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ABSTRACT

In the United States, breast cancer is the third most common cause of cancer death
(after lung cancer and colon cancer). In 2007, breast cancer is expected to cause 40,910
deaths (7% of cancer deaths; almost 2% of all deaths) in the U.S. The long term goal of
this project is to develop an in vitro test system that can be used to develop breast cancer
vaccine or screen breast cancer chemotherapy.
This dissertation was driven by four objectives and it can be thought as a toolbox
that provides practical experimental design and lab work for the development of an in
vitro test system. The objectives stimulated the preliminary studies, from scaffold
fabrication to the study of cancer-stromal cell interactions. Achieving Objective 1,
methods of fabricating electrospun mesh and polymeric bead were introduced and the
cell-material interactions were investigated. Preliminary cell studies were conducted to
distinguish electrospun meshes that were made of different polymers. PLLA-based
electrospun mesh showed excellent cell affinity compared with cellulose acetate mesh,
the latter which is suitable for use as a tissue-repelling material. It was further found that
collagen beads and PHA-PLLA beads had rougher morphologies than PLLA and PHA
beads. With rougher surface textures, collagen and PHA-PLLA beads stimulated higher
cellular metabolic activity than PLLA and PHA beads. In order to achieve Objective 2, a
localized cell culture method was introduced and an adapted cryosectioning method was
applied in order to enhance histological processes for hydrogel research. Through this
localized culture method, a microenvironment that enabled the creation of intensive cell
interactions was established. Mammary bovine gland epithelial cells (MAC-T) and
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human breast cancer cells (MCF-7) formed tubular structure and tumor-like cell masses
respectively using this localized culture method. For the adapted cryosectioning method,
a mixture of sucrose and O.C.T® was diffused into hydrogels and to replace the culture
medium. Thus, the mechanical properties of frozen hydrogel were adjusted to fit the
frozen embedding medium. In pursuit of Objective 3, a novel co-culture method was
reported. This novel co-culture method can inhibit the adipogenesis of multipotent
stromal cells (D1s) by simply maintaining the D1 cells in MAC-T conditioned medium;
the inhibitory effect is reversible. This novel co-culture method allows us to regulate the
adipogenesis of D1 cells in vitro so that the adipogenesis potential can be maintained and
triggered at the optimal timing. Therefore, the inherent limitations of existing adipose
tissue engineering and conventional adipose research could be eliminated. In pursuit of
Objective 4, cancer-stromal cell interactions were investigated by establishing a coculture model. The novel co-culture method, developed in pursuit of Objective 3, was
applied in pursuit of Objective 5 in order to regulate the differentiation of multipotent
stromal cells and influence the behavior of breast cancer cells.
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CHAPTER ONE
ESTABLISHMENT OF PROJECT FEASIBILITY

Background
Qualitative evaluation of the cellular complexity or pathological changes of tissue
and organs can elucidate the correlations between tissue structure and human diseases.
Due to the ethical and financial constraints on human research as well as complexity of
tissue structure and biological pathways, the demands for in vitro modeling systems are
rapidly increasing. A cell-based model can recapitulate the 3-D cellular environment and
organization. The optimal modeling system is not only used to evaluate cellular response
at the molecular level but also to facilitate a biological environment with which to
investigate a specific research area, for example, cancer therapy.
When cells are exposed to a 3-D environment, the environmental cues (e.g. the
extracellular matrix, growth factor and adjacent cells) alter the cell function. Yang and
coworkers demonstrated the sustained growth of epithelial cells embedded in collagen
gels1. Primary tumor epithelial cells were either dispersed in collagen gels or sandwiched
between two layers of collagen gels. After 26 days of cultivation, the tumor cells
reorganized themselves and produced thick, duct-like structures. The duct-like structures
were cut from the collagen gels and transplanted into the gland-free inguinal mammary
fat pads of 3-week-old mice. Four to six weeks after implantation, the implanted duct-like
structures produced palpable tumors in the mice. Histological sections of these palpable
tumors were morphologically characteristic of mouse adenocarcinoma and were similar
to sections of the original donor tumors.
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The unit of a mammary duct is a double-layered structure in which a continuous
sheet of polarized epithelium is surrounded by a layer of myoepithelial cells. Due to their
contractile properties, myoepithelial cells have been recognized for their function in
secreting milk during lactation. More and more evidence indicates that the interaction of
luminal epithelial cells and myoepithelial cell contributes to the functioning of the
mammary gland. Bissell and coworkers demonstrated the importance of culturing murine
mammary epithelial cells in a 3-D environment2-5. Co-culture of human myoepithelial
cells and luminal epithelial cells in type I collagen gels showed that the cells formed
polarized and bilayered acini structures6, not solely luminal epithelia cells. Normal
myoepithelial cells direct luminal epithelial cells polarity by synthesizing laminin 1;
coculture of luminal epithelial cells with tumor-derived myoepithelial cells did not result
in similar structures and the tumor-derived myoepithelial cells expressed no or low levels
of laminin 1 in 3-D collagen coculture.
When mammary epithelial cells (MECs) are cultured on 2-D cell culture plastic, the
cells will only spread on the surface with a flattened morphology and will not release
milk proteins. MECs cultured on floating collagen gels were shown to synthesize an
intact basement membrane containing heparan sulfate, type IV collagen, and laminin7.
When MECs were cultured on or in a matrigel, several aspects of functional epithelium
were observed, for example, expression of lactoferrin, secretion of β-casein, formation of
basement membrane and acinus, release of whey acidity protein8. Additional signals from
laminin-1 trigger the expression of β-casein and morphologic change of mammary gland
cells. These studies demonstrate that mammary cells respond to structure and
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biochemical cues from the ECM and the cell-ECM interactions can alter the cellular
phenotype.

Cell-Material Interactions
For cells attached to a solid substrate, cell behavior and function depends on the
characteristics of the substrate. In experiments described by Folkman and Moscona, cells
were cultured on a tissue-culture polystyrene that was coated with various concentrations
of poly (2-hydroxyethylmethacrylate) (pHEMA)9. As the amount of pHEMA surface
coating was increased, cell diameter (horizontal dimension) and cell height (vertical
dimension) decreased. The concentration of pHEMA also affected the cell morphology.
When cells maintained a rounded morphology on pHEMA, the amount of DNA synthesis
was similar with the cells culture in confluent monolayer conditions. Since DNA
synthesis gradually stops as cells become confluent, the experiment correlated the cell
morphology, growth rate and DNA synthesis with the surface properties. They concluded
that when anchorage-dependent cells attached to a substrate, cell morphology is
modulated by surface properties. DNA synthesis can proceed only when cells are spread
to the appropriate degree, . Density-dependant inhibition of cell growth may result from
the close packing from adjacent cells, resulting in a cell shape that does not allow DNA
synthesis. Pelham and coworkers demonstrated how cells respond to the mechanical
properties of the adhesion substrate10,

11

. In their experiments, the normal rat kidney

epithelial cells and 3T3 fibroblasts were cultured on collagen-coated polyacrylamide
substrates with variable flexibility. The studies showed that the cells cultured on flexible
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substrates had reduced spreading and increased rates of motility or lamellipodial activity.
These experiments clearly demonstrate that surface/substrate properties have important
consequences on cell function.

Polymer Scaffolds in Biomedical Research
Absorbable polymers are a popular choice of materials for tissue-engineered or cellmaterial-interaction research for several reasons. Firstly, absorbable polymers are easy to
process into 3-D scaffolds or 2-D substrates with pore morphologies suitable for
anchorage-dependent cells. Secondly, the mechanical properties or surface morphology
of these polymers can be modified easily to meet the needs of tissue engineering. Thirdly,
absorbable polymers such as polylactide (PL), polyglycolide PG, poly (lactide-coglycolide) (PLG)have been used for years and approved by the FDA for a number of
select applications,. Synthetic polymers are attractive for application as tissue engineering
scaffolds due to their reproducible, large-scale production, and readily manipulated range
of mechanical properties and degradation rate. PLG scaffolds have excellent properties
that may be customized to meet a particular absorption time requirement12. Degradation
of PLG in vivo, induced by hydrolysis, yields lactic acid and glycolic acid, which are
eliminated by the respiratory system13. The degradation of PLG is dependent on its
crystallinity and hydrophobicity14. PL is more hydrophobic than PG, because of its extra
methyl group, and the ester bond is less prone to hydrolysis due to steric hindrance. Thus,
the degradation rate of PLG is faster with its higher glycolide content. The limitations
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associated with the use of PLG include the production of acidic degradation products that
can affect pH, and its lack of functional groups that limit covalent modification13.
The common techniques used to fabricate porous networks in these polymers are
weaving, electrospinning15-19, solvent casting20-22, salt leaching22-27, gas foaming27-29,
freeze drying30,

31

and extrusion32. Solvent casting involves the deposition of polymer

solution as a thin layer on a plate, followed by the solvent evaporation. With this method,
one may fabricate thin membranes or films that are usually applied in bioseparation
processes or used as substrates for 2-D cell culture. For salt leaching, salt/glucose
particles are used as porogens and dispersed throughout the polymer solution in an
organic solvent before the polymer is cast. The salt particles can then be dissolved out of
the dry-polymer matrix by aqueous leaching. Solvent casting is useful in constructing 3D scaffolds, but the pores within the scaffolds are usually not interconnected. Studies
demonstrate that the porosity and mechanical stability can be modified by changing the
initial salt content (50 to 90% by weight) and salt size22. Recent studies showed that high
humidity (95%) could be used to associate the sodium chloride to form large salt
aggregates27. The large aggregates could be used to fabricate scaffolds with better pore
connectivity, which is favorable for cellular in-growth. The gas foaming process is
extremely useful for the fabrication of highly porous polymeric scaffolds for the delivery
of growth factors and cells in tissue engineering applications. The gas foaming process
involves exposing polymers to high-pressure (e.g. 800 psi) carbon dioxide to saturated
conditions, and then decreasing the gas pressure to ambient pressure. The dissolved
carbon dioxide becomes stable thermodynamically and phase separates from the
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polymers. Growth of pores occurs as the carbon dioxide from the surrounding polymer
diffuses into the pore nuclei33. In early research, nitrogen and helium also have been
investigated in the gas foaming process. The results demonstrated that use of carbon
dioxide produced more pores in PLG. This finding may be because carbon dioxide
molecules have stronger interactions with the carbonyl groups of PLG34 or due to a
higher amorphous fraction. The scaffold porosity produced by gas foaming can be altered
by using a porogen. Scaffolds have been fabricated using sodium chloride or sucrose as
the porogen. In the gas foaming process, the dispersed polymer particles expand and fuse
together around the porogen to create a continuous polymer matrix surrounding the
porogen. The mixed polymer and porogen is processed using a routine gas foaming
procedure, and following with a salt leaching process. During freezing-drying, a polymer
is dissolved in a solvent and frozen. The frozen solution is then dried under reduced
pressure to cause sublimation of the ice. Scaffolds of high porosity, exceeding 90%, are
generally created.

Electrospinning
Electrospinning method has attracted a great deal of attention in the production of
non-woven membranes composed of polymeric fibers. Electrospinning represents an
attractive approach to the fabrication of fibrous biomaterials for a variety of applications,
including vascular grafts, wound healing, tissue repair and drug delivery35-38.
Electrospinning has the ability to generate very small fibers (down to diameters of 50nm),
which mimic the size scales of fibers comprising the extracellular matrix of naïve tissues
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and organs. For example, biodegradable synthetic polymers such as PL and PG can be
electrospun to serve as scaffolds for tissue engineering38. Collagen can be directly
electrospun to a size of 100nm, that mimics the banding found in native collagen37. Nonbiodegradable but biocompatible polymers such as poly(ethylene-co-vinyl acetate)
(EVA) can also be electrospun, and the release of tetracycline hydrochloride from EVA
mats has been reported36.
The electrospinning process is driven by the electrical forces on free charges on
the surface or inside a polymeric liquid. In conventional spinning, the fiber is subject to
tensile, rheological, gravitational, inertial and aerodynamic forces39. In electrospinning,
the tensile force is generated by the electrical charge in an electrical field. When free
charges in the polymeric solution, which are generally ions, move in response to the
electric field, they transfer a force to the polymeric solution. Mutual charge repulsion
causes a force directly opposite to the surface tension. As the intensity of the electric field
is increased, a hemispherical surface of the polymeric solution at the tip of the syringe
needle elongates to form a conical shape known as Taylor cone40. When the electric field
reaches a critical value at which the repulsive electric force overcomes the surface
tension force of polymeric solution, a charged jet of the solution is ejected from the tip of
the Taylor cone. Since this jet is charged, its movement can be controlled by the electric
field. As the jet travels in air, the solvent evaporates, leaving behind a charged fiber
which deposits itself randomly on a charged, metal collection plate. Thus, continuous
fibers form a non-woven mesh. The apparatus used in the electrospinning process is
shown in Figure 1. The apparatus consists of a glass syringe (or a plastic syringe that can
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resist erosive organic solvent) on a syringe pump. The syringe is filled with a polymer
solution and fitted with a metal needle. Hydrostatic pressure is generated by the syringe
pump. The pressure is set to keep the solution at the tip of syringe, but not to drip the
polymeric solution. The polymeric solution is charged by connecting the metal needle
with a positive electrode of a voltage amplifier. A fiber collector is connected with the
negative electrode of the voltage amplifier and is grounded so that an electric field is
established.

Figure 1.1- Electrospinning apparatus

The above description of the electrospinning process suggests that the following
parameters affect the process: solution properties including viscosity, conductivity and
surface tension; controlled variables including the flow rate of the polymeric solution,
electric potential of the electric field, and the distance between the positive electrode
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(metal needle) and the negative electrode (fiber collector). There are other minor
parameters that affect the electrospinning process, such as ambient temperature, humidity
and air velocity in the electrospinning chamber. By appropriately modifying the
parameters mentioned above, the size of electrospun fibers can be altered. For example, a
lower voltage, a longer distance between positive and negative electrodes, a lower
concentration, a faster flow rate, and a higher ionic strength of the polymeric solution can
generate smaller diameter electrospun fibers.
Methods and Materials
Preparation of Polymeric Solution
Poly(L-lactide) (PLLA) (Resomer® L 207S, Boehringer Ingelheim, Germany) with
weight average molecular weight around 14,000 Daltons and inherent viscosity of 1.5dl/g
was dissolved in dichloromethane (Sigma-Aldrich, St. Louis, MO) to prepare polymeric
solutions with concentrations of 10%, 15% and 20% (w/v). Ten percent (w/v) of poly
(vinyl alcohol) (PVA) solution (MW=110,000, Fisher Scientific, Fair Lawn, NJ) was
prepared by mixing with distilled water; the mixture was heated at 100oC until all
polymer pellets were dissolved completely. A volume of 2% of chitosan (Sigma-Aldrich,
St. Louis, MO) was added to 1% of aqueous glacial acid solution, and stirred until
dissolved completely. Cellulose acetate ((Sigma-Aldrich, St. Louis, MO)) was added to
the acetone to prepare 15% (w/v) of polymeric solution.
The electrospinning apparatus was set up as shown in Figure 1.1. The parameters
used in the electrospinning process for each polymer solution are listed in Table 1.1. Four
main parameters of the electrospinning process are: concentration of polymeric solution,
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applied voltage, flow rate of polymeric solution, and distance between positive and
negative electrode.

Table 1.1- The parameters of electrospinning for different polymeric solutions
Polymeric
solution
PLLA
PVA
PVA-Chitosan
Cellulose acetate

concentration (w/v)

voltage

distance (cm)

12500&15000
12500&15000
12500&15000

flow rate
(ml/hr)
8, 10
8, 10
8, 10

10%, 15%, 20%
10%
10% of PVA (2 parts)and 1%
of chitosan (1 part)
15%

12500&15000

8, 10

8, 10, 15

8, 10, 15
8, 10, 15
8, 10, 15

Cell Culture and Seeding
One dynamic technique consisted of a 12-well tissue culture polystyrene (TCPS)
plate (Corning, INC., Corning, NY Corning) located on an orbital shaker moving at 50
rpm. One day prior to cell seeding, 2mL of sigmacote (Sigma-Aldrich, St. Louis, MO)
was added to each well and left in the wells for 2 minutes, and then aspirated as soon as
possible. Sigmacote creates a neutral, clear and hydrophobic thin surface in each well to
prevent cell attachment. The electrospun mesh was cut by using a 13/16” punch key to
make the mesh disks that were fit into the wells of a 12-well plate. The mesh disks were
maintained in the wells with Teflon rings. The mesh disks were cleaned with 70%
ethanol and washed by sterile PBS, and then left under UV light for 2 hours.
Approximately 8*104 of 3T3 mouse fibroblasts were seeded in each well. A volume of
2mL of DMEM supplemented with 1% antibiotic-antimycotic, 0.2% fungizone, 1% Lglutamine and 10µg of fibroblast growth factor was added to each well. Culture medium
was changed every 3 days.
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Cell Metabolic Activity
The amount of lactic acid produced and glucose consumed by the fibroblasts was
measured on Days 3, 6, 9 and 12 using a biochemistry analyzer. One-hundred micro-liters
of conditioned medium were collected from each well.

