive and
proliferate in serum free media by growing into unattached spheroidal colonies.

To quantify the wettability of our substrates, we measured the contact angle of
the substrate materials used in Figs. 4.4 and 4.6. The hydrophobicity/hydrophilicity
of each surface was determined using the static sessile drop technique to measure
the contact angle of a water droplet that is pipetted onto the surfaces (Fig. 4.18).
The contact angles are shown in Table 4.2. As can be seen from this table, while
TC-treated plates exhibit an average contact angle of 46° (even before media expo-
sure), clean glass slides with a contact angle of 22°, acquire the right hydrophobicity
for cell attachment (contact angle of 42°) after they are exposed to a serum rich
medium. In contrast, PDMS exhibited an average contact angle of 99°, which is
significantly more hydrophobic than the two optimized cell attachment surfaces. As

a result, the delayed cell attachment is logical, given that cells typically show the
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Figure 4.18: The hydrophobicity /hydrophilicity of a surface can be determined using
the static sessile drop technique that is used to measure the contact angle of a water
droplet pipetted onto the surface.

highest attachment to moderately hydrophilic surfaces and do not attach well to
hydrophobic surfaces as in PDMS or hydrophilic substrates as in commercial low

attachment plates [183-186].

Substrate Contact Angle
Low-Attachment Plates 29°
TC-Treated Plates 45°
PDMS Plate 99°
PDMS conditioned 76°

with regular media

PDMS conditioned 93°
with mammosphere media

Glass 22°
(piranha washed)

Glass conditioned 42°
with regular media

Table 4.2: Contact angle of the surfaces used for cell culture.
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Fig. 4.17 (c) indicates that minor protein adsorption occured on PDMS in
the presence of serum proteins. In fact, upon exposing PDMS to serum-rich regular
media for two days, the contact angle decreased from 99° to 76°, suggesting a chem-
ical or conformational change at the solid-liquid interface, which might be due to a
partial or complete protein adsorption onto PDMS. However, since the orientation
of PDMS polymer chains are random, proteins will attach and spread randomly on
the surface of the polymer. This was in fact proved by large variations in the con-
tact angle values across the surface of PDMS. It should be noted that the change in
contact angle of PDMS was significantly lower (less that 10 degrees decrease) when
mammosphere media, which does not contain serum was used.

Regarding cell attachment onto PDMS substrates where cells were cultured
in regular media, evidently, the modest protein adsorption from the serum in the
media can be enough to mediate some degree of cell attachment via protein-protein
interactions, as cells were able to attach slowly to PDMS in the presence of serum
(Fig. 4.6 (a, e)). However, in mammosphere media, there is no serum present,
and thus minimal quantities of proteins to modify the surface of PDMS. With little
protein on the surface, the cell must attach through adsorption of the membrane
proteins to the surface. According to Fig. 4.6, cells are able to attach to the mod-
erately hydrophilic glass!® and TC-treated surfaces, but not to the hydrophobic
PDMS surface as discussed previously. Just as is the case for the commercial low

attachment plates, this lack of attachment to PDMS drives cancer stem cells as well

0While acid washed glass slides used for these experiments had a contact angle of 22°, they
become more hydrophobic after exposure to serum rich media as indicated in Fig. 4.17 and Table
5.2.
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as non-tumorigenic MCF10A cells to form mammospheres.

CONCLUSION

In this chapter, we showed that PDMS can serve as a substrate for mammo-
sphere formation from breast cancer cell lines. We conclude that the hydrophobic
property of PDMS in addition to its negative surface charge density drives the mam-
mosphere growth because it provides sufficient resistance to cell attachment. This
result has tremendous implications for the study of cancer stem cells, as it implies
that PDMS can be used to construct mammosphere culture microsystems as will be
discussed in next chapter. This development will also enable mammosphere assays
to be integrated into a microsystem with other microfluidic functions, including tu-
mor cell selection and purification, in-situ immunofluorescence, RT-PCR, and drug
screens with concentration gradients. These integrated microsystems have the po-
tential to dramatically simplify current techniques for studying cancer stem cells
and may lead to experiments that are not possible today, such as the enrichment
and drug screening of cancer stem cells from a population of metastatic circulating

tumor cells.

81



Chapter 5

Development of a Mammosphere
X

Culture Microassay

For nearly a decade, researchers have identified breast cancer stem cells within
heterogeneous populations of cells by utilizing low-attachment serum-free culture
conditions, which as was discussed in previous chapters, lead to the formation of
spheroidal colonies (mammospheres) that are enriched for cancer stem cells. While
this assay has proven to be useful for identifying cancer stem cells from a bulk popu-
lation, ultimately its utility is limited by difficulties in combining the mammosphere
technique with other useful cellular and molecular analyses. However, integrating
the mammosphere technique into a microsystem can enable it to be combined di-
rectly with a number of functions, including cell sorting and analysis, as well as
popular molecular assays that would enable new discoveries in the biology of cancer
stem cells that are not possible today.

In this chapter, we will discuss the first ever mammosphere culture microsys-

tem that was developed in our lab using concepts discussed in the previous chapter.

“Some of the material in this Chapter is included in “Breast cancer stem cell enrichment and
isolation by mammosphere culture and its potential diagnostic applications” submitted to the
journal of Expert Reviews in Molecular Diagnostics and in “ Enrichment of tumor-initiating breast
cancer stem cells within a mammosphere-culture microdevice”, which is in preparation.
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In chapter 4, we demonstrated that properties such as hydrophobicity can drive
polymer surfaces such as polydimethylsiloxane (PDMS) to selectively promote mam-
mosphere formation (a functional property that is comparable with commercial low
attachment plates). However, in order to have a long term mammosphere culture
in a microsystem there are few critical problems that have to be taken into account.
These problems, including media evaporation and air bubble formation, which im-
pose serious limitations on long term cell culture in any biological microassay, are
more pronounced in mammosphere culture microsystems as these cell entities are in
suspension and therefore more difficult to handle.

In this chapter, we will first discuss how biology and medicine can benefit
from microsystems. Then we will return to the subject of mammosphere culture
and its implementation into a microdevice. Issues such as evaporation and bubble
formation, which are critical problems in long term cell culture, are discussed along
with strategies that we exploited to overcome these problems. After the successful
culture of mammospheres in the final design, the device was tested for applications
such as zero velocity delivery of media and reagents to the spheroidal colonies that
are in suspension. In order to incorporate a convection free transport system into
the culture device, two different approaches were employed as will be discussed in
this chapter. The final design was then utilized to isolate and enrich breast cancer
stem cells in the form of suspension colonies, which were then stained through the
diffusion system with a Live/Dead stain. The device was further used to transform
stem cell colonies into a fully differentiated monolayer cell attachment on the same

substrate. Finally the results of these experiments were analyzed using a finite ele-
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ment analysis technique.

5.1 Microsystems for Biomedical Applications

Microsystems that were originally designed for electronic devices are usually
referred to as miniaturized platforms and are made up of features that have micron
sizes in at least one dimension. While the birth of this technology goes back to
1960, where miniaturized systems were developed in the form of microprocessors, the
implications of this technology have been expanded to other fields such as chemistry,
biology and biomedicine. A lot of efforts have been made in developing laboratory on
a chip (lab on a chip) devices that would enable the integration of major diagnostic
operations (performed in a hospital) on a single microfluidic device.

The first lab on a chip devices were developed on silicon or glass, using a
heavy microelectronics infrastructure. In 2000 the technology shifted toward using
polymers such as polydimethylsiloxane (PDMS) to mass produce biomedical mi-
crodevices using soft- or photo-lithography techniques. Since the first integration of
PDMS into microdevices, this polymer has been widely used in microfabrication due
to its unique characteristics such as optical transparency, biocompatibility, deforma-
bility (which also enables easy molding), thermal stability and most importantly its
affordability, which is an important factor in production of biomedical devices.

In addition to biomedical applications of micrsystems designed for implants
and/or diagnosis purposes, microdevices offer a unique platform in studying cellular

and molecular biology of diseases, such as cancer [189-196]. The micron size struc-
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tures, which can be made to approximately the size of a single cell have made it
possible to study biological events at the cellular level. Microfabrication technology
has also made it feasible to design microsystems with the capability of spatial and
temporal bioscreening. Other applications include systems with concentration gra-
dients of drugs and reagents [197-200]. These lab on a chip devices are especially
useful in studying cells’ response to different concentrations of drugs, reagents, and
other stimuli such as pH, oxygen, etc. that are essentially impossible to implement
using conventional assays.

In addition to single purpose microdevices, microsystems can provide increased
automation and throughput by seamlessly integrating multiple functions, thus elimi-
nating tedious manual steps. This is particularly advantageous in the case of samples
that are difficult to manipulate, such as a small number of floating cells. Today the
microsystems research community is actively developing a number of tools for di-
agnostics, as has been documented in a number of recent review articles [201-203].
All of these and many other microfluidic techniques simplify and automate assays
in hopes of minimizing the cost and labor required for clinical diagnostics today.
Clinical applicability of these techniques can further be improved by integrating

multiple functions such as sample preparations into one single device.
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5.2 A Mammosphere Culture Microsystem for the
Isolation and Enrichment of Tumor Initiating
Cells

Implementing the mammosphere assay in an integrated microsystem may lead
to one of the first clinical applications of microfluidic cell culture specifically in the
field of cancer research as it can be used as a reliable technique for enriching breast
cancer stem cells from small sample volumes and for further drug screening. It
should be noted however, that while cell studies in microfluidics and microsystems,
including monolayer cell culture as well as spheroid culture have been reported in
several contexts [194,204-208], the few suspension culture microsystems that have
been developed to this date are mainly focused on cell aggregates in the study of
embryoid bodies [207,208]. While these microsystems have enabled the formation
of spheroidal colonies from embryonic stem cell aggregates, they require complex
fabrication or surface modification of culture substrates in order to induce suspen-
sion cultures. In addition, in some of these devices, subsequent cell retrieval and
analysis is almost impossible due to the structure of the device. While these en-
abling microsystems were developed to enrich embryonic stem cells, no report has
been found on utilizing microdevices for the isolation of rare cancer stem cells from
a population of differentiated cells and the following enrichment that is achieved
through spheroidal culture. In this work, a tumorsphere culture microsystem was
developed for the first time that would allow a label free isolation of breast cancer
stem cells in an easy to fabricate and user friendly device. This platform, which

enables 3-dimensional cell culture onto a microsystem (which recapitulates the in
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vivo tumor morphology) can further be used for immunostaining and drug screening
studies, some which are not possible using commercially available macro-assays. As
will be discussed in this chapter, this device can additionally be used to stimulate
cancer stem cell colonies to differentiate on the same device. In other words, using
this microdevice we were able to demonstrate for the first time a polymeric system
that can be used to visualize the transition from mammospheres to monolayer cul-
ture owing to certain characteristics of PDMS. This characteristic can be used in
future studies to shed some light onto the mechanism of mesenchymal to epithelial
transition (MET), one of the processes that are hypothesized to be responsible for
tumor metastasis. Additionally, integrating the CSC enrichment assay with other
on-chip functions, such as cell enrichment, immunofluorescence, drug screening, and
molecular analysis, can lead to new methods for studying the biology of cancer stem

cells.

Fabrication of an Anchorage Independent Cell Culture Microdevice

While cell culture has been performed in microfluidics in a number of re-
ports [204-207], the requirements of a mammosphere culture microsystem are more
severe. In cell culture microdevices with a convectional transport system, the cells
are attached to the surface and reagents, such as fresh media, drugs, cytokines, and
staining agents, can be loaded over the top of the cells. However, in a mammo-
sphere culture microdevice, cells should be inhibited from attachment. Since the
spheroids are unattached, it is practically impossible to apply convection flow to

the microfluidic culture system in order to renew the media or deliver reagents.
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Driving reagents to the cells with convective transport would force the unattached
cells out of the microsystem. Therefore, it is necessary to deliver reagents to the
cells via diffusion-based transport. To incorporate a diffusion compartment into the
device we exploited different strategies such as vertical integration of diffusion mi-
crochannels or integration of microporous membrane into the culture device. In each
approach, the diffusion component that is placed between the cell culture chamber
and the reservoir on top, is used to mediate fluidics exchange between the two lay-
ers in a near-zero velocity manner. The details of each approach are discussed in
following subsections.

Evaporation through the gas permeable PDMS based device poses another
problem for the long term culture as the low volume liquids in the cell culture wells
are quickly consumed or dried out. To resolve this problem, we incorporated a
media reservoir on top of the cell culture chamber. This reservoir will shield the
culture chamber from evaporation of media during the extended time required for
mammosphere culture. In addition it provides cells in the bottom layer of the device
with fresh media through diffusion based components that are integrated into the
microsystem.

In all these designs PDMS was used as the base of the cell culture micro-wells
as well as the sidewalls of the device as PDMS is (a) an excellent gas permeable
material and would therefore enable the exchange of Oy and CO4 between cells and
their environment, (b) hydrophobic, which delays cell attachment and successfully
drives the formation of mammospheres (as discussed in previous chapter) and (c) it
is conveniently used for soft-lithography based fabrication and assembly of microde-
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vices.

5.2.1 Mammosphere Culture Microdevice with Integrated
Diffusion Channels

The first design included a microfluidic system consisting of a cell culture layer
with triangular wells, a microchannel for cell loading, and a media reservoir that was
aligned on top (Figs. 5.1 and 5.2). In this design, the reservoir is connected to the
wells through vertically designed diffusion channels where media and reagents are
delivered to the non-adhered cells in a near zero velocity manner. The fabrication

procedures and consequent mammosphere culture on this device is discussed below.

EXPERIMENTAL

Fabrication of the Mammosphere Culture Microsystem

The step by step assembly of the layered microfluidic device is presented in
Fig. 5.1. Soft lithography was used to microfabricate the features in the PDMS
mammosphere culture system. First, the 1 mm wide microchannels and 2 x 2.2 x 2.2
mm? triangular cell culture wells were designed in AutoCad. In this design the
dimensions of the wells are chosen such that they can contain spherical colonies
of 200 pm in diameter (and larger) and are patterned such that an array of 3x4
wells can fit into 1”7 x 1” templates. The wells and the microchannels that pass the
top of the wells in the final structure are approximately 5 mm apart (Fig. 5.1).

This distance that is large enough, will prevent possible bridging and dislocation of

89



Reservoir

Figure 5.1: The PDMS micro-wells, microchannels and the reservoir are brought into
contact and permanently bonded to each other. Before bonding the reservoir to the
rest of the device, vertical diffusion channels are punched into the microchannels in
order to connect the microwells to the reservoir in the final structure.

the contents in the adjacent wells; a phenomenon that normally occurs in closely
designed micropatterns. Transparency masks of the designs were printed to fabricate
the molds for soft lithography.

Two standard 4 in. silicon wafers (one for the micro-well layer and one for
micro-channel layer; see Fig. 5.1) were used to fabricate the master molds. Each
wafer was first washed in a 1:3 dilution of HF in DI water, followed by a water
rinse. The clean wafers were then dehydrated at 120°C for 20 min. Then Hexam-
ethyldisilazane (HMDS) was spin coated on the wafer for 30 s. To etch the designed

features into the wafer we used AZ-4620 photoresist, which is suitable for relatively
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deep etching. The photoresist was first preheated to room temperature and then
spin coated onto the wafer for 1 min at 1500 rpm. The wafer was then baked for
3 min on the hot plate, rehydrated at room temperature for 20 min, UV exposed
through the mask for 17 s using an EVG 620 mask aligner and developed in a 1:3
dilution of AZ 400K developer for 4 min. A Deep Reactive Ion Etcher (DRIE) was
then used to etch the negative of the microsystem features to a depth of 200 pm.
This thickness, along with other dimensions, was chosen to allow for large colony
formation in micro-wells as mentioned earlier.

To facilitate PDMS removal after replica molding, the master mold was coated
with trichloro(1H,1H,2H,2H,-perfluorooctyl)-silane in vapor phase for 45 minutes
using a vacuum desiccator. PDMS was then mixed in a 1:10 ratio of curing agent
and prepolymer, poured onto the master, degassed in a vacuum desiccator and cured
in an oven (65°C) for two hours.

To fabricate the reservoir, we used multiple layers of electrical tape to assemble
a 10 x 10 X 2 mm structure on a petri-dish surface. This structure served as the
mold for the reservoir. The PDMS mixture was then poured onto the mold and
cured in the oven.

The PDMS replica of the micro-wells and microchannels was washed in ethanol,
plasma oxidized using a corona discharge and then brought into contact such that
the wells and channels were facing each other (Fig. 5.1). Before binding the reser-
voir to the rest of the device, using a 0.35 mm hole puncher, holes were punched
into the microchannels directly above the cell culture wells. These columns serve

as the diffusion channels that later connect the micro-wells to the reservoir that is
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positioned on top of other two layers (Fig. 5.1).

Cell Culture

LA7 cells (rat mammary carcinoma cells) were grown in DMEM with 4 mM L-
glutamine, 4.5 g/L glucose and reduced bicarbonate (1.5-2.0 g/L) supplemented with
5 pL/mL Penicillin/Streptomycin, 50 ng/mL hydrocortisone, and 10% FBS. Cells
were subcultured every 5-7 days by trypsinization with 0.25%/0.02% trypsin/EDTA
in a 37°C incubator with 5% CQO,. To prepare cells for mammosphere formation,
cells removed from flasks were spun down and resuspended in DMEM media sup-
plemented with B27, 20 ng/mL epidermal growth factor (EGF), 20 ng/mL basic
fibroblast growth factor and 4 pg/mL heparin. To get a single cell suspension, the
cell mixture was passaged repeatedly through a 0.45 mm syringe needle.

After full assembly of the device, the micro-chip was sterilized by a one hour
UV exposure in the cell culture hood. Using a syringe pump, single LA7 cells in
mammosphere media were then loaded into the microdevice (through tubings that
connected the device to the pump) at a speed of 1 mL/hr. The cells in the microsys-
tem were then incubated in a humidified atmosphere with 5% CO, at 37°C for 48

hours before the first observation.

RESULTS

Mammosphere culture in microfluidic chips

The fluidic mammosphere culture microdevice, as shown in Figs. 5.1 and 5.2,
consists of three layers: a cell culture layer with an array of 3x4 micro-wells, a layer
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Figure 5.2: A three layer mammosphere culture microdevice. The micro-wells at the
bottom of the device are loaded with cells through the microchannels, which pass the
top of the wells. The reservoir shields the fluidics in the device from fast evaporation
in addition to delivering media/reagents to the non-adhered cells through vertical
diffusion channels.

with cell delivery micro-channels, and a reservoir layer that is designed to provide
cells with media/reagents while preventing evaporation in the cell culture layer. The
triangular geometry of microwells is selected because the initial random movements
of the cells tend to carry them into the corners of the triangular wells where they
become stationary, and thus it is easier to track individual colonies over weeks of
culturing. This cell/colony trapping is not possible using a circular design.
Another consideration in designing cell culture microsystems is keeping cells
that are exposed to significantly low amounts of media viable for a reasonably long
period of time. Evaporation, which is unavoidable in any cell culture microsystem
(made of vapor permeable polymers such as PDMS) imposes a serious stress on
cells as it affects the osmolarity. In other words, osmalarity, which controls the

balance between exterior and interior fluid pressure on cells’ membrane can easily
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be affected in cell culture microdevices. To keep the humidity of the cell culture
microenvironment intact during the culture period, fresh media should be periodi-
cally delivered to cell containing microwells. While in attachment based cell assays
this is accomplished by periodic or constant perfusion of media that is delivered
from the top of the cells, using the same techniques in suspension cultures is not
practical as it will force the unattached cells and colonies out of the microdevice. In
order to refresh media in mammosphere culture microsystem in addition to keep-
ing the level of media in the cell culture chamber intact, we therefore implemented
diffusion channels into the system that vertically connects cell culture microwells
to the nutrition rich chamber that is on top. These vertical channels were mainly
intended to support the diffusion of fresh supplements into the cell contained mi-
crowells. These microchannels were designed such that cells in microwells would not
sense any turbulence when media is replaced on the top chamber (reservoir).
While by using this microfluidic device we successfully cultured small colonies
of approximately 150 cells after 3 days of culture (Fig. 5.3), we could not grow them
beyond this time point as air bubbles that had filled the diffusion channels made it

practically impossible to deliver fresh media to the drying microwells. In addition,

Figure 5.3: Time course growth of LA7 mammospheres within the triangular-shaped
cell culture wells in the microsystem with integrated diffusion microchannels. Using
this design, cells cease to grow after 3 days of culture.
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nucleation of bubbles in cell delivery microchannels (second layer in Figs. 5.1 and
5.2), which are directly in contact with microwells, can rupture the cells’ membrane
and lyse them over time. To overcome these limitations, other approaches were

taken, as will be discussed in next subsection.