Cell Viability
Cell viability was determined using a LIVE/DEAD® viability/cytotoxicity kit on
Day 12. The cells were fluorescently labeled using the calcein AM and ethidium
homodimer dyes in the kit, following the manufacturer’s protocol. Live cells retain a dye
that produces bright green fluorescence (excitation and emission at 495 and 515nm
respectively), while dead cells fluoresce a bright red (excitation of 495nm and emission
of 635nm). Cell morphology was assessed using acquisition software with a color digital
camera attached to the microscope.

Results and Discussion
During the electrospinning process, polymeric fibers were formed within the
electric field, and deposited on the metal mandrel (Fig. 1.2). The parameters of the
electrospinning process, listed in Table 1.1, had been investigated. Electrospinning
parameters may be adjusted by determining whether the polymeric fibers can be collected
by the mandrel, whether polymeric beads (Fig. 1.3) are formed in the structure of fibers,
and how easily the fibrous film may be peeled from the mandrel. The polymeric beads
forming in electrospun mesh contain solvent; for PLLA, the solvent is dichloromethane.
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Dichloromethane might be retained in the polymeric beads and may therefore be harmful
to cell viability during cell culture. Thus, use of electrospinning parameters yielding
polymeric beads is likely not optimal. The parameters of electrospinning found to be
most desirable to the formation of a 3-D tissue system are listed in Table 1.2. For PLLA,
the formation of polymeric beads appeared in the 15 and 20% polymeric solutions; the
formation of beads was not observed in the 10% solution of PLLA using a stereo
microscope or by scanning electron microscopy (SEM) analysis (Fig. 1.4). Figure 1.4a
shows the results of SEM analysis of the PLLA electrospun mesh. The individual fibers
of the mesh have a highly porous morphology due to the fast evaporation of
dichloromethane. For PVA, there was no fiber produced with these electrospinning
settings. Since PVA was dissolved in distilled water, the voltage generated by the voltage
amplifier could not overcome the surface tension of water. The polymeric solution was
dribbled from needle tip or shot to the mandrel directly. This situation was improved by
adding 0.1% of Triton X-100 to the aqueous PVA solution. Electrospinning of PVAchitosan solutions had the same issues as the PVA solution, and was modified in the same
fashion. Aqueous chitosan solution was not able to be spun alone using this
electrospinning apparatus, due to the high surface tension of water. When chitosan was
spun with a PVA solution, these two kinds of fiber were indistinguishable by light
microscopy in the spun mesh; however, DSC analyses confirmed that chitosan was on the
PVA spun mesh (Fig. 1.5). Aqueous-based polymeric meshes, PVA and PVA/chitosan,
shrank and the mesh structures collapsed after rinsing in water. In order to maintain the
structure of PVA-based electrospun mesh, PVA and PVA/chitosan was deposited on
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PLLA mesh to form a bilayered mesh (Fig. 1.6). The combined results from lactic
acid/glucose (Fig. 1.7) and live/dead assay (Figure 1.8) indicated that cell viability of 3T3
mouse fibroblasts is higher on PVA/chitosan mesh, since the chemical structure of
chitosan has a positive charge. For cellulose acetate mesh, 3T3 fibroblasts barely attached
to the mesh throughout the cultivation period (Fig. 1.9). The cellulose acetate mesh with
low cell affinity properties has the potential to be applied in tissue adhesiolysis.
Table 1.2- The appropriate parameters of electrospinning
Polymeric
solution
PLLA
PVA
PVA-Chitosan

Cellulose acetate

Concentration
(w/v)
10%
10%
10% of PVA (2
parts)and 1% of
chitosan (1 part)
15%

Voltage

Flow rate (ml/hr)

Distance (cm)

12500&15000
12500&15000
12500&15000

8, 10
8
8

8, 10, 15
15
15

12500&15000

8, 10

8, 10, 15
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(a)

(b)

(c)

(d)

Figure 1.2- The process of electrospinning
The beginning of the electrospinning process (a), after 5 minutes (b) while strands of
PLLA fibers were collected on a wood stick (c), after 1 hour, when a layer of non-woven
fibers was formed on the metal mandrel (d).
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Figure 1.3- The polymeric beads forming on electrospun mesh

(a)

(b)

Figure 1.4- The results of SEM analysis of PLLA fibers
at different magnifications (a) and (b).
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Figure 1.5- The results of DSC analysis of PVA-chitosan electrospun mesh.
Melting points of chitosan, PVA and
PVA-chitosan mixture were detected in each sample.

Figure 1.6-The shrunk PVA electrospun mesh (right) and
PVA/chitosan-PLLA mesh (left)
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Figure 1.7- The results of cell metabolic activity analysis
Lactic acid production and glucose consumption by cells on electrospun mesh over a 12
day cultivation period. The paired bars with letters are significantly different (n=3, splitplot ANOVA, p<0.05).
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(a)

(b)

Figure 1.8- The results of cell viability on electrospun meshes
The LIVE/DEAD assay results of PLLA (a) and PVA/chitosan-PLLA mesh (b). The total
magnification is 100X.

Figure 1.9- The results of cell viability of cellular acetate
electrospun mesh
The LIVE/DEAD assays results of
cellulose acetate mesh on Day 14.
The total magnification is 100X.
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Polymeric Beads as Substrates for Anchorage-Dependent Cells
Methods and Materials
Four kinds of polymeric beads, PLLA, PHA, PLLA-PHA and collagen, were
tested in culture with mouse mesenchymal stem cells (D1s). The collagen beads were
purchased from Sigma-Aldrich and were rehydrated following manufacturer protocol.
Briefly, 1g of dehydrated collagen beads were soaked in 50mL of Ca2+/Mg2+-free PBS
for one hour, and then autoclaved. After autoclaving, the bead suspension was placed in
the cell-culture hood, and allowed to cool down to room temperature. The PBS was
aspirated and fresh culture medium was added to the beads. The beads with cell culture
medium were placed in the refridgerator until use. Polyhydroxyalkanoate (PHA) and the
copolymer PLLA-PHA was kindly provided by Dr. Dennis Smith in the Clemson
University Department of Chemistry. The other three kinds of synthetic polymer beads
were prepared following the same procedures. The polymeric bead fabrication process
was developed by Clemson Tissue Engineering Lab colleagues41. The PLLA process is
simply presented by way of example. The PLLA pellets were dissolved in chloroform to
make a 10% (w/v) polymeric solution. A volume of 10mL of PLLA solution was injected
into 700mL of 0.05% of PVA solution. During injection, the PVA solution was stirred at
the speed of 300rpm. The syringe containing polymeric solution was submerged at a 45o
angle near the stirring vortex at the center of the beaker. After polymeric beads formed in
the PVA solution, the stirrer was turned off, and the 0.05% of PVA solution was replaced
with 500mL of 2% of isopropanol solution. The beads were stirred in the isopropanol
solution at 200rpm for 5 minutes. Then, the beaker was placed on an orbital shaker and
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the isopropanol solution was replaced with 200mL of fresh 2% isopropanol solution. The
PLLA beads were washed in isopropanol at 50rpm overnight. The polymeric beads were
dried in the hood and maintained in vacuum until use. One day prior to cell culture, the
beads were washed in 70% ethanol and placed under a UV-light for 2 hours. The
polymeric beads were washed twice in PBS and culture medium, and soaked in culture
medium overnight. Soaking was conducted to remove residual ethanol and to allow
serum protein absorption on the bead surfaces. A volume of 0.1mL of bead substrates
was removed to a 24-well ultra low cell attachment plate (Corning) using a 2mL pipette
with ablated tip. The polystyrene well plates contain a proprietary hydrogel coating that
inhibits cell attachment to the surface of culture well. Approximately 2x105 of mouse
mesenchymal cells (D1) were added to each well, and the final volume of culture
medium in each well was adjusted to 2mL. D1 cells were maintained in Dulbecco's
Modified Eagle Medium that contained 10% FBS (ATCC), 1% antibiotic-antimycotic
(Gibco/Invitrogen) and 0.2% fungizone (Gibco/Invitrogen). Conditioned medium was
collected for lactic acid/glucose analysis after every medium change. Alamar blue assay
and LIVE/DEAD assays were conducted on Day 7 and Day 14. The surface of acellular
and cellular beads was photographed using SEM. For cellular beads, samples in 24-well
plates were covered with cotton gauze that was wetted by 10% neutral formalin buffer,
and stored in 4oC overnight. Prior to SEM analysis, the cellular samples were washed
three times with PBS, and then dehydrated in a graded series of three washes of 5 min
each in 50, 60, 70, 80, 90, 95, and 100% ethanol. Dehydrated cells were critical point
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dried and coated with gold-palladium, and photographed following regular SEM protocol
for acellular samples.

Results and Discussions
The results of lactic acid/glucose analysis and alamar blue assays were shown as
Figures 10a, 10b and 10c. From the results of both metabolic activity assays, it seemed
that cells cultured on the collagen beads had better cell metabolic activity than the other
three synthetic polymer beads; however, there was likely variability in bead number and
surface area for cell attachment from well to well. The synthetic polymer beads have a
wide range in size, varying from 150µm to 700µm in diameter. The size of collagen
beads is more consistent, varying from 100µm to 200µm. Since the total surface area of
bead substrate was different in each well, it was not fruitful to compare the cellular
metabolic activities from each well. For anchorage-dependent cells, roughness and
porosity of the surface where the cells attached would alter the cell attachment and
migration. The results of SEM showed the surface texture of each kind of polymeric bead
(Fig. 1.11). The order of roughness and porosity of the polymeric beads was collagen >
PHA-PLLA >PHA >PLLA beads; thus, from the aspect of surface texture, more
anchorage-dependent cells would likely attach to collagen and PHA-co-PLLA beads than
to the PHA and PLLA beads. The results of LIVE/DEAD assay also confirmed this
observation (Fig. 1.12). The D1s grew over the entire surface of collagen and PHA-coPLLA beads. In this study, for smaller beads, cells and bead substrates were able to form
aggregates and become cell masses, either collagen or synthetic polymeric beads (Fig.
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1.12). Under higher magnification, the cell morphology of D1s was found to be not to
fully spread on synthetic polymeric beads (Fig. 1.13). Cellular collagen and PHA beads
were also analyzed further using SEM. The SEMs of cellular samples showed that D1s
entirely and uniformly covered the surface of collagen beads, but did not similarly cover
the surface of PHA beads. D1s may tend to form a cellular layer over the smooth surface
beads. The layer of D1s detached from PHA beads and only cell aggregates were found
between adjacent beads (Fig. 1.14).

(a)

(b)

(c)
Figure 1.10-The results of lactic acid/glucose analysis (a and b), alamar blue (c)
Bars with different letters are significantly different (n=3, split-plot ANOVA, p<0.05).
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(a)

(b)

(c)

(d)

Figure 1.11-The results of SEM analysis of polymeric beads
PHA-PLLA copolymer (a), PHA (b), PLLA (c), and collagen beads (d)
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(a)

(b)

(c)

(d)

Figure 1.12- The results of LIVE/DEAD assay of D1 cells cultured
on polymeric beads
Collagen beads (a), PHA-co-PLLA beads (b)
PHA beads (c), and PLLA beads (d)
The total magnification is 100X.
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(a)

(b)

(c)
Figure 1.13- Cell morphology of D1 cells on polymeric beads
The pictures were photographed at total magnification of 100X. The results of
LIVE/DEAD assay indicated the D1s were fully spread on collagen beads (a), but not on
PHA beads (b) and PLLA beads (c)

(a)

(b)

Figure 1.14-The results of SEM of cellular beads
Collagen beads (a), and PHA beads (b)
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Conclusions
Electrospinning provides a rapid method to fabricate high porosity scaffold for
tissue engineering applications. From the fabrication process, we can see how the fibers
deposit the surface of substrates. Thus, electrospinning methods can be used to fabricate
irregular-shaped scaffolds. From the results of SEM analysis, cell metabolic activity and
cell viability, the PLLA-based electrospun mesh showed high porosity and cell affinity.
This type of mesh is suitable in wound healing applications. Figures 1.3 and 1.9 showed
the results of SEM analysis and showed the cell viability on cellulose acetate electrospun
mesh. The low porosity morphology and low cell affinity make this type of mesh a good
candidate for applications where tissue ingrowth is discouraged, such as in hernia
rehabilitation.
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CHAPTER TWO
THREE DIMENSIONAL CULTURE AND IMPROVEMENT
OF CRYOSECTIONING TECHNIQUE

Background
Hydrogels are insoluble water-swollen networks that are being investigated for
biomedical applications such as drug delivery, cell delivery, and tissue engineering.
These polymers consist of a variety of chemicals and can be designed with a wide variety
of material properties. Table 2.1 presents a list of advantages and disadvantages of using
hydrogels as biomaterials.
Table 2.1- Advantages and disadvantages of using hydrogels as biomaterials
Advantages
Variety of material candidates available
Typically biocompatible
High water content

Disadvantages
Low mechanical properties
Difficult to sterilize
Not conducive for attachment or growth
of anchorage dependent cells

Feasible to fill the irregular shape of
defects in vivo
Potentially injectable for minimally
invasive implantation

Some properties are important to the design and use of biomaterials, including
swelling ratio, mechanical properties, and degradability. A common way to control the
mechanical properties of a hydrogel is to alter the monomer/cross-linker ratio during
polymerization. Changes in reaction conditions (pH, temperature, light intensity) can also
factor into hydrogel mechanical properties. Hydrogel swelling is directly linked to
mechanical properties since it correlates to the water content, composition and the cross-
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linking density of the network. Swelling can play an important role in the transport and
diffusion of nutrients and wastes in and out of the hydrogel, when cells are encapsulated.
Hydrogels degrade through different processes. Natural hydrogels (collagen1, alginate2-4,
chitosan, fibrin5 and etc) typically degrade in the presents of specific enzymes that break
down the backbone of the polymer chains. Most synthetic hydrogels (PVA6, PEG7 and
PNIPAAm8) are designed to degrade hydrolytically due to the presence of fluid (body
fluid). The degradation rate is important for a biomaterial’s intended application. If a
hydrogel degrades too fast, it might cause a “burst release” of the drug or it might release
the encapsulated cells before the cells secret desired products, such as hormones or
growth factors. If a hydrogel degrades too slowly, it may become a barrier during tissue
formation.
Collagen is the main protein of connective tissue and is found in abundance
throughout body. Collagen will gel at the appropriate pH and temperature. Due to its high
water content and surface adhesion molecules, collagen is a good candidate for tissueengineered scaffolds and hydrogel applications. One of the great benefits in using
collagen is degradability and ease of integration in vivo, the rate of which may be altered
by its crosslinking density.
Biomedical researchers have become increasingly aware of the limitations of
growing living cells in coated, two-dimensional Petri dishes and glass slides. In the body,
cells are attached to and supported by the cells, other structures, and proteins around
them. A cell's normal environment is a complex network of tiny fibers, gaps and pores
through which oxygen, hormones and nutrients are delivered and waste products filtered
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away. Cells move within their natural environments in response to chemical signals or
other stimuli. Researchers are aware that cells on flat surfaces have skewed metabolisms,
gene expression and growing patterns.
The normal function of most cells is dependent on spatial interaction with
neighboring cells and with a substratum or extracellular matrix (ECM). Cell-cell and cellECM interactions are coordinated by membrane proteins and cell adhesion proteins.
These moieties are fundamental to cell adhesion, helping to define 3-D cellular
organization and also participating directly in cell signaling, control of cell recruitment,
growth, and differentiation. Consequently, mimicking the function of the ECM and 3-D
cell interaction is an important aspect of generating a viable construct for in vivo tissue
replacement.
An inherent limitation of 2-D culture is that cells may not be able to proliferate and
rearrange themselves to present its original cell population and morphology in vivo.
Jason Yang’s group demonstrated methods necessary to sustain the growth of primary
mammary tumor epithelial cells in collagen gels9. The tumor cells grew inside collagen
gels over 8 weeks; meanwhile, rearranged themselves and produced duct-like structures
extending into matrix, resulting in 3-D outgrowths.