5.2.2 Mammosphere Culture Microdevice with Diffusion Based
Membranes

Microfluidics, which are widely used in cell culture microsystems for the de-
livery of media and reagents such as stains and drugs can also impose difficulties in
the functional aspect of the device (as was mentioned previously) due to air bubble
formation in micron size channels. These air bubbles that impede the flow path
are often introduced to the system during the loading step where fluidics from wide
tubings enter significantly smaller channels. As we demonstrated in the previous
subsection, bubble formation in a microfluidic mammosphere culture microdevice
can be even more problematic than attachment based culture devices. To avoid
this problem, we exploited simple engineering techniques that would free us from
microchannels as well as tubings in the cell culture microdevice. It should be noted
that while these strategies are employed here for a suspension culture microdevice,
they can as well be incorporated into any system including cell attachment based
microassays.

In this design the mammosphere culture microsystem is composed of a cell

culture chamber and a fluidic reservoir (no microchannels are used); culture wells
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are connected to the reservoir on top by a microporous membrane. Reagents are
exchanged within the reservoir where they diffuse through the membrane and into
the cell culture microwells. In addition, as was mentioned earlier the reservoir also
aids in preventing evaporation of media from the low-volume cell culture region.

A schematic representation of the microsystem is presented in Fig. 5.4. As in
the previous design, a PDMS substrate with triangular microwells designed into it
serves as the bottom surface of the cell culture device. The cell culture chamber is
capped by a transparent and hydrophilic polycarbonate membrane with pores that
are approximately 2 um in diameter. The reservoir is attached onto the top of the
membrane; reagents are loaded through the reservoir and are fluidically connected
to the cell culture volume through the membrane.

Using this device, we were able to form mammospheres from MCF7 breast
cancer cells where colonies as large as 250 pm in diameter formed over the course of
10 days in culture. To demonstrate that new media and reagents can be delivered to
the mammospheres in the microsystem, colonies were stained through the diffusion
membrane using a Live/Dead stain. A COMSOL simulation was then used to de-
termine the concentration of dyes that had diffused to the bottom of the cell culture
microwells. A detailed discussion on these simulations are given at the end of the
chapter. In addition to staining colonies with a Live/Dead stain, we demonstrate
for the first time that exchanging mammosphere media with regular media after the
colonies are formed will result in a biological response where mammospheres start
differentiating as they form monolayer cell attachments. This collection of results

demonstrates that cancer stem cells can be isolated, enriched, and studied within a
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Figure 5.4: Diffusion based mammosphere culture mircodevice. (a) PDMS with
triangular-shaped wells serves at the bottom surface of the mammosphere culture
microsystem. (b) PDMS sidewalls are added to isolate rows of culture wells, if
necessary. (¢) A transparent microporous membrane is fixed above the culture wells
by depositing PDMS around the edge of the device and curing the membrane in
place. A PDMS reservoir is placed on top of the membrane. (d) To start the
assay, cells are loaded into the culture wells with a syringe. Fresh media and other
reagents are loaded through the reservoir. The microporous membrane enables
diffusion-based exchange of molecules between the reservoir and the culture wells.
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PDMS microdevice.

EXPERIMENTAL

Fabrication of mammosphere culture microsystem

The device assembly is illustrated in Fig. 5.4. Soft lithography techniques were
used as discussed before to fabricate triangular cell culture microwells in PDMS with
a perimeter of 2 x 2.2 x 2.2 mm. 2 mm thick walls were then permanently bonded
to the PDMS layer to separate the microwells. This layer would later form the base
of the microsystem.

To contain the cells and culture media, a frame was cut from a PDMS slab 2
mm in thickness and attached on top of the PDMS substrate with triangular mi-
crowells (Fig. 5.4 (b)). In this step, a PDMS replica of the micro-wells and the
PDMS frame were washed in ethanol, plasma oxidized using a corona discharge and
brought into contact. The device was baked at 65°C for 30 min to allow the frame
to bond to the cell culture layer. The reservoir was then aligned on top of the first
layer with the opening of the two chambers facing each other. In this design, the
porous membrane separates the two chambers as depicted in Fig. 5.4 (c¢). For the
membrane we tested three different materials, a cellulose paper filter, a polyester
membrane (0.4 pm pore size) and a hydrophilic polycarbonate membrane (2 pm
pore size). To attach the membrane to both chambers, PDMS pre-polymer and
curing agent were mixed at a 1:10 ratio and applied around the perimeter of the
device, thus acting as glue. The device was baked at 65°C for 30 min to permanently

attach the device.
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Cell Culture

MCEF'7 cells were grown in DMEM with 4 mM L-glutamine, 4.5 g /L glucose and
reduced sodium pyruvate supplemented with 5 pL/mL Penicillin/Streptomycin, 1%
Non-essential amino-acids, and 10% FBS in tissue-culture-treated T25 flasks. Cells
were subcultured every 5-7 days by trypsinization with 0.25%/0.02% trypsin/EDTA
in a 37°C incubator with 5% CO,. To prepare cells for mammosphere formation,
cells removed from flasks were spun down and resuspended in MammoCult” Basal
Medium (Human) supplemented with 10% MammoCult? Proliferation Media. To
obtain a single cell suspension, the cells were passed repeatedly through a 0.45 mm

syringe needle.

Mammosphere Culture in the Microsystem

Before loading the cells, the microsystem was sterilized by UV exposure in a
cell culture hood for approximately one hour. A cell dilution of 10% cells/mL was
then manually loaded into the bottom layer of the device by injection (Fig. 5.4 (d)).
This was implemented by inserting the syringe needle into the PDMS frame of the
cell culture chamber; after removing the syringe, the PDMS reforms, thus closing
the hole formed by the syringe tip and preventing media from leaking. In addition,
this tubing free technique (which is applied for the first time), eliminates the risk of
evaporation and bubble formation, which occurs in long term culture microsystems
due to wide openings at the inlet/outlet ports and long tubings. The same loading

technique was used to load mammosphere media into the reservoir. After loading
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cells into the culture chamber and media into the reservoir, the microchips are then
placed in a cell culture incubator (37°C, 5% COz) for 48 hours before observing the

first mammosphere formation.

Cell Staining in the Microsystem

A Live/Dead Viability/Cytotoxicity Kit was used to stain the cells in the
micro-wells. Fresh media was supplemented with 0.1% Calcein AM (Live stain)
and 0.1% Ethidium homodimer-1 (Dead stain). The Calcein AM probes the via-
bility of the cell by measuring its intracellular esterase activity, while the Ethidium
homodimer-1 determines the plasma membrane integrity. Once Calcein AM diffuses
into the cell, an enzymatic reaction within live cells converts the non-fluorescent
Calcein AM to Calcein, which is fluorescent. On the other hand, the cells with a
damaged membrane allow the “Dead” stain to penetrate into the cell and bind to
nucleic acids, resulting in a red fluorescent light when excited at 495 nm. Using a
syringe pump, the stain containing media was loaded into the reservoir at a speed of
1 mL/hr for 1 hour. The microdevice was then placed in the cell culture incubator
for another hour before observing the cells (in order to generate the fluorescent Cal-
cein from Calcein AM, the cells must be warmed to 37°C). Images of the fluorescent

cells were obtained with an Olympus IX-51 microscope.

Exchanging Mammosphere Media with Serum Rich Media in Mammosphere

Culture Microdevice

After 10 days of culture, mammosphere media (including the growth factors)
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in the reservoir was replaced with regular media, which is rich in serum proteins.
This media exchanged was implemented using a syringe pump, at a speed of 1 mL /hr

for 1 hour. Images of cells were obtained after 48 hrs.

RESULTS

Mammosphere Culture in Microchips

Figure 5.5 presents the formation of mammospheres over the course of 10 days
at two different locations in the triangular-shaped culture wells of the microsystem.
The micrographs in Figs. 5.5 (a-d) are imaged in one single location, while those in
Figs. 5.5 (e-h) are recorded at another location. Mammospheres were also imaged
at several other locations throughout the microsystems. Three days after cells were
loaded into the microsystem, mammospheres on the order of 50-75 um could be
observed throughout the microwells (Fig. 5.5 (a,e)). Over the course of ten days,
the mammospheres continually increased in size up to approximately 250 pum in

diameter.

Diffusion Based Reagent Delivery

In conventional microfluidic cell culture assays, media renewal and reagent
delivery is a straightforward process since cells are attached to the culture surface
and thus can withstand convective delivery of solutions. However, as discussed
earlier, the same delivery techniques are not applicable to suspension cultures as
in a low-attachment cell culture microsystem, convective flow would flush the cells

out of the chamber. As a solution, we fluidically connected the cell culture chamber
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Figure 5.5: Time course growth of MCF7 mammospheres within the triangular-
shaped cell culture wells in the microsystem with a membrane based diffusion sys-
tem. (a-d) shows the emergence of a mammosphere in one location of the microsys-
tem while (e-h) shows the emergenece of a mammosphere in another location.

with the reservoir using a microporous membrane (Fig. 5.4 (c)). For this purpose,
three membranes were tested; cellulose filter paper, polyester membrane with a 0.4
pm pore size and a hydrophilic polycarbonate membrane with a 2 ym pore size. The
pore sizes were chosen such that the risk of cell migration through the membrane is
completely eliminated. In other words, the membrane ensures that all cells loaded
into the cell culture chamber at the bottom layer are trapped, while also enabling
diffusion-based mass transport of reagents from the reservoir.

While the polyester membrane proved to be ineffective in transporting flu-
idics due to its hydrophobic surface characteristic and its ultra-small pore size,

we were able to exchange media between two chambers using either filter paper
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or a hydrophilic polycarbonate membrane. However, since paper is an optically
opaque material, it does not offer the best solution for a cell culture microsystem
that requires periodic screening using a microscope. We therefore used transparent
hydrophilic polycarbonate membranes as a transport system in our mammosphere
culture microdevice. It should be noted that loading media or reagents through
the reservoir, does not cause any convective flow through the membrane. However,
molecules can be exchanged between the reservoir and the culture chambers due to
diffusion. This enables media renewal and reagent delivery to the cells.

To verify that the porous membrane is functional in delivering media and
reagents to the cell culture chamber, we loaded culture media that contained (a)
small molecules such as stains (we used a Live/Dead fluorescent staining reagents)
and (b) large protein molecules such as serum proteins in FBS. In the staining
experiment, finding fluorescently labeled cells in the cell culture chamber indicates
that the reagents are successfully delivered to the cells, while in the other experiment
where mammosphere media is replaced with regular media, a biological response is
expected.

In the Live/Dead staining experiment, after preparing the stains in cell culture
media, the reagent was loaded into the reservoir using a syringe pump at room tem-
perature, as described above. Following injection of the Live/Dead stains through
the fluidic reservoir, the microsystem was placed in the incubator for one hour to
warm the cells to 37°C, which is necessary to promote the cells’ esterase activity.
During the reagent loading and subsequent incubation, the staining reagents diffuse
from the reservoir through the membrane and into the cell culture chamber.
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Figure 5.6: (a) Reagents are delivered to the cells via diffusion through the microp-
orous membrane. (b-g) Fluorescent staining of the mammospheres in the microsys-
tem. Bright-field images (b, d, f) and fluorescent images (c, e, g) were recorded for
MCF7 mammospheres in three different locations of the microsystem. Cells in the
mammospheres are stained with Calcein.
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Images recorded at three different locations of the mammosphere culture mi-
crosystem are presented in Fig. 5.6. Figs. 5.6 (b, d, and f) are bright-field images,
while Fig. 5.6 (c, e, and g) are fluorescent images (blue excitation, green emission
filters to visualize the “Live” stain) at exactly the same locations. Fluorescent im-
ages for the “Dead” stain (green excitation, red emission filters) were also recorded
at the same location, but no dead cells were identified in any of these locations.
From these images, it is clear that the design of the mammosphere microsystem
enables reagent delivery to the mammospheres without introducing convection into
the cell culture chamber.

In the second experiment where mammosphere media in the reservoir is re-
placed with regular media (which is rich in serum proteins), spheroid colonies re-
spond to the media exchange by initiating cell-surface attachments. In this exper-
iment, serum proteins that adsorb onto PDMS, make it more available for attach-
ment. Meanwhile, the reduction in growth factors such as EGF (epidermal growth
factor) and FGF (fibroblast growth factor) that occurs as the mammosphere me-
dia is replaced with regular media, will result in the loss of stem cell characteristic
of cultured mammospheres. This in turn will encourage cells in tumorspheres to
differentiate as they make monolayer attachments. The transition in the state of
the cells that occurred approximately 24-48 hrs after media exchange is depicted in
Fig. 5.7. This experiment further demonstrates the capability of our mammosphere
culture microdevice in manipulating cells and colonies in ways that are impossible
in macrosystems. For instance, to emulate the same experiment in a macroscale,

one has to manually collect single colonies from a macro-well and plate them onto
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Figure 5.7: Transition of tumorspheres to monolayer cell attachment in microwells
a) 2 days, b) 4 days after diffusion of serum into the microwells.

a culture treated plate that is filled with a serum rich medium. This labor intensive
and tedious step however, is eliminated using a mammosphere culture microsystem
as described here.

The experiments described above clearly demonstrate that the mammosphere
culture microdevice with an integrated diffusion membrane not only enables long
term spheroid culture (which are enriched in stem cells), it also facilitates the ex-
change of media and reagents, including small and large molecules and drugs, from
the reservoir into the cell culture chamber while monitoring individual mammo-
spheres. This in turn enables automated assays that are not possible in today’s

commercially available 96-well low-attachment plates.

COMSOL Simulations

To determine the concentration of dye molecules that have diffused to the bot-
tom of the cell culture chamber through the porous membrane, we used COMSOL

Multiphysics, which is a finite element analysis technique used in various physics,
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engineering and design applications. The technique is mainly utilized to simulate
the performance of a mathematical or engineering system that is defined by certain
initial and/or boundary conditions. The simulations performed in this work were
aimed to determine the concentration of Calcein AM (Live stain) that diffused to the
cell culture chamber. In these simulations, different factors that impact the diffusion
process were taken into account, such as the geometry of the microdevice, porosity of
the miroporsous membrane, and the diffusion coefficient of the dye (which strongly
depends on the molecular weight of the dye molecule as well as temperature). In
these simulations that were performed using Convection and Diffusion Module, we
initially used the geometry that is presented by the actual mammosphere culture mi-
crodevice as described in previous subsection. We then studied the effect of porosity
and the height of the cell culture chamber on the diffusion process and travel time

of dye molecules.
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Figure 5.8: COMSOL simulation of diffusion of Calcein AM (Live Stain) through
the mircoporous membrane into the cell culture chamber after a) 1 hr. constant
flow of 4uM stain in the reservoir at T' = 22°C' followed by b) 1 hr. diffusion in a
static condition at T' = 37°C.
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For the first simulations where the actual mammosphere culture device ge-
ometry is considered, the distance between the 10 pum thick porous membrane and
the bottom of cell culture microwells is approximately 2.2 mm. In the first phase,
where constant flow is used to replace the serum-free medium in the reservoir with
a 4 uM dye containing medium, the concentration of Calcein diffused to the bottom
of the wells reaches a value of 0.59 uM after 1 hour fluid exchange at 22°C (Fig.
5.8 (a)). In the second phase, the flow is stopped and the dye is let to diffuse to
the bottom chamber at 37°C (this temperature is necessary to promote the cells’
esterase activity). After 1 hour incubation at 37°C, the concentration of Calcein at
the bottom of the microwells reaches a value of 1.56 uM as calculated by COMSOL
(Fig. 5.8 (b)). This value, which is within the range of concentrations at which
Calcein functions on live cells (1-4 M), is in agreement with our live cell imaging.
In these simulations, the diffusion coefficient of Calcein at different temperatures,

was calculated using the Polson equation

940 x 1071

D 3
By My

T (5.1)

which is a semi-empirical equation used for biomolecules with molecular weights of
approximately 1000 Da and larger [209]. In this equation, pup is the viscosity of the
solvent (up =~ 1 Pa.s), M4 is the molecular weight of the solute (M, = 994.87 Da
for Calcein AM), and T is the absolute temperature of the solution in K. Using
this equation, the diffusion coefficient of Calcein was calculated to be 2.77 x 10710
m?/s, and 2.9 x 1071% m? /s at T = 22°C and 37°C, respectively.

It should be noted that the height of the cell culture chamber has a significant
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impact on the travel time of biomolecules and reagents in reaching cells/colonies
that reside at the bottom of the device, as is shown in Fig. 5.9. In other words, for
the mammsophere culture microsystem to be more effective in subsequent molecular
analysis and /or drug screen, a device optimization in terms of dimensions is desired.
The importance of size becomes especially more noticeable in using reagents that

have a short lifetime. This in turn implies that one should design shorter intermedi-
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Figure 5.9: Height dependence diffusion. The concentration of Calcein at different
distances form the porous membrane is strongly dependent on the thickness of the

cell culture chamber. The above simulations were carried out in static conditions at
T =37°C.
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ate steps (such as rinsing and/or fluidic exchange) via facilitating thinner chambers.
A COMSOL simulation on the effect of thickness indicates that just a few hundred
micron shorter in height can drastically reduce the time required for a reagent (such
as Calcein) to propagate through the whole chamber and reach the cells/colonies

(Fig. 5.9). These results can independently be confirmed using Fick’s Law:

(5.2)

where n(x,t) and n(0) are respectively the concentration of the diffusing reagent
in the sink and in the reservoir, erfc is the complementary error function, x is the
distance from the source (reservoir), and t is the time at which concentration at
distance x reaches a certain value (n), due to the diffusion coefficient, D. Eq. 5.2,

can then be expanded to obtain

Zx]

n(z,t) ~ n(0) [1 VT

(5.3)

which is valid solely for arguments that are small enough to converge the equation.

For other values Eq. 5.4 is used instead:

n(x,t) ~ n(0) [f/;;} (5.4)

T

where y = NG

To determine the appropriate equation to be used for different thicknesses, we
compared the solution of these equations with those obtained from COMSOL that
was run for certain initial and final concentrations. For this purpose, we assumed an
initial (n(0)) and final (n) concentrations of 4 uM, and 1 puM, respectively. These
simulations/calculations were then carried out for different cell culture chamber
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Figure 5.10: Height dependence propagation time. In this figure, different ap-
proaches were employed to calculate the time required for a 4 M dye (Live Stain) in
the reservoir to reach a concentration of 1 uM at the bottom of microwells through
the diffusion membrane. In calculating these data, the height of the microwells (200
pum) were taken into account.

thicknesses (0.1mm < x < 2mm) at 22°C. In these calculations, Eqs. 5.3 and 5.4
were used simultaneously to measure the propagation time that would best match
the results of the simulations. As can be seen from these results, depicted in Fig.
5.10 and Table 5.1, for chamber sizes of 0.6 mm and higher, Eq. 5.4 provides
the best estimate for the propagation time of a dye molecule, while for thicknesses
below 0.4 mm, Eq. 5.3 can be used for time evaluation. A 0.5 mm thickness is the
threshold height for the culture chamber as for this thickness both equations are
equally applicable.