In this study, we used bovine mammary gland epithelial cells (MAC-Ts) and
adenocarcinoma human mammary gland cells (MCF-7s) to establish a preliminary model
of an in vitro test system for breast cancer research.
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Methods and Materials
Collagen Extraction, Concentration Determination, and Gelation
To extract collagen Type I, calf tendons were obtained from a local slaughterhouse.
The tendon fibers were detached from the ligaments with a razor blade and placed in a
pre-weighed Petri dish. A concentration of 0.01N hydrochloric acid was added to these
tendon fibers in the ratio of 10:1 (mL: g). The mixture was shaken vigorously for 10 min
and kept at 4oC at least for 48 hours. The mixture was filtered by sterile cheese gauze and
kept at 4oC until use. A modified Lowry’s method was used to determine the
concentration of extracted collagen solution10. The volume of 200µL of collagen
solution obtained in the above extraction procedure was incubated at 37 oC with 180µL
of reagent A (aqueous solution of 0.4% potassium-sodium tartrate, 10% Na2CO3, and
0.5M NaOH) at 50oC for 20 min. After cooling to room temperature, 20µL of reagent B
(aqueous solution of 2% potassium-sodium tartrate, 3% CuSO4.5H2O and 0.1M NaOH)
was added and the samples were stored at room temperature for 10 min. Then, 600µL of
diluted Folin-Ciocalteu reagent (diluted with water to 0.15N) was added and vigorously
shaken, and the samples were incubated at 50 oC for 10 min. After cooling to room
temperature, the absorbance of extracted samples was read at 650nm against reference
collagen solution (3mg/ml). The concentration of extracted collagen solution was
adjusted to the desired concentration (3mg/ml) with 0.01N hydrochloric acid. To prepare
collagen gels, 1ml of collagen solution was mixed with 162µL of 10X PBS, 318µL of
culture medium and 20µL of 1N sodium hydroxide. The neutralized mixture was
incubated at 37oC at least for 60 min.
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Mammary Epithelial Cells Culture Procedure
Collagen solutions and gels were prepared as originally described. MAC-Ts were
localized on top of the collagen gels. To localize MAC-Ts, approximately 5x104 MAC-Ts
in 5μL of gelation mixture were placed on the top of gelled collagen in each well and
incubated at 37oC. Usually, localized-pattern gels took 20 min to complete the gelation.
2mL of culture medium was added to each well after gelled. MAC-Ts culture medium
was changed every 3 days with Dulbecco's Modified Eagle Medium (ATCC) that
contained 10% FBS (ATCC), 1% antibiotic-antimycotic (Gibco/Invitrogen) and 0.2%
fungizone (Gibco/Invitrogen).
MCF-7s localized on different substrates
Polystyrene well-plate

Collagen gel

MCF-7 clusters

Adenocarcinoma Human Mammary Gland Cells Culture Procedure
In this study, MCF-7s were localized either on polystyrene 12-well plate or
collagen gels. The method of MCF-7s localization is the same as MAC-Ts. For
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localization on 12-well plate, 5µL of gelation mixture was localized. Either one or three
gelation mixture was placed in one well and there was only one cell cluster on collagen
gel. MCF-7 culture medium was changed every 3 days with Eagle’s Minimal Essential
Medium (ATCC) that contained 10% FBS (ATCC), 1% antibiotic-antimycotic
(Gibco/Invitrogen), 0.2% fungizone (Gibco/Invitrogen) and 0.1% insulin (Sigma, 10
mg/ml).

Cell Morphology
Images of D1 cells were captured every day using an Axiovert 135 inverted
microscope (Zeiss, Germany), Image-Pro 5.0 software (Media Cybernetics, Silver Spring,
MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama,
Japan). All cellular images were photographed using a 32X objective.
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Results
MAC-Ts Cell Culture
Cell morphology (Fig. 2.1) was assessed via light microscopy on Days 1, 3, 7 10,
16 and 25 before the medium was changed. Culturing localized MAC-Ts led to a
characteristic and reproducible pattern of growth. Beginning on Day 3, localized MACTs aggregated into a single compact mass and outgrew from the periphery (Fig. 2.1b).
The outgrowth pattern produced dense radial patterns (Fig. 2.1d). MAC-Ts rearranged
themselves and the duct-like projections were observed on Day 25 (Fig. 2.1g and 2.1h).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.1- The cell morphology of MAC-T cells
Light micrographs showing the cell morphology of localized MAC-T clusters on collagen
gels. The cell cultures were photographed at the center or edge of the cell cluster, with a
total magnification of 100X or 320X. (a) Day 1, edge of the cluster, 100X (b) Day 3,
edge of the cluster, 100X (c) Day 7, edge of the cluster, 100X (d) Day 10, edge of the
cluster, 100X (e) Day 25, edge of the cluster, 100X (f) Day 25, center of the cluster,
100X (g) Day 25, center of the cluster, 320X (h) Day 25, center of the cluster, 400X.
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Localized Cell Culture of MCF-7 Cells
The cells were photographed before the medium was changed. MCF-7s localized
on collagen gels spread randomly inside the gelation mixture. Unlike the radial outgrowth
of MAC-Ts, MCF-7s showed a cobble stone morphology, even though they proliferated
out of the periphery of gelation mixture (Fig. 2.2a1). MCF-7s gradually formed small
compact cell masses inside the main cell cluster. From microscopic observations, it was
evident that the compact cell masses had 3-D structure (Fig. 2.2a2). Several compact cell
masses were aggregated within the gelation mixture on Day 27 (Fig. 2.2a3). For the
single MCF-7s clusters localized on polystyrene well plates, MCF-7s only outgrew barely
along the periphery of gelation matrix and did not form any apparent cell clusters through
the cultivation (Fig. 2.2b1~2.2b3); however, when three gelation mixtures were placed in
one well, the MCF-7s piled up and formed several cell masses as the growth pattern of
MCF-7s cultured on collagen gels (Fig. 2.2c1 and 2.2c2). The adjacent MCF-7s clusters
bridged to each other (Fig. 2.2c3).
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(a1) Day1, 100X, collagen

(a2) Day27, 100X,
collagen

(a3) Day27, 25X, collagen

(b1) Day1, 100X, PS

(b2) Day27, 100X, PS

(b3) Day27, 25X, PS

(c1) Day27, 100X, PS

(c2) Day27, 25X, PS

(c3) Day27, 25X, PS

Figure 2.2- The cell morphology of localized MCF-7 clusters
Light micrographs showing the cell morphology of localized MCF-7 clusters on
polystyrene well-plates (PS) and collagen gels. The cell morphology was photographed at
total magnifications with 25X and 100X. Clusters of MCF-7 cultured on collagen and
polystyrene denote collagen and PS respectively.

40

Discussions
Two different cell lines formed different morphology on collagen gels. MAC-Ts,
cells derived from an immortalized bovine mammary epithelial cell line, had spindleshape morphology and rearranged themselves into duct-like projections on collagen gel.
MCF-7s, cells derived from a luminal human epithelial cancer cell line, had a
cobblestone-like morphology and formed compact cell masses on collagen gels.
In RJ Pelham’s study, cells cultured on flexible substrates showed reduced spreading
and increasing rates of motility and lamellipodial activity compared with the cells
cultured on stiff substrates11. The single MCF-7 clusters localized on polystyrene did not
form the compact cell masses through the cultivation of 27 days. When three MCF-7s
clusters were cultured in one well, the interaction between clusters might make the cells
more bioactive and overcome the influence from the culture substrate, thus resulting in
similar results as observed in collagen gel cultures.
The main concept of culturing of localized cells is to enhance cell-cell
interactions. When numerous cells are enclosed within a gel of 5µl, they may acquire
mu1tiple-cell characteristics more rapidly than cells spread in a 2mL gel. Another
advantage is that when the volume of a cellular gel is scale-down, more cellular samples
can be fabricated and investigated during single experiment; moreover, using localizingcell technique allow us to observe the cell-cell interactions between different cells in an
enclosure culture environment. For example, we can localize cancer cells and adipocytes
in one well of a culture plate.
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Adapted Cryosectioning Method for Hydrogel Research
Background
Hydrogels are very useful and commonly used as scaffolds for soft tissue
engineering; however, they are difficult to process with routine cryosection techniques
due to their fragile mechanical properties and high water content. In this study, water
entrapped inside the collagen gels and alginate beads was replaced with ascending
concentrations of freezing medium. All samples were sectioned and evaluated with
different stains and fixing methods. The results of histological analysis indicate this
adapted infiltration method can enhance the quality of cryosections.
Hydrogels are water-swollen and cross-linked polymeric structures, usually
having low mechanical properties such as modulus and compressive strength. Because of
their soft and flexible structure, hydrogels are frequently used in soft tissue engineering
as space-filling constructs or cell-delivery devices. Collagen is known to be an excellent
material and has been found in diverse applications in tissue engineering due to its
biocompatibility and biodegradability12, 13; moreover, collagen has been approved by the
United States Food and Drug Administration (FDA) for many types of applications such
as artificial skin and wound dressings. Collagen gel culture has been frequently used to
provide a conducive environment for normal cell growth. Mammary cells may be
cultured in a collagen gel in order to observe how the cells proliferate and differentiate in
a three-dimensional environment9. Alginate, a polysaccharide extracted from seaweed,
has been used widely in tissue engineering applications due to its gentle gelling
properties with divalent ions such as calcium chloride4, 14. Alginate is biocompatible and
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has been approved by the FDA as a wound-dressing material. Both collagen and alginate
can encapsulate or transport cells in a minimally invasive manner. Thus, hydrogels found
widespread use in biomedical application.
When investigating a tissue-engineered scaffold, the cell-material interaction is one
of the main characteristics that need evaluation. Through histological analysis, the cell
growth, compatibility, implant degradation, and host response can be observed. A highquality histological slide should provide adequate cellular information. Cryosectioning is
a histological technique sometimes used to section tissue-engineered systems that are
sensitive to paraffin processing15, 16. When sectioning a high water content hydrogel, it is
not easy to obtain quality sections due to the hardness differential between the hydrogel
and freezing medium. For example, the frozen high water content gel is often too brittle
to be cut with a cryostat. In this study, an adapted infiltration method was used to more
completely and gradually replace the water inside a hydrogel with freezing medium. The
results indicate that this adapted cryosectioning method results in higher quality sections
of hydrogel scaffold.

Methods and Materials
Four stains and two post-sectioning treatments were used to test the effect of
histological processing on hydrogels treated by an adapted infiltration method. Collagen
gels and alginate beads were used as the histological samples in this study. The stains
included rapid Hematoxylin and Eosin (H&E), modified H&E, Gomori’s one-step
trichrome, and methylene blue. Frozen sections were either: 1. captured on slides, then
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left untreated or treated with Bouin’s fixative or 2. transferred to slides using a modified
paraffin tape transfer technique.

Collagen Gel Preparation
Bovine Achilles tendon was obtained from the local slaughterhouse, and collagen
was extracted from the tendon using a dilute acid extraction method. Specifically, the
bovine Achilles tendon was cut into smaller segments, soaked in 0.05M acetic acid
(CH3COOH, Acros Organics, NJ) and stirred at 4oC for 48 hr. The acid solution was
centrifuged at 10,000g for 20 minutes to separate the insoluble tissues. The supernatant
was sterilized using a 0.22µm filter and stored at 4oC until use. To prepare cellular gels,
MAC-T cells (passage 18) labeled with green fluorescent protein (GFP) were trypsinized
and centrifuged; meanwhile, the cell number was approximated and 2×106 cells were
obtained for each gel. To prepare all gels, the collagen solution, 10X Dulbecco's
Modified Eagle's Medium and 1N sodium hydroxide were mixed in a ratio of
1ml:60µl:80µl. Cells were mixed and dispersed completely in the resulting collagen
based solution; 1ml aliquots of the cellular mixture were distributed into each well of a
12-well plate. The 12-well plate was maintained in the incubator (37oC, 5% CO2) for 2
hours, and then 1.8ml of Dulbecco’s Modified Eagle’s Medium, 0.2ml of fetal bovine
serum, 20µl of antibiotic-antimycotic and 4µl of fungizone were added to each collagen
gel. All collagen gels were maintained in the incubator for one week, and then
cryosectioned.
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Acellular Alginate Bead Preparation
Figure 2.3 demonstrated the setup used to fabricate alginate beads. A solution of 1%
aqueous (distilled water) sodium alginate (Acros Organics, NJ) was prepared overnight
by stirring. The alginate solution was loaded in a 12-ml syringe (Becton Dickinson,
Franklin Lakes, NJ) and placed into a syringe pump (kdScientific, New Hope, PA). The
pump was set to a flow rate of 10 ml/hr and the alginate solution was dispensed through a
16-gauge needle (Becton, Dickinson, Franklin Lakes, NJ). The alginate solution was
dropped into 200 ml of 0.05M calcium chloride solution (CaCl2, Fisherchemicals, Fair
Lawn, NJ), stirring in a 250ml beaker. The height between the needle tip and the surface
of calcium chloride solution was adjusted to 20 cm. Each alginate droplet formed an
opaque bead immediately after contact with the calcium chloride solution. After gelation,
the batch of alginate beads was retrieved and stored in 0.05M CaCl2 solution at room
temperature.

Figure 2.3- The apparatus for alginate beads fabrication
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Histological Analysis
Acellular and Cellular Collagen Gels
Five acellular and four cellular collagen gels were processed using the following
methods: all collagen gels were fixed using 10% neutral buffered formalin solution
(NBF) for 3 hours. After the 10% NBF was aspirated, three acellular collagen gels were
placed in molds, directly on a base layer of pre-frozen freezing medium (OCT®, TissueTek OCT® Compound, Sakura-Fintek), and covered by a layer of fresh OCT®. After
freezing the gels in a MICROM Cryostat (Richard-Allan Scientific, Kalamazoo, MI) at 200C for 30 min, these acellular gels were processed using routine cryosectioning
methods.
Following aspiration of the 10% NBF, five additional acellular collagen gels and
four cellular gels were rinsed in 1ml of 5% (g/ml) sucrose (Fisherchemicals, Fair Lawn,
NJ) phosphate buffered saline (PBS; Sigma-Aldrich, NJ) for 1 hour. These hydrogels
were cryoprotected in a 12-well plate by adding 20% sucrose PBS to the gels every 30
min. The ratio of 5% and 20% sucrose PBS was adjusted to 2:1, 1:1 and 1:2 (v/v, step
2~4 in Table 2.2). The gels were infiltrated using these ascending concentrations of
sucrose PBS at room temperature for 30 minutes, and then stored in 20% sucrose PBS
overnight at 4oC. The sucrose PBS was aspirated on the second day. A volume of 1ml of
20% sucrose PBS and 0.5ml of OCT® was added to each collagen gel and maintained at
room temperature for 1 hour. Volumes of 0.5 and 1ml of OCT® were added respectively
after each hour so that ratios of 20% sucrose PBS and OCT® would be 2:1, 1:1 and 1:2
(step 6~8 in Table 2.2). The gels were stored in a refrigerator at 4oC overnight. Following
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overnight infiltration, the liquid solution was aspirated from the 12-well plate, 2mL of
fresh OCT® was added to each gel, and the gels were infiltrated at room temperature for
3 hours. After 3 hours, OCT® was removed, and the 12-well plate was placed in cryostat
in order to freeze the hydrogel at the chamber temperature of -20oC. Simultaneously, a
Peel-A-Way® mold (VWR, South Plainfield, NJ) was filled with a base layer of OCT®
and placed in the cryostat for 30 minutes. A fresh drop of OCT® was placed on the
surface of the base layer. Each sample was systematically removed from the 12-well plate
and transferred to the mold and additional OCT® was added to completely cover the
sample. The mold was shaken gently so that the OCT® would infiltrate the specimen and
encourage air bubbles to rise to the surface. Routine cryosectioning was performed and
8µm sections were collected on positively charged slides.
Table 2.2- The process of adapted infiltration method for collagen gels
Step
1
2
3
4
5
6
7
8
9
10

Solution
Volume
Time
5% sucrose
1ml
1 hr
20% sucrose
0.5ml
30 min
20% sucrose
0.5ml
30 min
20% sucrose
1ml
30 min
o
Gels were stored at 4 C overnight, then the sucrose solution was aspirated.
(20% sucrose, OCT®)
(1ml, 0.5ml)
1 hr
OCT®
0.5ml
1 hr
OCT®
0.5ml
1hr
o
Gels were stored at 4 C overnight, then the sucrose/OCT® mixture was
aspirated.
OCT®
2ml
3 hr

Acellular and cellular collagen sections were either collected, air dried for 30
minutes, and post fixed in Bouin’s solution at 56oC for one hour, or the sections were
collected unfixed using a Paraffin Tape Transfer system (Instrumedics, Inc., Hackensack,
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NJ) by a method developed previously in our laboratory (10). Briefly, the paraffin
transfer tape was prechilled in the cryostat, placed directly onto the face of the sample
block and then rolled with a room temperature roller. The tape strip, with frozen section
adhered, was placed directly on a 4X adhesive coated slide (Instrumedics). After curing
the slide under paraffin tape-transfer UV light (Instrumedics; Hackensack, NJ), the tape
was removed using TPC solvent.

Acellular Alginate Beads
The acellular alginate beads were processed with increasing molarities of calcium
chloride (which is a primary crosslinking reagent for alginate) instead of sucrose because
the calcium chloride better maintains the shape of the alginate bead. The beads were
prepared by adding 0.05M calcium chloride to the beads every 30 min. The ratio of
0.05M and 0.5M calcium chloride was adjusted to 2:1, 1:1 and 1:2 (v/v, Step 2~4 in
Table 2.3). The gels were infiltrated using these ascending molarities of calcium chloride
at room temperature for 30 minutes, and then stored in 0.5M calcium chloride overnight
at 4oC. The calcium chloride was aspirated on the second day. A volume of 1ml of 0.5M
calcium chloride and 0.5ml of OCT® was added to each collagen gel and maintained at
room temperature for 1 hour. Volumes of 0.5 and 1ml of OCT® were added respectively
after each hour so that ratios of 0.5M calcium chloride and OCT® would be 2:1, 1:1 and
1:2 (Step 6~8 in Table 2.3). The alginate beads were then cryosectioned by the same
methods used for the cellular and acellular gels. These samples were air dried for 30
minutes without post fixation in Bouin’s.
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Table 2.3- The process of adapted infiltration method for alginate beads
Step
1
2
3
4
5
6
7
8
9
10

Solution
Volume
Time
0.05M CaCl2
1ml
1 hr
0.5M CaCl2
0.5ml
30 min
0.5M CaCl2
0.5ml
30 min
0.5M CaCl2
1ml
30 min
o
Beads were stored at 4 C overnight, then the CaCl2 solution was aspirated.
(0.5M CaCl2, OCT®)
(1ml, 0.5ml)
1 hr
OCT®
0.5ml
1 hr
OCT®
0.5ml
1hr
o
Beads were stored at 4 C overnight, and then the CaCl2/OCT® mixture was
aspirated.
OCT®
2ml
3 hr

Stains
Rapid Hematoxylin and Eosin (H&E) (Richard-Allan Scientific, Kalamazoo, MI),
modified H&E, Gomori’s one step trichrome, and methylene blue were used to assess the
cryosectioned specimens. Rapid H&E staining was used for cryosections and modified
H&E staining was used for tape transfer sections (Table 2.4). Because the routine H&E
staining process results in background staining of the adhesive-coated slides (8), aqueous
H&E staining was used in the modified H&E staining protocol. The sections were air
dried and coverslipped with permanent mounting medium. Gomori’s one step trichrome
(Poly Scientific, Bay Shore, NY) is a routine stain for collagen. The slides were:
1.

placed in Bouin’s fixative in the oven at 56oC for 1 hour,

2.

washed carefully in distilled water until the yellow color disappeared,

3.

placed in Weigert’s Iron Hematoxylin working solution for 10 min,

4.

washed in water,

5.

placed in Gomori’s one step trichrome solution for 15~20 minutes,
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6.

dipped into 0.5% acetic acid aqueous solution for 2 minutes,

7.

dehydrated in 95% ethanol, absolute ethanol, and xylene (two changes for each),

8.

.maintained in final solution, and

9.

coverslipped with CytosealTM XYL (Richard-Allan Scientific, Kalamazoo, MI).
Table 2.4 Rapid and modified H&E Methods for Cryosectioned Sections

Step

Reagent

Routine H&E

1
2
3
4
5
6
7
8

Hematoxylin
Tap water
Clarifier
Tap water
Bluing
Tap water
95% Ethanol
Eosin

5 min
till clear
10 dips
Till clear
30 sec
till clear
10 dips
45 sec

9
10
11
12
13
14
15

95% Ethanol
95% Ethanol
100% Ethanol
100% Ethanol
100% Ethanol
Xylenes
Xylenes

10 dips
10 dips
10 dips
10 dips
2 min
10 dips
5 min

Modified H&E for
tape transfer
technique
5 min
20 sec
10 sec
10 sec
1 min
10 sec s
10 sec
45 sec (aqueous
Eosin)
10 sec
10 sec
10 sec
10 sec
10 sec
10 sec
10 sec

Rapid H&E for
cryosection
1 min
Till clear

2~3 gentle dips
10 gentle dips
25 sec
10 gentle dips
10 gentle dips
10 gentle dips

A 1% aqueous solution of methylene blue (Fisherchemicals, Fair Lawn, NJ) was
prepared. The acellular alginate specimens were dipped in methylene blue for 10 seconds,
and then washed gently by water till clear. The slides were gently blotted dry, dipped in
xylene, and coverslipped with CytosealTM XYL.
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Results
Infiltration and Sectioning
The goal of this study was to investigate the effect of using modified infiltration
methods on tissue engineering scaffold section quality. The frozen hydrogels shattered
using traditional cryosectioning methods, resulting in voids and artifact (Fig. 2.4). When
sectioned at -20oC, the frozen hydrogels treated with the adapted infiltration method
formed a homogeneous phase with the frozen OCT® so that complete sections were
obtained. The color of the collagen gels changed from orange to white due to exchange
and mixing of the culture medium inside the gel with surrounding cryoprotection solution
and OCT®.
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2cm

(a)

(b)

(c)

(d)

Figure 2.4- The results of cryosectioning with
adapted infiltration method
(a) Collagen gels treated with routine cryosectioning method resulted in sections with
voids (b) Collagen gels treated with the adapted infiltration method produced high quality
sections. The arrow indicates the section of the collagen gel. (c) Alginate beads treated
with routine cryosectioning methods left crumbles on resulting section. (d) Alginate
beads treated with the adapted infiltration method produced integrated sections.

Fixatives and Staining
A summary of the resulting section evaluations is listed in Table 2.5. The nuclei
should be blue, eosinphilic granules should be bright pink to red, and collagen fibers
should be pink in the H&E stain. The results of the H&E stain for collagen gels matched

52

expectations (Fig. 2.5). Using Gomori’s trichrome, the collagen fibers were light green,
and nuclei were blue to dark blue as expected (Fig. 2.5). Post fixation solution was not
applied to the acellular alginate bead sections. When these alginate bead sections were
stained using routine H&E methods, only a few sections remained on the slides (Fig. 2.6),
and the results were not reproducible. Collagen gels and alginate beads sectioned using
the frozen tape technique, resulted in incomplete sections (Fig. 2.7); moreover, sections
were washed off the slides during H&E staining.
Table 2.5- Section Quality for Different Infiltration Methods, Fixatives, and Stains
Sample, fixative, stain
Adapted Infiltration Method
Cellular collagen gel, H&E
Cellular collagen gel, Bouin’s fixative, Gomoris trichrome
Acellular collagen gel, Bouin’s fixative, Gomoris trichrome
Acellular collagen gel, H&E
Acellular alginate beads, methylene blue
Acellular alginate beads, H&E
Acellular alginate beads, frozen tape technique, methylene blue
All samples, frozen tape technique, H&E
Traditional Infiltration Method
All samples, all fixatives, all stains
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Quality
High
High
High
High
High
Low~N/A
Low~N/A
Low~N/A
N/A

(a)

(b)

(c)

(d)

Figure 2.5- The results of Gomori’s trichrome staining the collagen sections
Collagen sections were fixed using Bouin’s fixative. The sections were obtained from
different collagen gels. The sections (a) and (b) were stained by H&E, and (c) and (d)
were stained by Gomori’s trichrome. (Magnification 200X)

54

(a)

(b)

(c)

(d)

Figure 2.6- The results of H&E staining of alginate beads (a) Discontinuous sections of
alginate bead were obtained using traditional infiltration methods. (b), (c) and (d) were
sections obtained from different alginate beads treated by the adapted infiltration method.
(b), (c) were stained with methylene blue, and (d) stained by rapid H&E.
(Magnification 100X)
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Figure 2.7- The sections of alginate beads
Sections of alginate beads were obtained using the frozen tape technique and stained with
methylene blue. (Magnification 100X)

Discussions
The goal of this study was to improve the cryosectioning quality of hydrogels. A
microscope slide deemed adequate for histological examination should retain and
preserve the characteristics of the original samples. The key to obtaining high quality
histological sections is to use an appropriate embedding medium to support the specific
sample and allow complete infiltration of embedding medium throughout. The main
composition of a hydrogel is, by definition, water. Water molecules form a unique
tetrahedral structure when water transforms into ice at the cryosectioning temperature,
and this highly ordered arrangement of the water crystals results in the brittle properties
of frozen hydrogels. As a result of this structure, frozen hydrogels are often shattered
during sectioning. The main components of OCT® are polyvinyl alcohol (PVA) and
polyethylene glycol (PEG). The blend of PEG and PVA not only behaves as an anti-
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freeze reagent but also forms a semi-amorphous structure at -20oC. As a result of this less
orderly structure, the OCT® block has more elasticity than ice and thus minimizes
shattering effects.

Additionally, the PEG component behaves as a plasticizer and

prevents fracturing and cracking during the cryosectioning process (11).
Tissue engineering is the development of biologically based materials for defect
tissue replacement and generally involves the combination of cells and biocompatible
materials. The materials are fabricated into scaffolds and serve as temporary templates on
which cells will form tissue. Once implanted, the biomaterials absorb or remodel, leaving
only a biological tissue. Therefore, in order to create viable tissue engineered devices, it
is crucial to investigate cell-scaffold interaction using histological techniques. Several
histological techniques, including paraffin, Caroplastic® (Carolina Biological Supply
Co.; Burlington, NC) , and Technovit 7100® (Kulzer; Hanau, Germany) have been
evaluated in our laboratory for the purpose of assessing hydrogel scaffolds (12).
Embedding in Technovit 7100® results in better sectioning of hydrogels due to the
hydrophilicity of glycol methacrylate (GMA). Compared with GMA, OCT® is also
highly hydrophilic. OCT® can diffuse into cells and hydrogels without using a
dehydration process; because alcohols and xylenes and heat treatment are not used in
OCT® embedding, cryosectioning is superior in maintaining the morphology of the
hydrogels and cells. OCT® is too viscous to penetrate the porous structure of many
scaffolds. Thus, without modification to the OCT®, the hydrogel structural integrity is
not maintained during sectioning. By diluting the OCT® with the PBS sucrose solution,
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the viscosity is sufficiently reduced to allow maximum infiltration while maintaining
cryoprotection.
Fixatives also played an important role in this histological study of hydrogels, due
to the high hydrophilicity of OCT®. GMA assists in attaching the sections to the slides;
of note is that the collagen gel sections post fixed in Bouin’s displayed higher adherence
to the slides. The 10% NBF fixed collagen gel sections and the unfixed alginate bead
sections detached from slides at random during H&E staining. Unlike GMA, after
cryosections were adhered to slides, the OCT® melted immediately at room temperature.
Later, when stained with aqueous stains such as hematoxylin, the OCT® was washed
away instantly. Since the hydrogel sections contained large amounts of OCT®, the
unfixed sections were separated from the slides, regardless of slide type, after the multi
step aqueous staining process.
Conclusions
The adapted infiltration method appears to improve cryosectioning of alginate and
collagen hydrogels. Ascending concentration of freezing embedding medium diffusing
into hydrogels can render the hydrogel/OCT® mixture homogeneous, so that the
hydrogels can be sectioned and high quality sections obtained.
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CHAPTER THREE
IN VITRO REGULATION OF ADIPOGENESIS

Background
Autologous fat tissue transplantation is a ubiquitous clinical therapy for soft tissue
reconstruction but has limitations including post-implantation reduction in graft volume,
lack of integration of the implanted cells, as well as a low ex vivo cellular proliferation
rate necessitating retrieval of large tissue volumes to correct large volume defects [1, 2].
To address these issues, autologous cells may be combined with implantable absorbable
polymeric templates to facilitate the natural repair and reconstruction of fat tissues
following procedures such as mastectomies and cosmetic correctional surgeries. The
templates provide a dynamic surface to which anchorage-dependent cells may attach.
Once implanted, a template slowly absorbs, while directing the cells to form the
appropriate new tissue structures, thus resulting in “engineered tissue”.

Adipogenic

progenitor cells may be used in adipose tissue engineering as they, in theory, may be
readily expanded in vitro and are capable of differentiation to adipocytes with the
appropriate stimuli.

Hence a common strategy is to culture preadipocytes on

biocompatible materials in order to investigate the potential for adipose tissue
engineering [1, 3, 4]. The optimal in vitro cultivation time of a cellular template is
unknown and is application specific; i.e., the correlation between maturation level of
cellular templates at implantation and tissue survival long term post implantation is not
well understood. It is clear, however, that the ability to control stem cell differentiation
in vitro will be key in ensuring long term tissue viability.
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The biomaterial template can be carefully crafted to influence cellular behavior to a
certain degree; however, a new co-culture method that enables the stem cells to readily
turn “off” or “on” the cell differentiation process is reported here. This method may
enable scientists to tune stem cell-based regenerative medicine therapies in vitro so that
the implanted cellular templates are more effective. It is well known, for example, that
adipocytes grown in two dimensional culture will rapidly dedifferentiate with passage,
even in the presence of adipogenic inducers, perhaps due to culture surface-induced
density changes in insulin/insulin-like growth factor adipocyte receptors; thus, attention
has shifted to stem cell expansion. Human bone-marrow derived mesenchymal stem cell
(MSCs) may have use in adipose regeneration; however the low number of MSCs in bone
marrow and the high cell number needed in clinical application mandate new methods of
maintaining the differentiation potential of MSCs in vitro [5-7]. Investigators have found
that by allowing MSCs to proliferate on extracellular matrix (ECM)-coated substrates the
differentiation potential of MSCs may be preserved [2, 8, 9]; however, an innovative
method to expand the mesenchymal stem cell population rapidly and preserve its
differentiation function is still needed. Several kinds of herbal extracts have been shown
to inhibit the differentiation of 3T3-L1 mouse pre-adipocytes, but the extracts likely also
inhibit proliferation. Further, the capacity of the cells to redifferentiate after removal of
the inhibitory factors was not investigated [10, 11].
Adipocytes and epithelial cells play vital roles in normal and carcinomatous states of
the breast through paracrine and endocrine effects of secreted cytokines. Interaction
between stromal and cancer cells is critical for cell growth and invasion. It has been
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suggested that mature adipocytes affect the growth and migration of estrogen-positive
carcinoma epithelial cells [12]; meanwhile, the adipogenesis of primary human adipose
fibroblasts and 3T3-L1 cells are inhibited by cells from various breast cancer lines [13].
In spite of the fact that adipocytes are abundant in the breast, studies have been conducted
largely to investigate how epithelial cells affect the biological behavior of breast
adipocytes, due to the limited culturing capacity of mature adipocytes [12]. Since the
described co-culture method can be used to control the proliferation and differentiation of
multipotent stem cells, it may be possible to establish a novel in vitro engineered tissue
model for breast cancer research.
Normal mammary development requires a progressive remodeling of the mammary
fat pad as ducts expand and ramify amidst the surrounding stromal tissues. During the
process of ductal expansion and alveolar development, stromal adipocytes dedifferentiate and become quiescent to allow parenchymal expansion, particularly during
acute periods of alveolar development such as gestation or luteal phases of the menstrual
cycle. During mammary involution, the stromal adipocytes rapidly re-fill with lipids and
become more prominent in the gland.

Such interactions between the mammary

parenchymal and stromal compartments have been well documented. The rationale for
the described co-culture studies was to leverage existing biological relationships that
govern adipocyte development, differentiation and de-differentiation to control the
expansion of pre-adipocytes in culture. The guiding hypothesis was that treatment of
mammary epithelial cells with lactogenic hormones would promote signaling cascades
similar to those that operate during alveolar development. Regulatory molecules released

63

by the epithelial cells into culture media would then act to modulate the expansion of
MSC populations.

D1 Cells Co-cultured with MAC-T Cells
Background
Adipocytes and epithelial cells largely compromise the stromal tissue in breast
tissue. These stromal cells play vital roles in normal and carcinomatous states of breast
through paracrine and endocrine effects of secreted cytokines [13-16]. D1 cell line, a
multipotent mouse bone marrow stromal precursor, can differentiate into osteoblasts,
chondrocytes, and adipocytes by receiving appropriate stimuli. In this study, D1 cells
were co-cultured with MAC-T mammary gland epithelial cells directly within collagen
gels in transwells and were maintained with adipocyte inducer cocktail medium.
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Methods and Materials
Cell Culture Methods
The amount of 20% initial confluence of D1 cells were co-cultured with MAC-T
cells that were maintained within collagen gels in transwells (106 of MAC-T cells within
one collagen gel) in 12-well plate. D1 and MAC-T cells were initially maintained in
Dulbecco's Modified Eagle Medium that contained 10% FBS (ATCC), 1% antibioticantimycotic (Gibco/Invitrogen) and 0.2% fungizone (Gibco/Invitrogen). When the D1
cells were confluent (on day 5~6), the culture medium was replaced with adipocyte
differentiation medium. The adipocyte differentiation medium contained 10% 3-isobutyl1-methylxanthine

(Sigma-Aldrich),

1%

bovine

insulin

(ATCC)

and

0.02%

dexamethasone (Sigma-Aldrich). Adipocyte differentiation medium was changed every
2~3 day. Oil Red O staining was performed on day 12 and 18 to observe the lipid
accumulation. D1 cells cultured on 12-well cell-culture plate (Corning, INC) along with
the same culture conditions were the control groups.

The collagen gel contained 106 MAC-T
cells. D1 initial confluence was 20%. All
experimental samples were tested in
triplicate.