Finally to investigate the effect of the membrane’s pore size on diffusion, we

performed a series of simulations by varying the membrane’s porosity € (0.02 <
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Cell Culture | Propagation Propagation Propagation
Chamber | Time (min) Time (min) Time (min)
Height (mm) | (COMSOL) | n(z,t) = n(0) [1 -3 2];”} n(z,t) = n(0) [e\;f—i}

Y= 75

0.1 4 3 1.5

0.3 7.5 8.5 4.5

0.4 10 12 6

0.5 13 16.5 8.5

0.6 15 22 11

1 28 49 25

2 83 165 84

Table 5.1: Height Dependence propagation time. In calculating these data points
it was assumed that the initial concentration of Calcein in the reservoir is 4 uM
and the final concentration diffused through the porous membrane to the bottom of
microwells is 1 M. These measurements were made at 22°C using a constant flow
condition. In calculating these data, the height of the microwells (200 pm) were
taken into account.

€ < 1, where € = 1 for a free flow) and using the actual sizes of the device. As
can be seen from these simulations (Figs. 5.11 and 5.12), while for small values
of €, the variation in porosity can have a significant impact on the travel time of
reagents through the membrane, for € > 0.2 the membrane is almost non-existent to
the system. In other words, the transport mechanism resembles that of a free flow.
This can be explained by the fact that at small porosities where the size of the pores
are close to that of the transport molecules, the membrane can impose a resistance
to the flow and is therefore detrimental to the flow rate. On the other hand there is

a big tradeoff in using membranes with high porosities where cells will use the pores

as a transport gate to migrate between two chambers, making it impossible to trace

112



Line Graph: Concentration {mol/m?)
0.004 F T T T I I T -
<— culture chamber reservoir —— >
0.0035 |
0.003 |-
E
S 0.0025
E €=0.2
5 ¢
® o002} o €=0.1
= 2 —
2 .% €=0.08
=
=} e
(] L I —
0.0015 : £=0.06
1
! — _
0.001 F_oen i €=0.04
: — £=0.02
1
0.0005 - |
1 1 1 1 : 1 1 1 1
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Height (m)

Figure 5.11: Porosity and Diffusion. While diffusion at high porosities resembles
that of a free flow, at small pore sizes, porosity comes into effect.

cells and colonies over an extended period of time. Additionally, the application of
a large pore size membrane can have a negative effect on the transport of fluidics
between the two chambers as using membranes with a large pore sizes can result
in convection in the bottom chamber as media is replaced in the reservoir. For
these reasons, it is important to use membranes with a proper porosity to engineer
a device that not only facilitates a simple transport system but it can also prevent
cells from translocating between the two chambers.

All in all, these results as reported in this chapter indicate that our mammo-
sphere culture microdevice with its convection-free mass transfer system offers an

enabling platform for studying 3-dimentional cancer stem cell colonies at cellular
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Figure 5.12: Porosity and Diffusion. COMSOL simulations were used to determine
the dependency of diffusion on porosity and membranes pore sizes. In this simulation
the height of the cell culture chamber is 2 mm and the initial and final concentrations
are respectively 4 uM and 1 pM. All simulations were carried out at T'= 22°C in a
constant flow condition.

and molecular levels, in ways that are not possible using conventional macro-assays.
This simple and cost effective microdevice can later be integrated with other mi-

crofluidic functions, some which has already been developed in other contexts.

CONCLUSION and DISCUSSION

The mammosphere assay has proven to be a useful technique for the identi-
fication of breast cancer stem cells by enrichment of these rare cells in suspension
cultures. The current assay, which utilizes low-attachment 96 well trays to culture
mammospheres, though simple, is not well suited to be coupled with other functions,

such as cell enrichment and concentration techniques, as well as molecular assays,
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Figure 5.13: Conceptual integrated microsystem for the study of the tumor-initiating
capabilities of captured circulating tumor cells.

such as RT-PCR. Microsystem integration offers the promise of creating a single au-
tomated system to investigate the tumor-initiating capabilities and associated CSC
characteristics of metastatic cells. For example, one can envision integrating a mi-
crofluidic circulating tumor cell (CTC) recovery device, which has been vigorously
investigated in recent years [210-215], with the microfluidic mammosphere assay,
such that recovered CTCs can be interrogated for their tumor initiating proper-
ties. Any cells enriched for CSC properties through the microfluidic assay can then
be investigated further with microfluidic drug screens [216] and microfluidic RT-
PCR [217,218]. This system integration concept is illustrated in Fig. 5.13.

In this study we have reported for the first time a microsystem that enriches
breast cancer stem cells via the mammosphere assay technique. The surface of the
cell culture region is formed from a PDMS substrate, which promotes mammosphere
formation when a heterogeneous population of cells is cultured in serum-free me-

dia. We recorded the time-course growth of mammospheres over a period of ten

115



days within the microsystem. Mammospheres as large as 250 pum were observed,
which is consistent in size with mammospheres cultured in commercially available
macro-scale plates. We demonstrated that reagents, such as fresh media, drugs,
or staining agents, can be delivered to the suspended cellular colonies by diffusion-
based transport through an integrated porous membrane. As a result, this platform
enables the study of potential tumor-initiating breast cancer stem cells. At this
point, the mammosphere culture microdevice is poised for integration with other
microfluidic functions, as illustrated in Fig. 5.13, which will enable new studies of

cancer metastasis that are not possible today.
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Chapter 6

Summary

In this dissertation we have shown that a biocompatible and optically transpar-
ent polymeric material such as polydimethylsiloxane (PDMS) can drive the growth
of 3-dimensional spheroidal colonies in serum-free media as effectively as commer-
cial hydrogel-treated low-attachment culture plates. The hydrophobic surface of
PDMS is resistant to cell attachment, and thus upon culture onto this surface in
the absence of serum proteins, cells with stem cell like properties such as cancer
stem cells (CSCs) expand into suspended colonies while fully differentiated cells do
not survive. In this work where the focus was on breast cancer stem cells, we show
that PDMS substrates not only support the isolation and enrichment of CSCs in
the form of tumorspheres, they in fact offer several advantages over the commercial
low-attachment plates that are designed for the same purpose. We have shown that
unlike suspension cultures on commercial low attachment plates that results in the
formation of multiple colonies (scattered all over the substrate), mammosphere cul-
ture onto PDMS coated surfaces results in the formation of a single colony that can
easily be screened over the time course of the culture. The single mammosphere

formation on PDMS substrates, which is due to the bowl shape structure of PDMS
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coated surfaces that allows cells to be collected at the bottom of curved surface be-
fore they initiate proliferation. This in turn has led to important observations that
are reported in this dissertation for the first time. The growth of a single colony
over a time period for instance was shown to result in cell shedding and the birth of
new tumorspheres after few weeks of culture. This observation might provide some
insights into the phenomenon of tumor cell dissemination in vivo that is attributed
to cancer metastasis.

In addition to utilizing PDMS as an effective material for inducing mammo-
sphere formation to isolate and enrich CSCs, in this work we demonstrated that
PDMS enables the formation of 2-dimensional attached monolayers when cultured
in serum-rich media, while hydrogel-treated low-attachment plates do not. Based on
the collection of results included here, we predict that the proteins in serum modify
the PDMS surface, thus allowing cells to attach. All in all the results of the experi-
ments reported in this dissertation indicate that unlike commercial plates that are
optimized for either cell attachment or suspension culture, PDMS can be utilized
for either culture simply by using a serum free or serum rich media. This surface
tunability of PDMS was then utilized to develop a microsystem that has a dual
functionality in cell culture. Using this device we demonstrated for the first time
the enrichment of CSCs by mammosphere culture and the subsequent transition to
attached monolayers without the need to transfer the cells from one substrate to
another.

This new cell culture assay based on switchable surface attachment properties

creates new opportunities for the investigation of the biology of cancer stem cells.
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Currently, if breast cancer stem cells are to be studied following enrichment by
mammosphere culture, the spheroid colonies must be manually removed from the
culture plate and transferred to a new culture plate while exchanging the media.
This can be a difficult task, and can result in the loss of the rare cells in the sample.
The technique demonstrated in this work enables enriched CSCs to be transitioned
from mammosphere culture into attachment-based culture without transferring the
cells. For example, using this technique, one can enrich CSCs from a heterogeneous
sample and then monitor the transition of the CSCs into fully differentiated cells.

Importantly, we expect that our transitional culture technique will lead to new
methodologies for investigating the link between cancer stem cells and metastasis.
It has recently been observed that the induction of an epithelial-mesenchymal tran-
sition (EMT) leads to the acquisition of stem cell properties, including the ability to
form mammospheres in low-attachment culture [34,35]. This observation is an im-
portant link between CSCs and metastasis, as the EMT has long been hypothesized
to lead to metastatic cells. Conversely, much less is known about the mechanisms
and the role of the mesenchymal-epithelial transition (MET), which apparently must
exist if mesenchymal CSCs eventually lead to solid metastatic tumors. The PDMS
fluidic platform demonstrated in this work may lead to simple experiments that
demonstrate the MET and that can shed light on the associated mechanisms and
physiochemical cues.

The relevance of this potential investigation is further enhanced by the fact
that the device is constructed from PDMS; one of the most commonly used materials

for microsystem fabrication. As a result, the multi-functional cell culture device can
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easily be integrated with microfluidic cell capture devices, which have recently been
reported for the recovery of rare circulating tumor cells (CTCs) from whole blood
samples [210-215]. One can envision a device that captures CTCs from the blood
samples of metastatic cancer patients, enriches cancer stem cells from this population
using mammosphere culture, and then enables the identification of the mechanisms
involved in the MET. Thus, we expect that the tunable (2 + 1)-dimensional cell
culture device that was developed in our lab as reported in this document will have
significant applications in the investigation of cancer, cancer metastasis, and cancer
stem cells.

The implementation of the mammosphere technique into an integrated mi-
crosystem can further be utilized for cellular and molecular analysis as well as drug
screens of tumorspheres that are enriched in CSCs. The significance of this device
is particularly recognized by the fact that the mammosphere culture microsystem
(unlike conventional suspension culture macro-devices) can easily tolerate the deliv-
ery and exchange of drugs and reagents where the risk of losing suspension colonies
is completely eliminated. This additional device capability is in fact due to the
diffusion based transport system that was integrated into the device.

Finally, since the 3-dimensional cellular structures as in mammospheres are a
better in vitro representative of the tumor constructs, the integration of analytical
and diagnostic functions that follow the mammosphere assay might in fact have a
significant impact on our view of cancer. This might particularly be important in
exploiting more effective treatment regimen that can eventually result in a complete

eradication of this deadly disease.

120



Bibliography

National Cancer Institute. Surveillance Epidemiology and End Results: SEER

stat fact sheets. http://seer.cancer. gov/statfacts/html/all.html.

Feinberg A. P., Ohlsson R., Henikoff S. Rev Genet. 2006; 7:2133.

Jones P. A., Baylin S. B. Cell 2007; 128:683692.

Heppner G. H. Cancer Res. 1984; 44:2259-65.

Axelson H., Fredlund E., Ovenberger M., Landberg G., Pahlman S. Semin. Cell

Dev. Biol. 2005; 16:554-63.

Merlo L. M., Pepper J. W., Reid B. J., Maley C. C. Nat. Rev. Cancer 2006;

6:924-35.

Tysnes B. B, Bjerkvig  R.  Biochim.  Biophys. Acta  2007;

(d0i:10.1016/j.bbcan.2007.01.001).

Nowell P. C. Science 1976; 194:23-8.

121



[10]

[11]

[12]

[13]

[20]

[21]

Wolman S. R. Cancer Genet. Cytogenet. 1986; 19:129-40.

Nicolson G. L., Rosenberg N. L. Bioassays 1987; 6:204-8.

Heppner G. H., Miller F. R. Int. Rev. Cytol. 1998; 177:1-56.

Crespi B., Summers K. Trends Ecol. Fvol. 2005; 20:545-52.

Huntly B. J. P., Gilliland D. G. Nat. Rev. Cancer. 2005; 5:311321.

Lapidot T., Sirard C., Vormoor J., et al. Nature. 1994; 367:645648.

Bonnet D., Dick J. E. Nat. Med. 1997; 3:730737.

Al-Hajj M., Wicha M. S., Benito-Hernandez A., Morrison S. J., Clarke M. F.

Proc. Natl. Acad. Sci. USA. 2003; 100:39833988.

O’Brien C. A., Pollett A., Gallinger S., Dick J. E. Nature 2007; 445:106110.

Singh S. K., Hawkins C., Clarke I. D., et al. Nature 2004; 432:396401.

Li C., Heidt D. G., Dalerba P., et al. Cancer Res. 2007; 67:10301037.

Hermann P. C., Huber S. L., Herrler T., et al. Cancer Stem Cell 2007; 1:313323.

Collins A. T., Berry P. A., Hyde C., Stower M. J., Maitland M. J. Cancer Res.

2005; 65:1094610951.

122



[22] Patrawala L., Calhoun T., Schneider-Broussard R., et al. Oncogene 2006;

25:16961708.

[23] Clarke M. F., Dick J. E., Dirks P. B., et al. Cancer Res. 2006; 66:93399344.

[24] Allan A. L., Vantyghem S. A., Tuck A. B., Chambers A. F. Breast Dis. 2007;

26:8798.

[25] Pardal R., Clarke M. F., Morrison S. J. Nature Rev. Cancer 2003; 3:895902.

[26] Bissel M. J., Labarge, M. A. Cancer Cell 2005; 7, 1723.

[27] Jordan, C. T. Curr. Opin. Cell Biol. 2004; 16, 708712.

28] Hope K. J., Jin L., Dick J. E. Nat. Immunol. 2004; 5:738743.

[29] Li F., Tiede B., Massague J., Kang Y. Cell Res. 2007; 17:314.

[30] Kucia M., Ratajczak M. Z. J. Physiol. Pharmacol. 2006; 57:516.

[31] Yu J., Vodyanik M. A., Smuga-Otto K., et al. Science 2007; 318:19171920.

[32] Takahashi K., Tanabe K., Ohnuki M., et al. Cell 2007; 131:112.

[33] Thiery, J. P. Curr. Opin. Cell Biol. 2003; 15: 740746.

123



[34]

[41]

[42]

Mani S. A., Guo W., Liao M. J., Eaton E. N., Ayyanan A., Zhou A. Y., Brooks
M., Reinhard F., Zhang C. C., Shipitsin M., Campbell L. L., Polyak K., Brisken

C., Yang J., Weinberg R. A. Cell 2008; 133:704715.

Morel A. P., Lievre M., Thomas C., Hinkal G., Ansieau S., Puisieux A. PLoS

One 2008; 3:e2888.

Morin, P. J., et al. Science 1997; 275:17871790.

Hlsken J., Behrens J. J. Cell Sci. 2002; 115:39773978.

Fuchs E., Tumbar T., Guasch G. Cell 2004; 116:769778.

Kielman M. F., et al. Nature Genet. 2002; 32:594605.

Sato N., Meijer L., Skaltsounis L., Greengard P., Brivanlou A. H. Nature Med.

2004; 10:5563.

Muller T., Bain G., Wang X., Papkoff J. Fxp. Cell Res. 2002; 280:119133.

Kim K., Lu Z., Hay E. D. Cell Biol. Int. 2002; 26:463476.

Mariadason J. M., et al. Cancer Res. 2001; 61:34653471.

Naishiro Y., et al. Cancer Res. 2001; 61:27512758.

Brabletz T., et al. Proc. Natl. Acad. Sci. USA 2001; 98:1035610361.

124



[46]

[47]

[48]

[50]

[51]

[52]

[54]

[55]

[58]

Brabletz T., et al. Cancer Res. 2004; 64:69736977.

Brabletz T., Jung A., Spaderna S., Hlubek F., Kirchner T. Nat. Rev. Cancer

2005; 5:744-749.

Ueno H., Murphy J., Jass J. R., Mochizuki H., Talbot 1. C. Histopathology

2002; 40:127132.

Ueno H., et al. Ann. Surg. 2004; 240:832839.

Schofield R. Blood Cells 1978; 4:7-25.

Oloumi A., McPhee T., Dedhar S. Biochim. Biophys. Acta. 2004; 1691:115.

Eger A., et al. Oncogene 2004; 23:26722680.

Janda E., et al. J. Cell Biol. 2002; 156:299313.

Grunert S., Jechlinger M., Beug H. Nature Rev. Mol. Cell Biol. 2003; 4:657665.

Yang J., et al. Cell 2004; 117:927939.

Fujita N., et al. Cell 2003; 113:207219.

Xue C., Plieth D., Venkov C., Xu C., Neilson E. G. Cancer Res. 2003;

63:33863394.

Blanco M. J., et al. Oncogene 2002; 21:32413246.

125



[62]

[63]

[64]

[65]

[67]

[68]

Nakajima S., et al. Clin. Cancer Res. 2004; 10:41254133.

Rosivatz E., et al. Am. J. Pathol. 2002; 161:18811891.

McAlhany S. J., et al. Prostate 2004; 61:182191.

Muller A., Homey B., Soto H., et al. Nature 2001; 410:50-56.

Griffiths E. A., Pritchard S. A., Welch 1. M., Price P. M., West C. M. FEur. J.

Cancer 2005; 41:2792-2805.

Muller A., Sonkoly E., Eulert C., et al. Int. J. Cancer 2006; 118:2147-2157.

Pathak S. K., Sharma R. A., Steward W. P., et al. Eur. J. Cancer 2005; 41:61-

70.

Li F., Tiedel B., Massague J., Kang Y. Cell Res. 2007; 17:3-14.

Weigelt B., Peterse J. L., van’t Veer L. J. Nat. Rev. Cancer 2005; 5:591-602.

Dean M., Fojo T., Bates S. Nat. Rev. Cancer 2005; 5:275-284.

Bao S., Wu Q., McLendon R. E.; et al. Nature 2006; 444:756-760.

Galmozzi E., Facchetti F., La Porta C. A. Curr. Med. Chem. 2006; 13:603-607.

www.nationalbreastcancer.org

126



[72]

[74]

[79]

Bourguignon L. Y., Spevak C. C., Wong G., Xia W., Gilad E. J. Biol. Chem.

2009; 284:2653326546.

Savarese T. M., Strohsnitter W. C., Low H. P., Liu Q., Baik I., Okulicz W.,
Chelmow D. P., Lagiou P., Quesenberry P. J., Noller K. L., Hsieh C. C. Breast

Cancer Res. 2007; 9, R29.

Clarke R. B., Spence K., Anderson E., Howell A., Okano H., Potten C. S. Dev.

Biol. 2005; 277:443456.

Korkaya H., Paulson A., Tovino F., Wicha M. S. Oncogene 2008; 27: 61206130.

Liu S., Ginestier C., Charafe-Jauffret E., Foco H., Kleer C. G., Merajver S. D.,

Dontu G., Wicha M. S. Proc. Natl. Acad. Sci. USA 2008; 105:16801685.

Kritikou E. A., Sharkey A., Abell K., Came P. J.; Anderson E., Clarkson R.

W., Watson C. J. Development 2003; 130:34593468.

Abraham B. K., Fritz P., McClellan M., Hauptvogel P., Athelogou M., Brauch

H. Clin. Cancer Res. 2005; 11:11541159.

Sansone P., Storci G., Tavolari S., Guarnieri T., Giovannini C., Taffurelli M.,
Ceccarelli C., Santini D., Paterini P., Marcu K. B., Chieco P., Bonaf M. J.

Clin. Invest. 2007; 117:39884002.

127



[80]

[81]

[82]

[36]

[87]

Yu F.,; Yao H., Zhu P., Zhang X., Pan Q., Gong C., Huang Y., Hu X., Su F.,

Lieberman J., Song E. Cell 2007; 131:11091123.

Ponti D., Costa A., Zaffaroni N., Pratesi G., Petrangolini G., Coradini D., et

al. Cancer Res. 2005; 65(13):550611.

Lee E., Salic A., Krger R., Heinrich R., Kirschner M. W. PLoS Biol. 2004;

2(3):e89.