Collagen gel
MAC-T cells

D1 cells
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Transwell insert

Cell Morphology
Images of D1 cells were captured every day using an Axiovert 135 inverted
microscope (Zeiss, Germany), Image-Pro 5.0 software (Media Cybernetics, Silver Spring,
MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama,
Japan). All cellular images were photographed using a 32X objective.

Oil Red O Staining
After the D1 cells washed with PBS, they were fixed in 12-well plate with 2mL
10% formalin for 4hours at least. During the fixation, Oil Red O (ORO) stock solution
was prepared. The ORO stock solution was prepared with 0.05g of ORO powder (SigmaAldrich) to 10ml of isopropanol (Sigma-Aldrich), stirred to dissolve, and filtered. Three
parts of ORO stock solution was mixed with 2 parts of DD-water to prepare the ORO
working solution, and left in room temperature 30 minutes before used. Volume of
500µL of working solution was added to each well at least for 15~30 minutes. All
cellular images were photographed using a 32X objective.
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Results
Cellular Image

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.1- The cell morphology of D1 cells cultured with MAC-T cells
Control and co-cultured D1 cells all reached confluent on day 6 (Fig. a, c). On day 11,
both groups of D1 cells had been maintained with adipogenic differentiation medium for
5 days. Lipid vesicles accumulated in control D1 cells (Fig. b), and cell morphology was
in round shape; meanwhile, co-cultured D1 cells maintained the fibroblast-like
morphology instead of the cobble-stone morphology in control group. The image of
MAC-T cells spreading within collagen gels or on the bottom of transwell were
photographed on day 6 (Fig. e) and day 11 (Fig. f). The pictures were photographed at
total magnification of 320X.
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Oil Red O Staining

(a)

(b)

Figure 3.2- The results of ORO staining of D1 cells treated with adipogenic cocktail and
co-cultured with MAC-T cells
Oil Red O is a lysochrome (fat soluble dye) predominantly demonstrating triglyceride.
After control D1 cells stained by ORO stain, abundant red lipid vesicles were visible
within the cell membrane (a). For co-cultured D1 cells, only small amount of lipid
vesicles were seen (b). The pictures were photographed at total magnification of 320X.

D1 Cells Cultured in MAC-T Conditioned Medium
Methods and Materials
Cell Culture Methods
The amount of 20% confluence of D1 cells cultured in 12-well plate divided into 2
groups, treated (DM) and untreated (DC). After D1 cells reached confluence, DC was
maintained in adipocyte differentiation medium. DM was maintained in the conditioned
medium (DMEM-C) that was composed of one part of DMEM and one part of MAC-T
conditioned medium. These two groups were maintained the same amount of adipogenic
hormones till the endpoint of study.
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Cell Morphology
Images of D1 cells were captured every day using an Axiovert 135 inverted
microscope (Zeiss, Germany), Image-Pro 5.0 software (Media Cybernetics, Silver Spring,
MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama,
Japan). All cellular images were photographed using a 32X objective.

Oil Red O Staining
After the D1 cells washed with PBS, they were fixed in 12-well plate with 2mL 10%
formalin for at least 4hr. During the fixation, Oil Red O (ORO) stock solution was
prepared. The ORO stock solution was prepared with 0.05g of ORO powder (SigmaAldrich) to 10ml of isopropanol (Sigma-Aldrich), stirred to dissolve, and filtered. Three
parts of ORO stock solution was mixed with 2 parts of DD-water to prepare the ORO
working solution, and left in room temperature 30 minutes before used. Volume of
500µL of working solution was added to each well at least for 15~30 minutes. All
cellular images were photographed using a 32X objective.
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(a)

(b)

(c)

(d)

Figure 3.3- The results of D1 cells treated with adipogenic cocktail and MAC-T
conditioned medium
The pictures of cell morphology were taken on day 11. There were mature adipocytes
with abundant lipid droplets found in the untreated D1 cells (a). Treated D1 cells cultured
in DMEM-C had no mature and visible adipocytes (b). The results of ORO staining
indicated the same information (c and d).

Conclusions
Based on the results of cell morphology and ORO stain, the adipogenesis of D1
cells might be inhibited by MAC-T cells, since no mature adipocyte was found in the cocultured group, neither in the group of D1 cells maintained in MAC-T conditioned
medium. MAC-T cells might affect the adipogenesis of mouse bone marrow stem cells.
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For the procedures of ORO staining, we tried two kinds of solvents of ORO staining in
this study, isopropanol and propylglycerol. It is easy to prepare ORO working solution
with isopropanol, since it is not necessary to heat the solution. Propylglycerol-ORO
working is prepared at 95oC, and cooled down overnight before used. PropylglycerolORO working solution can stain the adipocytes longer than isopropanol-ORO solution,
but isopropanol-ORO solution has less background staining.

D1 Cells Cultured with Various Portions of MAC-T Conditioned Media
Background
This study is to observe how MACT conditioned medium affect the proliferation
and differentiation of D1 cells. From previous studies, the proliferation and
differentiation of D1 cells seem to be inhibited by MACT cells or 50% of the MAC-T
conditioned medium. In this study, we cultured D1 cells within culture media that
contained 10%, 25% and 50% of MAC-T conditioned medium. If MAC-T conditioned
medium is able to inhibit the adipogenesis of D1 cells, it is crucial to find the optimal
concentration that is not only to inhibit the adipogenesis, but also to cell proliferation.

Methods and Materials
Cell Culture Methods
The amount of 20% confluence of D1 cells cultured in 12-well plate divided into
4 groups, cells maintained in 10% of MAC-T conditioned medium, 25%, 50% and
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control as plain DMEM. After D1 cells of all groups reached confluence, the same
amount of adipogenic hormones were added to medium..

Cell Morphology
Images of D1 cells were captured every day using an Axiovert 135 inverted
microscope (Zeiss, Germany), Image-Pro 5.0 software (Media Cybernetics, Silver Spring,
MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama,
Japan). All cellular images were photographed using a 32X objective.

Lipid Production
The amount of lipid produced by the D1 cells was determined using a
differentiation assay protocol developed by Zen-Bio, Inc (Culture Human Adipocyte
Differentiation Assay Kit, Zen-Bio, Inc., Research Triangle Park, NC). Treated and
untreated cells were washed with 1 mL of Dulbecco’s PBS. Twelve wells were assessed
per time point, three wells per treatment. The PBS was aspirated, and the cells were
subjected to three freeze-thaw cycles, then rinsed in 1ml of 1% Triton®-X-100 solution
(Sigma), and incubated for 30 minutes at room temperature. Glycerol standard solution
(Sigma) was loaded into a 96-well plate in aliquots ranging from 0µm to 200µm. Next,
triplicate mixtures of 100µl of cellular lysate and 100µl of triglyceride reagent (Thermo
Electron Corp., Melbourne, Australia) were prepared. The 96-well plate was incubated
for 15 minutes at room temperature, and the absorbance of sample aliquots and standards
curve was detected at 490 nm (Dynex Technology, Chantilly, VA)
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Results and Conclusions
Cell Morphology

(a)

(b)

(c)
(d)
Figure 3.4- The results of D1 cells treated with various portions of MAC-T conditioned
medium
D1 cells cultured in 10% (a), 25% (b), 50% (c) of conditioned medium and control (d)
were photographed on day 12. For 10%, 25% and control groups, adipocyte-like cell
morphology and lipid accumulation was found. D1 cells maintained in MAC-T
conditioned medium still had the fibroblast-like morphology. In Figure 3.5, it showed the
results of triglyceride determination assay. D1 cells cultured in 10%, 25% of MAC-T
conditioned medium and DMEM had higher triglyceride production than in 50% of
MAC-T conditioned medium. In this study, cell morphology was not photographed on
Day 17, since the cell monolayer started folding from the edge. It sometimes happens
when D1 cells have been cultured for 17~21 days. During this period of cultivation, some
adipocytes might detach from the cell monolayer due to the buoyancy of lipid. That is the
reason why triglyceride production descended when cells had been maintained longer in
adipocyte differentiation medium.
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Fig. 3.5- Triglyceride production of D1 cells cultured in various portions of MAC-T
conditioned media
Triglyceride production of control, 10%, 25% and 50% group was higher than the group
of 50%. Bars with different letters are significantly different (n=3, factorial ANOVA,
p<0.05).

The results of cell morphology and triglyceride production indicated that the
culture medium contained 50% of MAC-T conditioned medium had the highest
adipogenesis-inhibited effect.

D1 Cells Cultured in Various Conditioned Medium
Background
From previous studies, we found MAC-T conditioned medium has the potential to
inhibit the differentiation of D1 cells into adipocytes. Before we investigate this
phenomenon deeper, we should conduct a study to prove the inhibition effects that come
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from MAC-T cells, not from other cell culture microenvironments such as acidity, low
serum starvation and nutrition shortage in conditioned medium.

Methods and Materials
Cell Culture Methods
The amount of 20% confluence of D1 cells cultured in 12-well plate divided into 5
groups treated by 5 kinds of culture medium. The groups of SF-CM, PBS-CM and DMCM were used to investigate if serum starvation, nutrition storage and acidity of culture
medium affect adipogenesis of D1 cells. After D1 cells reached confluence, the same
amount of adipogenic cocktail was added to each well. These 5 groups were maintained
the same amount of adipogenic hormones till the endpoint of study.

DMEM-C
1ml MM
+
Control D1 1ml CM
2ml CM

CM: DMEM
MM: MAC-T conditioned medium
SF: Serum free medium
DM: D1 conditioned medium

PBS-CM
1ml PBS
+ 1ml
CM

SF-CM
1ml SF
+
1ml CM

2 plates were prepared (see layout on right
The initial cell confluence was 20% in
each well. There were other two 12-well
plates used to culture D1 cells that were
maintain in one part of CM and one part
of DM.

Cell Morphology
D
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C

B

A

Images of D1 cells were captured every day using an Axiovert 135 inverted
microscope (Zeiss, Germany), Image-Pro 5.0 software (Media Cybernetics, Silver Spring,
MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama,
Japan). All cellular images were photographed using a 32X objective.
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a)

b

(c)

(d)

(e)
Figure 3.6- The results of D1 cells cultured in various culture media
After treating D1 cells in SF-CM (a), PBS-CM (b), DM-CM (c), DMEM (d) and DMEMC (e) and adipogenic cocktail for 5 days, there were no visible adipocytes in the D1 cells
maintained in DMEM-C. In the groups of SF-CM, PBS-CM and DM-CM, the adipocytelike cell morphology and lipid accumulation was found. D1 cells cultured in these three
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culture media differentiated into adipocytes that did not look as healthy as D1 cells in
control group. The morphology of differentiated D1 cells in these groups looked alike
between round mature adipocytes and cobble-stone confluent D1 cells. The culture
environment would affect the level of differentiation of D1 cells, but not able to inhibit
the differentiation. Based on the results of this study, the inhibitory effects of
adipogenesis should come from MAC-T cells.

Adipogenesis of D1 Cells is Inhibited in MAC-T Conditioned Medium and Reversed
in Adipogenic Differentiation Medium
Background
A major clinical challenge in creating a tissue engineered medical implant is the
ability to expand cells biopsied from the patient to obtain a clinically relevant cell
volume. A common tissue engineering strategy involves the culture of autologous
progenitor cells on biomaterials to form an implantable cellular device.

However,

autologous progenitor cells often lose their differentiation potential during the expansion
process.

The acute regulation of mammary tissue expansion in vivo through local

modulation of connective tissue suggests that the parenchymal – stromal interactions are
crucial to develop tissue ex vivo. To better understand cellular behavior in co-culture in
2-D systems, mesenchymal stem cells were treated with mammary epithelial cell
conditioned medium and assessed for cell proliferation, lipid production and
morphological changes over a 17-day culture period. The results showed that bovine
epithelial cells are able to inhibit mesenchymal stem cell differentiation, even in the
presence of adipogenic cocktail. The inhibitory effect is reversible, thus potentially
providing a mechanism for “tuning” a cell-based device prior to implantation. Further
studies found that there were significantly higher presences of urokinase plasminogen
activator (uPA) and plasminogen activator inhibitor 1 (PAI-1) in the MAC-T conditioned
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medium compared with murine mammary epithelial cell (NMuMG) conditioned medium
that was not able to inhibit adipogenesis of D1 cells in this study. Mouse mesenchymal
stem cells are able to proliferate and maintain their differentiation potential in bovine
epithelial conditioned medium. The long term implication is that new culture mediums
may be developed that allow the rapid, clinical expansion and differentiation or dedifferentiation of cells for regenerative medicine applications.

Methods and Materials
Study 1: Assessment of Effect of Epithelial Conditioned Medium on Mesenchymal
Stem Cells
Cell Culture
The D1 cells (multipotent mouse bone marrow stromal precursors) were maintained
in MAC-T treated (bovine mammary gland epithelial cells) and untreated culture for 17
days. The D1 cells in both groups were seeded at a density of 20% (of total surface area)
in 12-well plates (Corning Inc.), and cultured at 37oC and 5% CO2. The culture medium
in both groups was changed every 2 to 3 days. After 6 days, the control D1 cells were
cultured in DMEM with an adipogenic cocktail. Control D1 cells (passage 26) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (ATCC, Manassas, VA).
Each 500 milliliters (mL) of DMEM was supplemented with 50 mL of fetal bovine serum
(FBS) (ATCC), 5 mL of antibiotic/antimycotic (AA) (Gibco/Invitrogen, Grand Island,
NY), and 1 mL of fungizone (Gibco/Invitrogen). The treated D1 cells were cultured in
DMEM-C that was composed of one part of DMEM with one part of MAC-T
conditioned medium. The MAC-T conditioned medium was collected every 2~3 days
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from confluent MAC-T cells cultured in T-75 flasks (Corning, INC., Corning, NY); the
medium was stored at 4oC before use. The D1 cells reached confluence after six days,
after which time the culture medium was replaced with adipocyte differentiation medium.
The adipocyte differentiation medium contained 10% 3-isobutyl-1-methylxanthine (1ml
IBMX/10ml DMEM; Sigma-Aldrich, St. Louis, MO), 1% bovine insulin (100 µl/10ml
DMEM; Sigma-Aldrich) and 0.02% dexamethasone (2 µl/10ml DMEM; Sigma-Aldrich).
The D1 cells were harvested on Days 11 and 17.

Cell Proliferation
Control and treated D1 cells were harvested on Days 2, 4, 6 and 8, rinsed with PBS
and frozen at -80oC for analysis of cell proliferation. The cell number was determined
using a Picogreen® dsDNA Quantification Kit (Molecular Probes, Eugene, OR) and a
multi-detection microplate reader (Molecular Device, Sunnyvale, CA). Briefly, samples
were thawed and frozen three times in 1X TE buffer. In order to enhance the rupture of
cell membrane, a scrapping tool (i.e. a pipette tip) may be used. Picogreen working
reagent was diluted 200 times from picogreen stock solution using 1X TE buffer. The
volume of 100µl of picogreen working solution was mixed with 100µl of cell lysate and
dsDNA standard samples in a 96-well plate. The plate was incubated 2~5 minutes at
room temperature after shaking gently. During incubation, the plate should be protected
from light. Finally, the plate was read using the multi-detection microplate reader at 480
(excitation) and 520nm (emission).
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Cellular Characterization
Images of D1 cells were captured every day using an Axiovert 135 inverted
microscope (Zeiss, Germany), Image-Pro 5.0 software (Media Cybernetics, Silver Spring,
MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation, Yokohama,
Japan). All cellular images were photographed using a 32X objective.

Lipid Production
The amount of lipid produced by the D1 cells was determined using a differentiation
assay protocol developed by Zen-Bio, Inc (Culture Human Adipocyte Differentiation
Assay Kit, Zen-Bio, Inc., Research Triangle Park, NC). Treated and untreated cells were
washed with 1 mL of Dulbecco’s PBS. Six wells were assessed per time point (11 days
and 17 days), three wells per treatment. The PBS was aspirated, and the cells were
subjected to three freeze-thaw cycles, then rinsed in 1ml of 1% Triton®-X-100 solution
(Sigma), and incubated for 30 minutes at room temperature. Glycerol standard solution
(Sigma) was loaded into a 96-well plate in aliquots ranging from 0µm to 200µm. Next,
triplicate mixtures of 100µl of cellular lysate and 100µl of triglyceride reagent (Thermo
Electron Corp., Melbourne, Australia) were prepared. The 96-well plate was incubated
for 15 minutes at room temperature, and the absorbance of sample aliquots and standards
curve was detected at 490 nm (Dynex Technology, Chantilly, VA).
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Statistical Analysis
Statistical significance was assessed using a factorial analysis of variance
(ANOVA), and a two-tailed LSD test (SAS 9.0 for Windows; SAS, NC). The picogreen
dsDNA assay and the triglyceride determination assay are both destructive assays. Cell
lysate samples were collected from different culture wells at different time points; thus,
factorial ANOVA was suitable to compare cell number and triglyceride production in
control and experimental groups at several time points.