Kumar M., Yigit M., Dai G., et al. Cancer Res. 2010; 70:7553-7561.

Looijenga L. H., Stoop H., de Leeuw H. P., et al. Cancer Res. 2003; 63:224450.

Liu C. G., Lu Y., Wang B. B., Zhang Y. J., Zhang R. S., Lu Y., Chen B., Xu

H., Jin F., Lu P. Ann. Surg. 2011; 253(6):1165-71.

Ezeh U. 1., Turek P. J., Reijo R. A., Clark A. T. Cancer 2005; 10:22552265.

Grudzien P., Lo S., Albain K. S.,Robinson P., Rajan P., Strack P. R., Golde
T. E., Miele L., Foreman K. E. Intl. J. Cancer Res. € Treatment 2010;

30(10):3853-3867.

Velcheti V. Medical Hypotheses 2007; 69(4):9489.

Lee S. W., Moskowitz M. A., Sims J. R. Int. J. Mol. Med. 2007; 19(3):44551.

128



[90]

[91]

[92]

[93]

[94]

Athar M., Li C., Tang X., Chi S., Zhang X., Kim A. L., Tyring S. K., Kopelovich

L., et al. Cancer Res. 2004; 64(20):754552.

Biche 1., Lerebours F., Tozlu S., Espie M., Marty M., Lidereau R. Clin. Cancer

Res. 2004; 10:67896795.

Daidone M. G. Fondazione IRCCS-Istituto Nazionale dei Tumori, Mila, Italy.

Unpublished work, 2011.

Glinsky G. V., Berezovska O., Glinskii A. B. J. Clin. Invest. 2005;

115:15031521.

G., Jackson K. W., McNicholas E., Kawamura M. J.; Abdallah W. M., Wicha

M. S. Breast Cancer Res. 2004; 6(6):R60515.

Stylianou S., Clarke R. B., Brennan K. Cancer Res. 2006; 66:15171525.

Pece S., Serresi M., Santolini E., Capra M., Hulleman E., Galimberti V., Zur-

rida S., Maisonneuve P., Viale G., Di Fiore P. P. J. Cell Biol. 2004; 167:215221.

Parr C., Watkins G., Jiang W. G. Int. J. Mol. Med. 2004; 14:779786.

Dievart A., Beaulieu N., Jolicoeur P. Oncogene 1999; 18:59735981.

Reedijk M., Odorcic S., Chang L., Zhang H., Miller N., McCready D.R., Lock-

wood G., Egan S. E. Cancer Res. 2005; 65:85308537.

129



[100] Farnie G., Clarke R. B., Spence K., Pinnock N., Brennan K., Anderson N. G.,

Bundred N. J. J. Natl. Cancer Inst. 2007; 99:616627.

[101] Bagley K. The Scientist 11-11-20009.

[102] Tan M., Yu D. Adv. Ezp. Med. Biol. 2007; 608:11929.

[103] Magnifico A., Albano L., Campaner S., Delia D., Castiglioni F., Gasparini
P., Sozzi G., Fontanella E., Menard S., Tagliabue E. Clin. Cancer Res. 2009;

15:20102021.

[104] Li X., Lewis M. T., Huang J., Gutierrez C., Osborne C. K., Wu M. F. et al.

J. Natl. Cancer Inst. 2008; 100(9):672679.

[105] Wright M. H., Calcagno A. M., Salcido C. D., Carlson M. D.,; Ambudkar S.

V., Varticovski L. Breast Cancer Res. 2008; 10:R10.

[106] Kuperwasser C., Chavarria T., Wu M., Magrane G., Gray J. W., Carey L., et

al. Proc. Natl. Acad. Sci. USA 2004; 101:4966-4971.

[107] Ginestier C., Hur M. H., Charafe-Jauffret E., Monville F., Dutcher J., Brown

M., et al. Cell Stem Cell 2007; 1:555-567.

[108] Li X., Lewis M. T., Huang J., Gutierrez C., Osborne C. K., Wu M. F., Hilsen-
beck S. G., Pavlick A., Zhang X., Chamness G. C., Wong H., Rosen J., Chang

J. C. J. Natl. Cancer Inst. 2008; 100:672679.

130



[109] Mimeault M., Johansson S. L., Vankatraman G., Moore E., Henichart J. P.,

Depreux P., Lin M. F., Batra S. K. Mol. Cancer Ther. 2007; 6:967978.

[110] Mimeault M., Mehta P. P., Hauke R., Henichart J. P., Depreux P., Lin M. F.,

Batra S. K. Growth Factors 2007; 25:400416.

[111] Outzen H. C., Custer R. P. J. Natl. Cancer Inst. 1975 55:1461-1466.

[112] Mattern J., Bak M., Hahn E. W., Volm M. Cancer Metastasis Rev. 1988;

7:263-284.

[113] Diehn M., Cho R. W., Lobo N. A.; Kalisky T., Dorie M. J., Kulp A. N., Qian

D., Lam J. S.; Ailles L. E., Wong M., et al. Nature 2009; 458:780-783.

[114] Shimono Y., Zabala M., Cho R. W., Lobo N.; Dalerba P., Qian D., Diehn M.,

Liu H., Panula S. P., Chiao E., et al. Cell 2009; 138:592-603.

[115] Balic M., Lin H., Young L., Hawes D., Giuliano A., McNamara G., Datar R.

H., Cote R. J.Clin. Cancer Res. 2006; 12:56155621.

[116] Yu F., Yao H., Zhu P., Zhang X., Pan Q., Gong C., et al. Cell 2007;

131(6):110923.

[117] Cariati M., Naderi A., Brown J. P., Smalley M. J., Pinder S. E., Caldas C.,

et al. Int. J. Cancer 2008; 122:298-304.

131



[118] Armstrong L., Stojkovic M., Dimmick 1., Ahmad S., Stojkovic P., Hole N., et

al. Stem Cells 2004; 22:1142-1151.

[119] Hess D. A., Meyerrose T. E., Wirthlin L., Craft T. P., Herrbrich P. E. Blood

2004; 104:1648-1655.

[120] Hess D. A., Wirthlin L., Craft T. P., Herrbrich P. E., Hohm S. A., Lahey R.,

et al. Blood 2006; 107:2162-2169.

[121] Matsui W., Huff C. A., Wang Q., Malehorn M. T., Barber J., Tanhehco Y. et

al. Blood 2004; 103:2332-2336.

[122] Pearce D. J., Taussig D., Simpson C., Allen K., Rohatiner A. Z., Lister T. A.,

et al. Stem Cells 2005; 23:752-760.

[123] Ucar D., Cogle C. R., Zucali J. R., Ostmark B., Scott E. W., Zori R., et al.

Chem. Biol. Interact 2009; 178:48-55.

[124] Resetkova E., Reis-Filho J. S.; Jain R. K., Mehta R., Thorat M. A., Nakshatri

H., Badve S. Breast Cancer Res. Treat. 2010; 123:97108.

[125] Croker A. K., Goodale D., Chu J., Postenka C., Hedley B. D., Hess D. A. et

al. J. Cell Mol. Med. 2009; 13(8B):2236-2252.

[126] Hirschmann-Jax C., Foster A. E., Wulf G. G., Nuchtern J. G., Jax T. W.,

Gobel U., et al. Proc. Natl. Acad. Sci. USA 2004; 101:14228-14233.

132



[127] Minn A. J., Gupta G. P., Padua D., Bos P., Nguyen D. X., Nuyten D., et al.

Proc. Natl. Acad. Sci. USA 2007; 104:6740-6745.

[128] Montanaro F., Liadaki K., Schienda J., Flint A., Gussoni E., Kunkel L. M.

Exp. Cell Res. 2004; 298:144-154.

[129] Setoguchi T., Taga T., Kondo T. Cell Cycle 2004; 3:414-415.

[130] Clayton H., Titley I., Vivanco M. Exp. Cell Res. 2004; 297:444-460.

[131] Dontu G., Abdallah W. M., Foley J. M., Jackson K. W., Clarke M. F., Kawa-

mura M. J., et al. Genes Dev. 2003; 17:1253-1270.

[132] Patrawala L., Calhoun T., Schneider-Broussard R., Zhou J., Claypool K., Tang

D. G. Cancer Res. 2005; 65:6207-6219.

[133] Lou H., Dean M. Oncogene 2007; 26:13571360.

[134] Vescovi A., Reynolds B., Fraser D., Weiss S. Neuron 1993; 11:951.

[135] Reynolds B., Weiss S. Dev. Bio. 1996; 175:1-13.

[136] Hemmati H.D., Nakano I., Lazareff J., Masterman-Smith M., Geschwind D.H.,

Bronner-Fraser M., et al. Proc. Nat. Acad. Sci. 2003;100:15178-15183.

[137] Singh S.K., Clarke I.D., Terasaki M., Bonn V.E., Hawkins C., Squire J., et al.

Cancer Res. 2003; 63:5821-5828.

133



[138] Grimshaw M. J., Cooper L., Papazisis K., Coleman J., Bohnenkamp H. R.,
Chiapero-Stanke L., Taylor-Papadimitriou J., Burchell J. M. Breast Cancer

Res. 2008; 10:R52.

[139] Rappa G., Mercapide J., Anzanello F., Prasmickaite L., Xi Y., Ju J., Fodstad

0., Lorico A. Cell 2008; 314:2110-2122.

[140] Kok M., Koornstra R. H., Margarido T. C., Fles R., Armstrong N. J., Linn S.

C., L. Veer L. J. V., Weigelt B. J. Pathology 2009; 218:316326.

[141] Fang D., Nguyen T. K., Leishear K., Finko R., Kulp A. N.; Hotz S., et al.

Cancer Res. 2005; 65:9328-9337.

[142] Lawson D. A., Xin L., Lukacs R. U., Cheng D., Witte O. N. Proc. Natl. Acad.

Sci. 2007; 104:181-186.

[143] Diehn M., Clarke M. F. J. Natl. Cancer Inst. 2006; 98:1755-1757.

[144] Gupta P. B., Onder T. T., Jiang G., Tao K., Kuperwasser C., Weinberg R.,

Lander E. S. Cell 2009; 138:645-59.

[145] Hartman O., Zhang C., Adams E. L., Farach-Carson M. C., Petrelli N. J.,

Chase B. D., Rabolt J. F. Biomacromolecules 2009; 10:2019-2032.

[146] Cicalese A., Bonizzi G., Pasi C. E., Faretta M., Ronzoni S., Giulini B., et al.

Cell 2009; 138:1083-95.

134



[147] Tirino V., Camerlingo R., Franco R., Malanga D., La Rocca A., Viglietto G.,

et al. Bur. J. Cardio-thoracic Surgery 2009; 36:446-453.

[148] Liu S., Dontu G., Mantle I. D., Patel S., Shik Ahn N., Jackson K. W., et al.

Cancer Res. 2006; 66:6063-6071.

[149] Charafe-Jauffret E., Ginestier C., Iovino F., Wicinski J., Cervera N., Finetti

P., et al. Cancer Res. 2009; 69:1302-1313.

[150] Fillmore C. M., Gupta P. B., Rudnick J. A., Caballero S., Keller P. J., Lander

E. S., et al. Proc. Natl. Acad. Sci 2007; 107:21737-21742.

[151] Wang X. Y., Penalva L. O. F.; Yuan H., Linnoila R. I., Lu J., Okano H., et

al. Molecular Cancer 2010; 9:221.

[152] Chiou S. H., Wang M. L., Chou Y. T., Chen C. J., Hong C. F., Hsieh W. J.,

et al. Cancer Res. 2010; 70:10433-10444.

[153] Bandyopadhyay A., Wang L., Agyin J., Tang Y., Lin S., Yeh I. T., et al. PloS

One 2010; 5:€10365.

[154] Li Y., Zhang T., Korkaya H., Liu S., Lee H. F., Newman B., et al., Clin.

Cancer Res. 2010; 16:2580-2590.

[155] . Prud’homme G. J., Glinka Y., Toulina A., Ace O., Subramaniam V., Jothy

S., PloS One 2010; 5:e13831.

135



[156] Botchkina G. 1., Zuniga E. S., Das M., Wang Y., Wang H., Zhu S., et al.

Molecular Cancer 2010; 9:192.

[157] Kim J., Hefferan T. E., Yaszemski M. J., Lu L. Tissue Engineering A 2009;

15:2299-2307.

[158] Blémmela J., Perschmanna N., Aydina D., Drinjakovicb J., Surreyb T., Lopez-

Garciac M., Kesslerc H., Spatza J. P. Biometerials 2007; 28:4739-4747.

[159] HillWest J. L., Chowdhury S. M., Sawhney A. S., Pathak C. P., Dunn R. C.,

Hubbell J. A. J. Reprod. Med. 1996; 41(3):149154.

[160] Quake S. R., Scherer A. Science 2000; 290:15361540.

[161] Hong J. W. Quake S. R. Nature Biotechnol. 2003; 21:11791183.

[162] Groisman A., Enzelberger M., Quake S. R. Science 2003; 300:955958.

[163] Johnson T. J., Ross D., Gaitan M., Locascio L. E. Anal. Chem. 2001; 73:3656-

3661.

[164] Michel B. et al. IBM J. Res. Dev. 2001; 45:697.

[165] Sia S. K., Whitesides G. M. Electrophoresis 2003; 24:35633576.

[166] Duffy D. C., McDonald J. C., Schueller O. J. A.; Whitesides G. M. Anal.

Chem. 1998; 70:49744984.

136



[167] Xia Y. N., Whitesides G. M. Angew. Chem. 1998; 37:551575.

[168] Klopp A. H., et al. PloS One 2010; 5:¢12180.

[169] Engelmann K., Shen H., Finn O. J. Cancer Res. 2008; 68:2419-2426.

[170] Sansone, P. et al. J. Clin. Inves. 2007; 117:39884002.

[171] Lee, J. H. Cancer Res. 2010; 70:45694579.

[172] Prud’homme G. J., Glinka Y., Toulina A., Ace O., Subramaniam V., Jothy S.

PloS One 2010; 5:¢13831.

[173] Fillmore C. M., Kuperwasser C. Breast Cancer Res. 2008; 10:R25.

[174] Chaffer C. L., Brueckmann I., Scheel C., Kaestli A. J., Wiggins P. A. Proc.

Natl. Acad. Sci. 2011; 108:7950-7955.

[175] Kim S., English A. E.; Kihm K. D. Acta. Biomaterial 2009; 5(1):144-151.

[176] Wehrle-Haller B. Curr. Opin. Cell Biol. 2012; 24:116-124.

[177] Soule H. D., et al. Cancer Res. 1990; 50(18):6075-6086.

[178] Muthuswamy S. K., et al. Nat. Cell Biol. 2001; 3(9):785-792.

[179] Debnath J., Muthuswamy S. K., Brugge J. S. Methods 2003; 30(3):256-68.

137



[180] Kumari T. V., Vasudev U., Kumar A., Menon B. Trends Biomater. 2002;

15(2):37-41.

[181] Arima, Y., Iwata H. Biomaterials 2007; 28:3074-82.

[182] Yuan H., De Bruijn J. D., Zhang X., Van Blitterswijk C. A., De Groot K., J.

Biomed. Mater. Res. 2001; 58:270.

[183] Mahmood T. A.; Miot S., Frank O., Martin I., Riesle J., Langer R., van

Blitterswijk C. A. Biomacromolecules 2006; 7:3012-3018.

[184] Webb K., Hlady V., Tresco P. J. Biomed. Mat. Res. 1998; 41:422-430.

[185] Lee J. H., Khang G., Lee J. W., Lee H. B. J. Colloid and Interface Sci. 1998;

205:323-330.

[186] Wang, Y. Y., Lii L. X., Shi J. C., Wang H. F., Xiao Z. D., Huang N. P.

Biomacromolecules 2011; 12:551-559.

[187] Wong J., Leach J., Brown X. Surface Science 2004; 570:119-133.

[188] Lee, J. H.; Jung, H. W.; Kang, I. K.; Lee, H. B. Biomaterials 1994, 15, 705-711.

[189] Wlodkowic D., Cooper J. M. Current Opin. Chem. Bio. 2010; 14:556-567.

[190] Young E. W. K., Beebe D. Chem. Society Rev. 2010; 39:1036-1048.

[191] El-Ali J., Sorger P. K., Jensen K. F. Nature 2006; 442:403-411.

138



[192] Wu M. H., Huang S. B., Lee G. B. Lab on a Chip 2010; 10:939-956.

[193] Sung J. H., Shuler M. L. Lab on a Chip 2009; 9:1385-1394.

[194] Hsiao A. Y., Torisawa Y., Tung Y. C., Sud S., Taichman R. S., Pienta K. J.,

et al. Biomaterials 2009; 30:3020-3027.

[195] Meyvantsson 1., Warrick J. W., Hayes S., Beebe D. J. Lab on a Chip 2008;

8:717-724.

[196] Zhou Y., Pang Y., Huang Y. Anal. Chem. 2012; 84:2576-2584.

[197] Dertinger S. K. W., Chiu D. T., Jeon N. L., Whitesides G. M. Anal. Chem.

2001; 73:1240-1246.

[198] Jeon N. L., Baskaran H., Dertinger S. K. W., Whitesides G. M., Van De Water

L., Toner M. Nature Biotech. 2002; 20:826-830.

[199] Walsh C. L., Babin B. M., Kasinskas R. W., Foster J. A., Mcgarry M. J.,

Forbes N. S. Lab on a Chip. 2009; 9:545-554.

[200] Atencia J., Cooksey G. A., Locascio L. E. Lab on a Chip 2012 12:309-316.

[201] Yager P., Edwards T., Fu E., Helton K., Nelson K., Tam M. R., et al., Nature

2006; 442:412-418.

[202] Chin C. D., Linder V., Sia S. K. Lab on a Chip 2007; 7:41-57.

139



[203] Myers F. B., Lee L. P. Lab on a Chip 2008; 8:2015-2031.

[204] Hung P. J., Lee P. J., Sabounchi P., Lin R., Lee L. P. Biotech. & Bioeng. 2005;

89:1-8.

[205] Wang H. Y., Bao N., Lu C. Biosensors €& Bioelectronics 2008; 24:613-617.

[206] Wu M. H., Huang S. B., Lee G. B. Lab on a Chip 2010; 10:939-956.

[207] Kim C., Lee K. S., Bang J. H., Kim Y. E., Kim M. C., Oh K. W., et al. Lab

on a Chip 2011; 11:874-882.

[208] Kang E., Choi Y. Y., Jun Y., Chung B. G., Lee S. H. Lab on a Chip 2010;

10:2651-2654.

[209] Polson A. J. Phys. Colloid Chem. 1950; 54:649.

[210] Nagrath S., Sequist L. V., Maheswaran S., Bell D. W., Irimia D., Ulkus L., et

al. Nature 2007; 450:1235-1239.

[211] Adams A. A., Okagbare P. 1., Feng J., Hupert M. L., Patterson D., Géttert

J., et al. J. Am. Chem. Soc. 2008; 130:8633-8641.

[212] Stott S., Hsu C., Tsukrov D., Yu M., Miyamoto D. T., Waltman B. A., et al.

Proc. Natl. Acad. Sci. 2010; 107:18392-18397.

140



[213] Saliba A. E., Saias L., Psychari E., Minc N., Simon D., Bidard F. C. Proc.

Natl. Acad. Sci. 2010; 107:14524-14529.

[214] Moon H. S., Kwon K., Kim S. I., Han H., Sohn J., Lee S., Jung H. I. Lab on

a Chip 2011; 11:1118-1125.

[215] Hur S. C., Mach A. J., Carlo D. D. Biomicrofluidics 2011; 5:022206.

[216] Wu M. H., Huang S. B., Lee G. B. Lab on a Chip 2010; 10:939-956.

[217] Sun Y., Dhumpa R., Bang D. D., Hogberg J., Handberg K., Wolff A. Lab on

a Chip 2011; 11:1457-1463.

[218] Lee S. H., Kim S. W., Kang J. Y., Ahn C. H. Lab on a Chip 2008; 8:2121-2127.

141