Histology
Six wells were assessed for lipid per time point (11d and 17d), three wells per
treatment. The lipid produced by the differentiated D1 cells was stained with Oil Red O.
A stock solution of Oil Red O (0.5g in 100 mL of isopropanol) was prepared and passed
through a 0.22µm filter. To prepare the working solution, 6mL of Oil Red O stock
solution was mixed with 4 ml of distilled water and filtered prior to use. Cells were fixed
in 10% neutral formalin buffer for 1 hour, washed with distilled water, and then stained
with 500µL of Oil Red O working solution for 20 minutes at room temperature. The
histological images were photographed at an objective magnification of 32X.

Western Blot
All cell samples were lysed on day 17 and 20. Equal amounts of protein extracts of
each sample were loaded to electrophoresis on SDS-PAGE gels, to transfer to
polyvinylidene difluoride (PVDF) membranes, and finally to western blot analysis using
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chemiluminescence (Roche Diagnostics, IN). Primary anti-bodies included: goat antimouse actin (diluted ratio 1:200, sc-1616, Santa Cruz Biotechnology, Santa Cruz, CA)
and goat anti-mouse aP2 (1:200, sc-18661). The secondary anti-body was HRP-donkey
anti-goat IgG (1:5000, sc-2020). The detailed procedure of western blot used in this study
was attached in Appendix A.

Study2: Assessment of Cells Following Removal of Treatment
After 11 days in culture, the untreated D1 cells were maintained in DMEM-C with
or without adipogenic cocktail; the treated D1 cells were maintained in DMEM with
adipogenic cocktail.

Differentiation
In order to investigate how the stromal cells from different species affect the
adipogenesis of D1 cells, a preliminary study was conducted in which NMuMG
conditioned medium was applied to D1 cells in the same fashion as in the DMEM-C cell
study.

ELISA
ELISA kits purchased from AssayPro (Brooklyn, NY) were used to compare the
urokinase plasminogen activator (u-PA) and plasminogen activator inhibitor-1 (PAI-1)
secreted from two cell lines – a mouse mammary epithelial cell line (NMuMG) and a
bovine mammary epithelial cell line (MAC-T). The assay was performed according to
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the manufacturer protocol. Briefly, cells were seeded at 1× 105/ml on 12-well plates, 1.5
ml medium per well. When the cells reached confluence, the culture medium was
replaced with serum-free DMEM. The two types of conditioned medium were collected
at 24, 48 and 72 hours. Three wells were assessed for u-PA and PAI-1 per time point
(24h, 48h, and 72h) for each of the two treatments.

The conditioned media were

centrifuged at 2,000 × g for 10 min to remove cellular debris, and the supernatants were
collected. A volume of 50µl of sample was added to each well and covered for two
hours. The wells were washed 5 times with 200µl of wash buffer and the plates were
inverted to decant the contents, and tapped 4-5 times on an absorbent paper towel to
complete remove liquid at each step. An amount of 50µl of biotinylated u-PA or PAI-1
antibody was added to each well and incubated for 30 minutes, and then washed as
described above. Subsequently, 50µl of streptavidin-peroxidase conjugate was added to
each well and incubated for another 30 min, and then washed as detailed above. Next,
50µl of chromogen substrate was added to each well and incubated for approximately 10
minutes. The plate was tapped gently to ensure mixing thoroughly and bubbles in each
well were broken with a pipette tip. Finally, 50µl of stop solution was added to each
well. The color changed from blue to yellow, and the absorbance was read immediately
on a microplate reader at 450 nm.

Results
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Assessment of Effect of Epithelial Conditioned Medium on D1 Murine
Mesenchymal Stem Cells
This flowchart illustrates the timeline of studies to investigate the inhibitory
effects of epithelial conditioned medium on D1 murine mesenchymal stem cells.

Control cells (Fig. 3.7a) were maintained in adipogenic induction media, per
standard procedures. All cells appeared similar in morphology on initiation of the study
(Fig. 3.7, Panels a, d, g), but quickly developed divergent morphologies. Treated stem
cells, acquired from the D1 mouse mesenchymal stem cell line, were cultured with
medium conditioned by exposure to MAC-T cells (Fig. 3.7g), an immortalized line of
bovine mammary epithelial cells, or with medium conditioned by exposure to normal
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murine mammary epithelial cells (NMuMg cells; Fig. 3.7d) on Day 1. After six days in
culture, both control cells and cells treated with medium conditioned by exposure to
NMuMg cells reached confluence and were arranged in a predominantly “cobblestone”
pattern with a nearly uniform presentation of a rounded cell profile (Fig. 3.7e). Cells
cultured in MAC-T conditioned medium also reached confluence, but maintained an
elongated, fusiform appearance through even 11 days of culture (Fig. 3.7h, Fig. 3.7i).
Control D1 cells (Fig. 3.7b, Fig. 3.7c), and cells treated with NMuMg conditioned
medium (Fig. 3.7e, Fig. 3.7f) differentiated into mature adipocytes with visible lipid
deposition during the same culture time. In both control and NMuMg-medium treated
cells, lipid vesicles accumulated in a perinuclear zone and continued to expand with
extended time in culture. Lipid vesicles were only very rarely observed in MAC-Tmedium treated cells, and the observed vesicles tended to be rather diminutive compared
to the vesicles observed in other cultures.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 3.7- The morphology of D1 cells maintained within various culture media during
11-days cultivation period
The morphology of D1 cells maintained within regular DMEM (a, b and c), NMuMg
conditioned medium (d, e and f) and MAC-T conditioned medium (g, h and i). The
pictures were photographed on Days 1, 6 and 11 at the total magnification of 320X.

Cell Proliferation
Cell number in the cultures treated with MAC-T conditioned medium was
significantly greater than that in the control cultures after 2, 4, and 8 days of culture (Fig.
3.8; n=3 per group, factorial ANOVA, p<0.001). The results of cellular imaging and
picogreen assay confirm that the D1 cells proliferate in the MAC-T conditioned medium.
Bars with different letters are significantly different.
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Figure- 3.8- The results of picogreen dsDNA assay of D1 cells.
Bars with different letters are significantly different (n=3, p<0.001, factorial ANOVA).

Lipid Production
Control cells (DC) had significantly higher triglyceride content than the MAC-Tmedium treated cells (DM) after 11 and 17 days of culture (Fig. 3.9, n=3 per group,
factorial ANOVA, p<0.05).

The amount of lipid in the treated cultures was not

significantly different on Day 11 than on Day 17 of culture. Bars with different letters are
significantly different.
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Figure 3.9- The results of triglyceride determination assay of D1 cells
Bars with different letters are significantly different (n=3, p<0.05, factorial ANOVA).

89

Western Blot
aP2, an adipocyte-specific fatty acid binding protein is expressed in terminal stage
of adipocyte differentiation. Three groups of D1 cells in culture, DM, DC and DN (D1
cells cultured in regular DMEM without adipogenic cocktail) as negative control, were
lysed on Day 17 and 20 for western blot analysis. In these protein extracts, only DC17
and DC20 showed the aP2 bands (Fig. 3.10).

DM17

DN17 DC17 DM20 DN20

DC20

Actin
aP2
Fig. 3.10- The results of western blot of D1 cells
Adipocyte-specific protein, ap2, expressed in control D1 cells only.

Study 2: Reversibility of Adipogenic Suppression

Lipid Production
As noted in the description of results for the first study, cells cultured with MAC-T
conditioned medium for 11 days (Fig. 3.11a and b for ORO stain) failed to develop
significant lipid vesicle inclusions, even with the addition of an adipogenic cocktail after
6 days of culture.

Control cells maintained in untreated medium, with adipogenic

cocktail added after 6d, again produced abundant lipid vesicle inclusions at Day 11 (Fig.
3.11c and d for ORO stain).
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(a)

(b)

(c)

(d)

Figure 3.11- The results of ORO staining of D1 cells
D1 cells treated with MAC-T conditioned medium (a and b), and regular adipogenic
cocktail (c and d).

Substitution of the MAC-T-conditioned medium with standard adipogenic medium
in treated cultures resulted in the formation of mature, adipocytes six days after the
conditioned medium was replaced with DMEM with adipogenic hormones. D1
morphology was largely fusiform, and well organized lipid vesicles appeared in a
perinuclear zone as confirmed by Oil Red O analysis (Fig. 3.12a and 3.12b for ORO
stain).

Control cells maintained in adipogenic medium through Day 11 and then

maintained in adipogenic MAC-T-conditioned medium from Day 11 through Day 17
displayed abundant lipid vesicle inclusions through the end of the 17 day culture period,
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as confirmed by Oil Red O analysis (Fig. 3.12c and 3.12d for ORO stain). Cell
morphology in the control cultures was more heterogeneous and lipid vesicles were more
randomly distributed throughout the cells.

(a)

(b)

(c)

(d)

Figure 3.12- Inhibited D1 cells were redifferentiated
After the removal of MAC-T conditioned medium, the inhibited D1 cells were
redifferentiated in adipocytes (c and d) as the control culture (a and b).

D1 cells cultured in MAC-T-conditioned medium produced lipid after the
conditioned medium containing adipogenic hormones was replaced with DMEM
containing adipogenic hormones (Fig. 3.13). After only 6 days without MAC-T
conditioned medium, treated D1 cells (DMR) increased lipid production three-fold, from
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7.8 ± 0.4 to 30.8 ± 1.2 (µM) (mean ± standard deviation). Control cultures (DR) only
doubled their lipid content over the same period, from 15.5 ± 2.5 to 49 ± 3.3 (µM). The
untreated D1 cells still produced lipid even no adipogenic hormones were added in
culture medium after Day 11 (DRC).

Figure 3.13- Inhibitory effect of MAC-T conditioned medium on D1 cells is reversible
The results showed a three-fold increase in triglyceride production following removal of
conditioned medium as compared to the doubling associated with control cultures. Bars
with different letters are significantly different (n=3, factorial ANOVA, p<0.05)

Conditioned Media Components
The preliminary enzyme-linked immunosorbent assay (ELISA) results showed a
significantly higher presence of urokinase plasminogen activator (uPA) in the MAC-T
conditioned cultures compared with that in the mouse mammary epithelial conditioned
cultures. Media concentrations of plasminogen activator inhibitor 1 (PAI-1) were also
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increased in cultures treated with MAC-T conditioned medium, compared to control
cultures, or cultures treated with NMuMg-conditioned medium (Table 3.1).
Table 3.1- Comparison of Species Effect on D1 Differentiation -ELISA Results
(n=3, average ± standard error)
Cell
uPA (ng/ml)
24h
48h
72h
lines
MAC-T 1.74±0.16 1.74±0.02
1.82±0.02
NMuMG Too low
Too low
Too low

24h
0.07±0.002
0.05±0.004

PAI-1 (ng/ml)
48h
72h
0.12±0.0002 0.18±0.02
0.05±0.01
0.06±0.02

Conclusions and Discussions
In vivo, interactions between stromal and parenchymal tissue elements of the
mammary gland modulate the differentiation of each respective tissue type.

Thus,

conditioned media from epithelial cells could be used to treat pre-adipocytes to control
differentiation. Medium conditioned by MAC-T cells effectively blocked pre-adipocyte
differentiation, even in the presence of adipogenic hormones. The inhibition effect was
induced by the MAC-Ts and was not due to the influence of serum starvation, nutrition
shortage, or the acidity of MAC-T conditioned medium. In contrast to reports describing
a suppressive effect on adipogenesis but no mitogenic effect of tumor-cell conditioned
medium [13], cell proliferation was markedly enhanced by treatment with MAC-T
conditioned medium. Components elaborated by the MAC-T cells may therefore offer
novel means of expanding mesenchymal precursors while still maintaining a suppressive
effect on adipogenesis.
Data from the media reversal cultures indicates that the suppressive effect on D1 cell
differentiation is reversible. After the MAC-T medium was removed from the D1
cultures, lipid production was initiated and appeared to progress faster than in cultures
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that were not treated with conditioned medium, as indicated by the three-fold increase in
lipid content 6 days after removal of MAC-T medium from treated cells as compared
with the two-fold increase in control cultures. Data from D1 cultures exposed to MAC-T
medium after achieving a differentiated status are inconclusive. Lipid production
continued in differentiated cultures even in the presence of MAC-T conditioned medium.
Culture duration needs to be extended to determine whether cells truly maintain their
differentiated status in MAC-T medium, or slowly de-differentiate. For protein
expression, aP2, the protein synthesized by adipocyte in late stage of differentiation [17]
was only found in control cells. Combined, these data suggest that medium conditioned
by exposure to MAC-T mammary epithelial cultures can be used to expand adipocyte
precursors in vitro to generate clinically useful cell quantities with a tailored and
optimized differentiation status.

Similar approaches to expand less-differentiated

mesenchymal stem cells could aid in the development of other tissue systems
(hematopoietic, cartilaginous, osseous, and others).
It is interesting to note that similar experiments with medium conditioned by
exposure to murine mammary epithelial cells did not inhibit the differentiation of D1s to
adipocytes. Specific factors elaborated by the MAC-T cells may therefore be isolated,
characterized, and used to develop defined media supplements to control stem cell
expansion in a clinical environment. The exact nature of the factors suppressing D1
differentiation is not clear, but may include peptides, proteins, lipid signaling molecules,
or other as yet undefined chemical moieties. Regardless of the exact nature of the
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signaling molecule, the effects are likely mediated, or at least detectable through changes
in known markers of adipocyte differentiation.
Ma and co-workers showed that increased PAI-1 has been linked to obesity through
downregulation of PPAR–γ and enhancement of insulin resistance [18]. Thus, it is
hypothesized that the plasminogen activator secreted by the MAC-T cells [19] might lead
to the enhancement of insulin sensitivity and reduction of lipid production. Data from
this study indicates that media concentrations of PAI-1 are inversely correlated with
adipogenic potential. Reduced concentrations of uPA secreted by the mouse mammary
epithelial cells correlated with the higher level of visible lipids in the mouse mammary
epithelial treated D1 culture, whereas the high uPA and PAI-1 concentrations in MAC-T
conditioned media were correlated with reduced differentiation.
Other factors known to play a role in adipocyte differentiation include peroxisome
proliferator-activated receptor–γ (PPAR–γ) and preadipocyte-factor 1 (Pref-1). PPAR-γ
plays a key role in the complex transcriptional cascade during adipocyte differentiation
[17, 20]. Pref-1 is a highly glycosylated transmembrane protein that is abundantly
expressed in preadipocytes.

Pref-1 plays an inhibitory role during adipocyte

differentiation [17], but insulin-like growth factor/insulin can bypass the inhibitory
mechanism mediated by Pref-1 [21]; MAC-Ts are known to secret insulin-like growth
factor binding proteins (IGF-binding protein) -2, -3, -4 and -6 [22], and these IGFbinding proteins can therefore interfere with the bypass mechanism of IGF/insulin [23],
potentially explaining further why the co-cultured D1 cells can not differentiate, even in
the presence of adipogenic inducers. This “on-off” differentiation effect triggered by
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MAC-T mammary epithelial cells can be employed in tissue engineering research as it
has the potential to allow scale up (and maintenance of differentiation potential) of those
cells obtained from a patient’s biopsy in insulin supplementary medium until a clinically
relevant cell number is met.

Numerous studies have shown that primary cells de-

differentiate during culture in vitro [1, 24, 25]. Using MAC-T conditioned medium, or
specific factors discovered through an analysis of the MAC-T medium, to modulate
differentiation and expansion of a patient’s pre-adipocyte cells in adipogenic media
should aid in the maintenance of cell lineage commitment while still allowing the
generation of clinically useful cell numbers.

D1 Cells Cultured on Collagen Beads within MAC-T Conditioned Medium
Background
The demand for soft tissue in reconstruction and plastic surgery is increasing
continuously. Clinical approaches to augmentation soft tissue volume for treatment of
traumatic repair, breast cancer rehabilitation include the autograft of fat pad or injection
of adipocyte suspension obtained by liposuction. [26]; however, the several major
problems associated with these techniques, such as low fat graft survival due to the
liposuction or insufficient vascularization after implantation. Thus, tissue engineering
provides a possible therapeutic approach to reproduce and improve the implantable
adipocytes instead of current clinical approaches. In the previous study, we demonstrated
that MAC-T conditioned medium inhibited the adipogenesis onto D1 cells, and enhanced
the growth rate of D1 cells in 2-D culture. In this study, the cultivation of D1 cells will be
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conducted on collagen beads. This study can be seen as a scale-up 2-D study. If the
effects of inhibitory adipogenesis and proliferation enhancement from MAC-T
conditioned medium work in 3-D culture system, the injectable preadipocytes can be
obtained rapidly to meet the clinical volume and the potential of adipogenesis is still
maintained.

Methods and Materials
Hydration of Collagen Beads
Collagen beads were obtained commercially from (Sigma-Aldrich). One gram of
collagen beads was mixed with 50ml of Ca2+, Mg2+ free PBS, and autoclaved. After the
liquid cooling down to room temperature, the PBS was replaced with culture medium and
kept at 4oC overnight till used.

Seeding D1 Cells
Fifty micro-liter of collagen beads was distributed equally to two 50ml of stir flasks
that had been coated with sigmacoat (Sigma-Aldrich) to prevent cell attachment to flasks.
The initial cell seeding number was 2.5*106 in each flask. The speed of rotator was set at
20 rpm. The timeline of study was the same as 2-D cell culture. Briefly, the adipogenic
cocktail was added on day 6, and changed every 2~3 days. D1-collagen beads samples
were collected on day 11 and 17 for further analysis on DNA content, triglyceride
production, and histological staining.
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Assays
Assays conducted in this study were picogreen dsDNA assay, triglyceride
determination assay, ORO staining and western blot. The protocol of each assay was
described in previous chapter. 0.1ml of D1-collagen beads was collected for picogreen
dsDNA assay, triglyceride determination assay and ORO staining. 1ml of samples was
collected for western blot. D1-collagen beads samples were mixed with 1ml of 1X TE
buffer, 1ml of 1% Triton X-100 and 0.5ml of protein extract reagent for conducting
picogreen dsDNA assay, triglyceride determination.

Cryosectioning and ORO Staining
One ml of cellular collagen beads was fixed in 10% neutral buffered formalin
solution for one hour. After fixation, the cellular collagen beads were removed to the top
of the pre-frozen OCT (Optimal Cutting Temperature) (Tissue-Tek OCT Compound,
Sakura-Fintek) in a mold directly and covered by a layer of fresh OCT. The frozen OCT
mold was cut using crystat (Richard-Allan Scientific, Kalamazoo, MI) and collected with
the thickness of 10µm. After section adhered onto specimen slides, they were air dried
for 10 min. ORO stock solution was prepared by dissolving 0.5g of ORO powder (Fisherscientific) in 100ml of isopropanol (fisher-scientific). The stock solution was heated in
56oC for 1 hour or in the temperature between 56 and 82oC for 40 min. The ORO
working solution was mixed three parts of ORO stock solution with two parts of distilled
water. In order to have better adherent effects during staining process, the ORO working
solution can be kept at -20oC at least for 30 min before use. After the ORO working

99

solution was chilled, the slides of cellular collagen beads were immersed in the ORO
solution for 10 min.

Statistical Analysis
Statistical significance was assessed using a factorial analysis of variance
(ANOVA), and a two-tailed LSD test (SAS 9.0 for Windows; SAS, NC). The picogreen
dsDNA assay and the triglyceride determination assay are both destructive assays. Cell
lysate samples were collected from different culture wells at different time points; thus,
factorial ANOVA was suitable to compare cell number and triglyceride production in
control and experimental groups at several time points.

Results
Picogreen dsDNA Assay
Picogreen working reagent was binding to double-strand DNA and excited at
wavelength of 480nm and emitted at 520nm. Values presents are mean ± standard
deviation. Bars with different letters are significantly different (n=3, p<0.05). In this
study, the treated DM11 had the highest DNA reading, and dropped to 36% on Day 17.
The D1 cells may have reached a high level of confluence on the collagen beads and may
have detached during this cultivation period. For untreated D1 cells, DC11 were the D1
cells that had been maintained in adipogenic culture medium for 5 days, so the cell
number would not have increased due to differentiation. This result corroborates the
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findings from the D1 cell proliferation study in a 2-D environment. In future studies,
cultivation from Days 8 to Day 11 could be the best time to harvest treated MSCs.

Figure 3.14- The results of picogreen dsDNA assay of D1 cells culture on collagen beads
Bars with different letters are significantly different (n=3, factorial ANOVA, p<0.05)

Triglyceride Determination Assay
Compared with 2-D culture, the triglyceride production of treated and untreated D1
cells were not significantly different on Day 11 and Day 17. Triglyceride production on
Day 17 increased 3~5 times as much as Day 11 in both groups, not within the different
treatments. In 3-D culture, the proliferation of cells would be not limited to the space like
2-D culture. If we consider the DNA content as the relative comparison in cell number
and combine it with triglyceride production, the results of both studies are clearer.
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Figure 3.15- The results of triglyceride assay of D1 cells culture on collagen beads
Bars with letters are significantly different (n=3, factorial ANOVA, p<0.05)

Figure 3.16- The results of normalized triglyceride concentration using DNA content
Bars with different letters are significantly different (n=3, factorial ANOVA, p<0.05).
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According to these two results, the trend of triglyceride production in the 3-D
systems matched that in 2-D culture. Triglyceride production of untreated D1 cells on
Day 17 was approximately 4 times higher than the treated D1 cells.

ORO Staining
Both treated and untreated D1 cells were processed with cryosectioning and then
ORO stained. The histological pictures were photographed at a total magnification of
320X.

Untreated D1 cells culture on collagen Treated collagen beads culture
beads for 17 days
collagen beads for 17 days.

on

Figure 3.17- The histological results of D1 cells cultured on collagen beads
The ORO staining indicated the mature adipocytes aggregated abundantly on collagen
beads in the untreated group, but not in the treated group.

Conclusions
From the results of picogreen assay, triglyceride determination assay and ORO
staining, we were able to conclude that MAC-T conditioned medium inhibited the
adipogenesis of D1 cell in 3-D culture environment. D1 cells were able to proliferate
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within the MAC-T conditioned medium. From the results of picogreen dsDNA assay, the
cultured cells should be harvested between Day 11.
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CHAPTER FOUR
CANCER-STROMAL CELL INTERACTIONS

Background
Breast cancer is the fifth most common cause of cancer death worldwide (after lung
cancer, stomach cancer, liver cancer, and colon cancer. In 2005, breast cancer caused
502,000 deaths (7% of cancer deaths; almost 1% of all deaths). Among women
worldwide, breast cancer is the most common cause of cancer death1. In the United
States, breast cancer is the third most common cause of cancer death (after lung cancer
and colon cancer). In 2007, breast cancer is expected to cause 40,910 deaths (7% of
cancer deaths; almost 2% of all deaths) in the U.S. Among women in the U.S., breast
cancer is the most common cancer and the second- most common cause of cancer death
(after lung cancer). Women in the U.S. have a 1 in 8 lifetime chance of developing
invasive breast cancer and a 1 in 33 chance of breast cancer causing their death2.

The invasion and metastasis formation of breast cancer are the primary causes of
cancer treatment failure and death3. Breast cancer can metastasise via lymphatics to
nearby lymph nodes; usually those under the arm. Breast cancer can also spread to other
parts of the body via blood vessels or the lymphatic system. So it can spread to the lungs,
pleura (the lining of the lungs), liver, brain, and most commonly to the bones4.

Cancer-cell stromal interactions play an important role in the growth and invasion of
tumor cells of various organs. Biological behavior of malignant cells is regulated not only
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by cell autonomous signals, but also by effects exerted from surrounding stromal cells.
The processes of heterotypic signaling involve crosstalk between normal cells and
malignant cells5. Stromal cells, such as fibroblasts, endothelial cells, and various
inflammatory cells, can influence the level of invasion and malignancy of cancer cells
and cancer cells, in turn, can influence the host cells to secret factors that can create a
better environment for cancer cells to survive6-8. Studies had conducted to demonstrate
the tumor behavior was modified by stromal cells, and vice versa9, 10.

In the breast, the main mesenchymal stromal cells types are fibroblasts and mature
adipocytes. Fibroblasts are widely accepted as the promoter of invasive breast carcinoma
cells. Breast tumors are characterized by the accumulation of fibroblasts adjacent to the
malignant cells due to the increased presence of collagen and expression of α-smoothmuscle actin, which is commonly known as the desmoplastic reaction. The preliminary
data summarized by Meng’s group11 indicated: (1) Tumors were found in breast
quadrants with the highest P450arm (a marker of undifferentiated adipose fibroblasts)
and the highest ratio of fibroblasts to adipocytes12, 13. (2) In the cancer-free breast, the
highest fibroblasts:adipocytes ratios and P450arm transcript levels were found in the
lateral and upper region; this cellular distribution roughly correlates with the most
common site where infiltrating duct carcinoma develops14. (3) Breast tumor conditioned
medium was found to induce aromatase activity in adipose fibroblasts; aromatase
expression is considered as a marker of fibroblasts marker so that breast tumor
conditioned medium may inhibit differentiation of fibroblasts15.
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The adipocytes represent the other most abundant cell type in breast tissue. Mature
adipocytes have been considered to be a specific cell type that stores excess energy in the
form of lipids, but it has been suggested that they affect the biological behavior of some
carcinoma cell lines through their production of cytokines, including leptin, adiponectin,
tumor necrosis factor-α, adipsin, and insulin-like growth factor-II; meanwhile, mature
adipocytes produce estrogen with their own aromatase also affect the growth of breast
carcinoma cells through a paracrine mechanism16-20. Subsequently, breast tumor cells
produce and secret elicited levels of factors, such as interlukin-6, and interlukin-6 soluble
receptor, which in turn have the ability to stimulate aromatase gene transcription in
fibroblasts, establishing a positive loop21. The adipocyte is therefore a crucial candidate
cell to play an important role in influencing tumor behavior through heterotypic signaling
pathways and may influence the survival, growth, and invasion of breast tumor.

The goal of this study is to set up a co-culture system of cancer and stromal cells in
order to establish and investigate the positive feedback loop in vitro. In Chapter 3, we
demonstrated a novel co-culture method that was able to regulate the adipogenesis of
multipotent stromal cells22. Since the biological behavior of breast cancer is altered by
mature adipocytes and adipose fibroblasts, we co-cultured an estrogen-dependent breast
cancer cell, MCF-7, with the multipotent stromal cells. The co-culture method in chapter
3 can be applied in this study to regulate the adipogenesis of multipotent stromal cells so
that the biological behavior of MCF-7 cells may also be influenced by the fully and semidifferentiated multipotent stromal cells. Meanwhile, marrow stromal has been defined as
the preferential destination site for micrometastatic breast cells by sustaining their
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homing, adhesion, and development23-26. Thus, this study may also provide the
preliminary information about the fate of breast cancer cells after metatisticizing to bone
marrow, the third place (after lymph node and liver) where cancer cell would migrate to.

Methods and Materials
Co-culture of Breast Cancer Cells and Multipotent Stromal Cells
After trypsinizing, approximately 50,000 D1 cells (mouse multipotent stromal
precursors) were mixed with equal amount of MCF-7 cells (human breast
adenocarcinoma cells) and placed in 12-well plates (Corning Inc., Corning, NY)
Heterotypic cells were co-cultured for 16 days. Three kinds of culture media were used in
this study. C denotes the control co-culture group maintained in regular DMEM for 16
days. Each 500 milliliters (mL) of DMEM was supplemented with 50 mL of fetal bovine
serum (FBS) (ATCC), 5 mL of antibiotic/antimycotic (AA) (Gibco/Invitrogen, Grand
Island, NY), and 1 mL of fungizone (Gibco/Invitrogen). AC denoted the co-culture group
maintained in regular DMEM for 16 days also, and treated with adipogenic cocktail since
day 6. The adipogenic cocktail contained 10% 3-isobutyl-1-methylxanthine (1ml
IBMX/10ml DMEM; Sigma-Aldrich, St. Louis, MO), 1% bovine insulin (100 µl/10ml
DMEM; Sigma-Aldrich) and 0.02% dexamethasone (2 µl/10ml DMEM; Sigma-Aldrich).
MEM denoted the co-culture group maintained in one part of regular DMEM and one
part of MAC-T (bovine mammary gland epithelial cell) conditioned medium for 16 days,
and treated with adipogenic cocktail since Day 6 as well. The MAC-T conditioned
medium was collected every 2~3 days from confluent MAC-T cells cultured in T-75
flasks; the medium was stored at 4oC before use. The co-culture cells in both groups were
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cultured at 37oC and 5% CO2. The culture medium in all groups was changed every 2 to
3 days.

Cell Morphology
Images of D1-MCF-7 co-cultures were captured every day using an Axiovert 135
inverted microscope (Zeiss, Germany), Image-Pro 5.1 software (Media Cybernetics,
Silver Spring, MD), and a ProResTM C10Plus digital camera (Chori Imaging Corporation,
Yokohama, Japan).
Histology
Co-culture samples were assessed for lipid. The lipid produced by the differentiated
D1 cells was stained with Oil Red O. A stock solution of Oil Red O (0.5g in 100 mL of
isopropanol) was prepared and passed through a 0.22µm filter. To prepare the working
solution, 6mL of Oil Red O stock solution was mixed with 4 ml of distilled water and
filtered prior to use. Cells were fixed in 10% neutral formalin buffer for 1 hour, washed
with distilled water, and then stained with 500µL of Oil Red O working solution for 20
minutes at room temperature. The histological images were photographed at an objective
magnification of 32X.

Immunofluorescence Staining of E-cadherin and aP2
The co-culture samples were fixed in 10% normal formalin buffer for 1 hr, and then
washed with 2mL of PBS three times. After discarding PBS, the co-culture samples were
rinsed with 2mL of 0.01% of Triton X-100 in PBS for 3 min. The samples were washed
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with 2mL of PBS three times. The co-culture samples were incubated with 2mL of 5% of
BSA in PBS at room temperature for 30 min to block the unspecific binding. The plate
was shaken gently. After draining the BSA solution, samples were incubated with 1mL of
mixed primary antibodies of mouse anti-human E-cadherin (diluted ratio 1:200, sc-1616,
Santa Cruz Biotechnology, Santa Cruz, CA) and goat anti-mouse aP2 (1:200, sc18661)for 1 hr at room temperature or overnight at 4oC. The co-culture samples were
washed with PBS for 10min three times, and then the samples were incubated with the
mixture of secondary antibodies of goat anti-mouse-FITC (diluted ratio 1:400, Invitrogen,
Great Island, NY) and donkey anti-goat-Texas red (1:400, Invitrogen, Great Island, NY)
for 1 hr at room temperature. For counterstaining, 300µL of DAPI working solution
(300nM in PBS, Invitrogen, Great Island, NY) was added to each well and incubated in
the dark for 1 min.

Lipid Production
The amount of lipid produced in each group was determined using a differentiation
assay protocol developed by Zen-Bio, Inc (Culture Human Adipocyte Differentiation
Assay Kit, Zen-Bio, Inc., Research Triangle Park, NC). Three groups of co-culture cells
were washed with Dulbecco’s PBS. The PBS was aspirated, and the cells were subjected
to three freeze-thaw cycles, then rinsed in 1ml of 1% Triton®-X-100 solution, and
incubated for 30 minutes at room temperature. Glycerol standard solution (Sigma) was
loaded into a 96-well plate in aliquots ranging from 0µm to 200µm. Next, triplicate
mixtures of 100µl of cellular lysate and 100µl of triglyceride reagent (Thermo Electron
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Corp., Melbourne, Australia) were prepared. The 96-well plate was incubated for 15
minutes at room temperature, and the absorbance of sample aliquots and standards curve
was detected at 490 nm (Dynex Technology, Chantilly, VA).

Cell Proliferation
The samples of c-culture cells were harvested on Days 6, 12 and 16 rinsed with
PBS and frozen at -80oC for analysis of cell proliferation. The cell number was
determined using a Picogreen® dsDNA Quantification Kit (Molecular Probes, Eugene,
OR) and a multi-detection microplate reader (Molecular Device, Sunnyvale, CA).
Briefly, samples were thawed and frozen three times in 1X TE buffer. In order to enhance
the rupture of cell membrane, a scrapping tool (i.e. a pipette tip) may be used. Picogreen
working reagent was diluted 200 times from picogreen stock solution using 1X TE
buffer. The volume of 100µl of picogreen working solution was mixed with 100µl of cell
lysate and dsDNA standard samples in a 96-well plate. The plate was incubated 2~5
minutes at room temperature after shaking gently. During incubation, the plate should be
protected from light. Finally, the plate was read using the multi-detection microplate
reader at 480 (excitation) and 520nm (emission).

Statistical Analysis
Statistical significance was assessed using a factorial analysis of variance
(ANOVA), and a two-tailed LSD test (SAS 9.0 for Windows; SAS, NC). The picogreen
dsDNA assay and the triglyceride determination assay are both destructive assays. Cell
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lysate samples were collected from different culture wells at different time points; thus,
factorial ANOVA was suitable to compare cell number and triglyceride production in
control and experimental groups at several time points.

Wound Healing Assay
Six days after adipogenic cocktail was added, a 10μL pipet tip was used to make a
thin scratch to separate the monolayer of co-culture cells. The cell morphology was
photographed every 12 hours to observe the cancer-stromal behavior.

Western Blot
All cell samples were lysed on Day 16. Equal amounts of protein extracts of each
sample were loaded to electrophoresis on SDS-PAGE gels, to transfer to polyvinylidene
difluoride

(PVDF)

membranes,

and

finally

to

western

blot

analysis

using

chemiluminescence (Roche Diagnostics, IN). Primary anti-bodies included: mouse antihuman E-cadherin (diluted ratio 1:200, sc-1616, Santa Cruz Biotechnology, Santa Cruz,
CA) and goat anti-mouse aP2 (1:200, sc-18661). The secondary anti-body was HRP-goat
anti-mouse and HRP-donkey anti-goat IgG (1:5000, sc-2020).

Gelatin Zymography
On Day 12, 2mL/well of serum-free DMEM was added to three wells in each coculture group, and cell were kept culturing for two days in incubator. After two days,
6mL of serum-free conditioned medium was collected from each co-culture groups, and
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then was lyophilized. Six hundred μL of distilled water was added to rehydrate the
lyophilized sample. Ten percent SDS mini gels containing 0.1% of gelatin were prepared.
One part of rehydrated protein solution was mixed with one part of sample buffer (2X),
and left at room temperature for 10 min. It is important that protein samples can not be
heated. Equal amount of proteins were loaded and the electrophoresis was conducted
with 90 volts for 120~150 min. After running, the SDS-PAGE gel was incubated in 2.5%
Triton X-100 solution (1X zymogram renaturing buffer) with gentle agitation at room
temperature for 30 min. The renaturing buffer was replaced with 1X zymogram
developing buffer. The 1X zymogram developing buffer is composed of 0.1mole Tris,
0.4mole Tris-HCl, 0.2mole NaCl, 0.005mole CaCl2 and 0.02% Brij 35.The gel was
equilibrated with developing buffer at room temperature for 30 min with gentle agitation,
and then the developing buffer was decanted. The gel was incubated with fresh
developing buffer at 37oC for at least four hours or overnight for maximum sensitivity.
The gel was stained with Coomassie Blue R-250 for 30 min, and destained with an
appropriate Coomassie Blue R-250 destaining solution. Serum-free medium collected
from D1 cells and MCF-7 cells was also lyophilized and analyzed as control samples.

Anti-apoptosis Test
On Day 12, 2mL of culture medium contained 10µmole of tamoxifen (Sigma), the
anti-cancer medicine, was added to each group (n=3), and samples were incubated in
37oC and 5% CO2. Vybrant apoptosis assay kit #2 (Invitrogen) was used to stain the
apoptotic and necrotic cells on day 1 and day 2. After the incubation period, the cells
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were washed in cold PBS. After 1X annexin-binding buffer was prepared, 5µL of the
1mg/mL propidium iodide (PI) solution was mixed with 45µL of 1X annexin-binding
solution to prepare 50µL of 100µg/mL PI working solution. Ten micro-liters of the
annexin V conjugate and 2µL of 100 PI working solution was added to each well; the
samples were incubated at room temperature for 15 minutes with gentle agitation, and the
samples should be kept from light.

Results
Cell Morphology
Figure 4.1a showed the D1 and MCF-7 cells distributed evenly on Day 1. Some
MCF-7 cells (round cell morphology) formed small colonies, and were surrounded by D1
cells (spindle-shaped cell morphology). On Day 6, a high cell density of “web-structure”
formed, and the web-structure encircled and separated several cell colonies (Fig. 4.1b).
On Day 6, adipogenic cocktail was added to the co-culture groups of AC and MCM. Six
days after the adipogenic cocktail was added to the co-culture of AC and MCM, cells that
formed the web-structure tended to pile up on the web-structure in the AC group (Fig.
4.1d), and cells in the MCM group tended to migrate to the “colony” area (Fig. 4.1e).
Cells in the control group behaved similarly with AC and MCM group, but fewer cells
piled up on the web structure than the AC group and fewer cells covered over the colony
area than the MCM group (Fig. 4.1c). From Day 12 to Day 16, more cells piled up on the
web structure in the AC, and more cells covered over the MCM group (Fig. 4.1f~h). It is
noticeable that some cell masses were observed in the co-culture study. Cell masses in
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the AC group were semi-spherical in shape and aggregated tightly (Fig. 4.1j); in contrast
to the AC group, cell masses in the control and the MCM group were more irregular,
flatter, and packed loosely (Fig. 4.1i and 4.1k).
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(h)

(i)
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(k)
Figure 4.1- Cell morphology of D1-MCF-7 coculture from day 1 to day 16
All pictures were photographed at total magnification of 100X.
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Histology
Oil Red O staining is a common histology method to identify lipid droplets in cell
study or tissue sections. Cell microscopy revealed apparent dark spots that are likely lipid
droplets. Figure 4.2 shows the results of ORO staining. The red staining indicates the
appearance of lipid vesicles in co-culture. Most droplets in the control and AC groups
formed and aggregated within/under the web structure. In the MCM group, fewer
droplets formed in the web structure, and more aggregated above the colonies.

C

AC

MCM

(a)

(b)

(c)

Figure 4.2- The results of Oil Red O staining of D1-MCF-7 co-culture study on Day 16.
All pictures were photographed at 100X total magnification.

Immunofluorescence Staining of E-cadherin and aP2
Immunofluorescence staining of E-cadherin was conducted on Day 6 to identify
MCF-7 cells. E-cadherin is the transmembrane protein which plays an important role in
cell adhesion, ensuring that cells within tissues are bound together. Immunofluorescence
staining of E-cadherin and aP2 was conducted at the same time on Day 16 to visualize the
distribution of MCF-7s and mature adipocytes. The aP2 (fatty acid binding protein) is the
biomarker of mature adipocytes. Figure 4.3a and 4.3b showed that the web structure was
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composed of high cell density of MCF-7 and D1 cells; in the colony area, the cell density
was lower, and most cells were MCF-7 cells. Coculture of control (Fig. 4.3c), AC (Fig.
4.3d) and MCM (Fig. 4.3e) were photographed on Day 16 to show the cell morphology,
DAPI staining (Fig. 4.3f~h) was also conducted to identify the cell distribution. From the
results of DAPI staining, it was clear that the web structure (Fig. 4.3f) and cell mass (Fig.
4.3g) was composed of a high cell density in the co-culture of C and AC; cells tended to
spread out above the colony area in the co-culture of MCM. Figures 4.3i and 4.3l
confirmed the web structure was composed of MCF-7 cells and mature adipocytes in the
co-culture of C on Day 16. MCF-7 cells formed cell masses and piled up above mature
adipocytes in the co-culture of AC. MCF-7 cells spread out in the colony area, and the
distribution of adipocytes was more random than the other two groups.
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Figure 4.3- The results of cell morphology and immunofluorescence staining of D1MCF-7 co-culture
DAPI (Fig. 4.3f), E-cadherin (Fig. 4.3i) and aP2 (Fig. 4.3l) in the co-culture of control
group; Fig. 4.3g, 4.3j and 4.3m in AC group; Fig 4.3h, 4.3k and 4.3n in MCM group. All
pictures were photographed at 100X total magnification.
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Cell Proliferation and Lipid Production
Figure 4.4a showed the result of picogreen dsDNA assay. Cells proliferated in all
culture conditions during the 16-days of cultivation. Cells in MCM were 1.5 and 1.3times relatively higher than AC and C group on Day 12. Figure 4.4b showed the lipid
production in all co-culture groups during 16 day cultivation period. The lipid production
of the AC and C groups was relatively higher than MCM on Days 12 and 16.
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Figure 4.4a- The result of picogreen dsDNA assay for D1-MCF-7 co-culture study Bars
with different letters are significantly different (n=3, P<0.05, factorial AVONA).

Figure 4.4b- The result of triglyceride determination assay for D1-MCF-7 co-culture
study Bars with different letters are significantly different (n=3, P<0.05, factorial
AVONA).
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Wound Healing Assay
Six hours after the cell monolayer was separated, MCF-7 cells migrated from the
two sides of the remaining cell monolayer toward the center of the scratched area in the
co-culture of C and MCM (Fig. 4.5a and 4.5c), and the migrating cells in the co-culture
of AC were mainly D1 cells (Fig. 4.5b). This study lasted 24 hours and cell behavior was
photographed in the interval of every 6 hours.
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Figure 4.5- The results of wound healing assay
All pictures were photographed at the 100X total magnification.
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Western Blot
Figure 4.6 indicated that fatty acid binding protein (aP2) was detected in all coculture groups during the 16-day cultivation period. The expression of aP2 in AC and
MCM group was 4-times and 2-times amount of the C group.

C

AC

MCM

actin
aP2
Figure 4.6- The results of western blot of D1-MCF-7 co-culture study

Band Intensity of aP2

C
1

AC
4-fold
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Gelatin Zymography and ELISA
Gelatin zymography was conducted to identify qualitatively the expression of
matrix metalloproteinase-9 and 2 (MMP-9and MMP-2). Both MMP-9 and MMP-2 are
capable of digesting gelatin and collagen in ECM. Figure 4.7 showed that MMP-9
expressed more in the co-culture of MCM than any other group. The results of ELISA
(Table 4.1) also supported the result of zymography. The expression of MMP-9 in MCM
was 2-times the AC group.

C

AC

D1

MCM

MCF-7

MMP-9
MMP-2

Figure 4.7 The result of gelatin zymography for D1-MCF-7 co-culture study
Table 4.1- The results of ELISA that analyzed the expression of MMP-2 and MMP-9 in
co-culture of D1and MCF-7 cells (n=3, average ± standard error)
The concentration of MMP-2 was below detected level (BDL).

MMP-9 (ng/mL)
MMP-2

C

AC

MEM

D1

MCF-7

0.66±0.05
BDL

0.30±0.1
BDL

0.7±0.1
BDL

0.014±0.009
BDL

0.4±0.08
BDL
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Anti-apoptosis Test
In this assay, annexin V-alexa fluor 488 conjugate binds to the phosphatidylserine
(PS) located on the outer cell membrane of apoptotic cells. Red-fluorescent propidium
iodide stains necrotic cells with red fluorescence and binds tightly to nucleic acids in
cells. Thus, apoptotic cells display green fluorescence, dead cells display green and red
fluorescence, and live cells display little or no fluorescence. Figures 4.6a~4.6f show the
results of vybrant apoptosis assay after all co-culture groups were treated with tamoxifen
for 24 hours, and Figures 4.6g~4.6l for 48 hours. At the first 24 hours, the apoptotic cells
appeared in the colony area (Fig. 4.6d~4.6f) of each group. At 48 hours, apoptotic cells
appeared in the web structure and cell masses in group of C and MCM; in AC group,
apoptotic cells were found around the web structure.
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Figure 4.8- The result of tamoxifen test
All pictures were photographed at total magnification of 320X.
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Discussions and Conclusions
The mammary gland comprises stromal cells and epithelial cells that
communicate with each other through the extracellular matrix (ECM). Malfunction of
communication between stromal and epithelium can both induce and promote breast
cancer27. Distinct with other tissue, breast tissue continuously changes its structure
throughout the lifetime of female. During breast tissue development, epithelium
proliferates, invades into fatty pad or ECM. Although normal mammary gland epithelium
has tumorigenic potential, the mammary stromal contributes both structural and
permissive signals. The mammary stromal is composed of adipocytes, fibroblasts,
preadipocytes, blood vessels, inflammatory cells, and ECM27; those components
contribute and regulate the mammary development cycle. The tumorigenesis of breast
cancer cells follows a similar development as the development of the mammary gland.
Tumorigenesis of the breast is composed of not only breast cancer epithelium but also
infiltrating endothelial cells, fibroblasts, adipocyte, macrophage and lymphocytes28.
Breast cancer cells proliferate adjacent to breast stromal and invade into ECM. Mammary
stromal is also involved in this process. The proliferation and migration of fibroblasts,
increased deposition of collagen and the expression of α-smooth muscle actin contribute
to form the desmoplastic reaction29. A desmoplastic reaction leads to the formation of
solid tumors in breast tissue that is the clinical diagnosis of breast cancer in early stage.
Stuelten’s9 group demonstrated that breast cancer cells can induce stromal fibroblasts to
express MMP-9 through secretion of TNF-α and TGF-β by using a 2D-coculture of
fibroblasts and MCF10A-derived human breast cancer line of increasingly malignant
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potential. MMP-9 is known to play an important role in tumorigenesis and metastasis
since it can digest collagen Type IV and weaken the basement membrane30. Thus, the
secretion of MMP-9 potentially promotes the metastasis of breast cancer cells, and cancer
cells are able to break through the tumor and migrate to other locations; meanwhile,
Meng’s group11 claimed that the TNF-α and interleukin-11 (IL-11) secreted by malignant
breast cancer epithelial cell lines (T47D, MCF-7, SSC202, SSC78 and SSC30) inhibit
adipocyte differentiation of 3T3 L1 cells; hence, more fibroblast-like preadipocytes
accumulate around the breast cancer cells, and promote the desmoplastic reaction and
metastasis due to the inhibition of adipogenesis.
D1 cells, mouse multipotent stromal cells, with appropriate stimuli are able to
differentiate into adipose, cartilage and bone tissue. In Chapter 3, we reported a novel coculture method to regulate the adipogenesis of D1 cells; thus, we may be able to influence
the cell behavior of breast cancer cells by co-culturing breast cancer cells with fully and
semi-differentiated D1 cells. After 16-days of cultivation, we found that the MAC-T
conditioned medium was not able to inhibit the adipogenesis of D1 cells in this co-culture
study of cancer-stromal cells. The results of Western Blot assays showed that aP2 was
detected in the MCM co-culture group which was treated with MAC-T conditioned
medium and adipogenic cocktail; however, it is noticeable that the adipogenesis of D1
cell and lipid production was also detected in the control group that was not treated with
any adipogenic cocktail. Abundant lipid vesicles within the web structure of control
group could be perceived through ORO staining. The results of immunofluorescence of
E-cadherin and aP2 also showed that the distribution of mature adipocytes were spread
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along with MCF-7 cells in the web structure. Thus, MCF-7 may also have the potential to
induce adipogenesis, and the mechanism of adipogenesis induced by MCF-7 may be
different with conventional adipogenic cocktails. Assessment of cell morphology and
immunofluorescence showed that MCF-7 cells tended to stabilize as compared with
mature adipocytes and formed solid cell masses in the co-culture of the AC group. The
result of the wound healing assays of the AC co-culture group also supported this
observation, since the cells which migrated from the two sides toward the scratched area
were mainly D1 cells. Lyengar’s group showed that adipocyte-secreted factors can affect
tumorigenesis by increasing the stabilization of pro-oncogenic factors such as β-catenin
and CDK6 as a result of a reduction in the gene expression of their inhibitors10. Even D1
cells also differentiated into mature adipocytes in the co-culture of C and MCM group;
MCF-7 cells tended to migrate out from the web structure and covered the colony area. A
similar observation was also made with respect to the results of the wound healing assays
in both groups. The mechanism is still unclear; however, the expression of MMP-9 in
both groups might disrupt the tumor stabilization effects caused by collagen Type IV31.
The reasons that cells in the C and MCM groups secrete higher levels of MMP-9 might
be different. In the C group, the D1 cells were still largely undifferentiated into
adipocytes and maintained their stromal cell properties; hence, MCF-7 cells induced
stromal cells to express MMP-99. In the MCM group, cells were maintained within
MAC-T conditioned medium that also contained urokinase plasminogen activator (uPA).
The best-known action of uPA is to catalyze the conversion of inactive plasminogen to
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active plasmin. Plasmin also can activate the precursor forms of certain matrix
metalloproteinase, such as MMP-3, MMP-9, and MMP-1232.
The preliminary study of anti-apoptosis showed the MCF-7 cells forming the cell
masses were more resistant to tamoxifen than the MCF-7 cells around the cell masses
during 2-days treatment. The green fluorescence-labeled cells were distributed around the
cell masses or along the web structure, while mainly mature adipocytes were located in
the AC group. For MCF-7, the adipocyte cytokines, including leptin33, Type VI
collagen10, and estrogen, may induce the anti-apoptotic program.
The original purpose of the cancer-stromal cell co-culture is to investigate the cell
interactions with the application of Chapter 3. It is interesting to see that MCF-7 cells
may provide another adipogenesis mechanism to differentiate D1 cells; moreover, benefit
themselves through stimulating the maturation of adipocytes. This 2D coculture method
has the potential to create a microenvironment that enables cytokine and extracellular
matrix molecule production through the heterotypic cell interactions in the breast cancer
process.
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CONCLUSIONS

Regarding the fabrication of electrospun and mesh and polymeric bead scaffolds,



Compared with PLLA mesh, the PVA-chitosan electrospun mesh enhances cell
attachment.



PVA can improve the electrospinning process of hydrophilic polymeric solutions.



The fabrication process of polymeric beads developed in the Clemson University
Tissue Engineering Laboratory can be scaled down to fit in a one-liter beaker
instead of a 10-liter tank.



The blend of PHA and PLLA may alter the effect that erosion has on the polymeric
beads (both through degradation or from ethanol during washing/rinsing process);
moreover, the surface properties and cell morphologies of attached beads is also
affected.

Regarding the culture of localized MCF-7 clusters on polystyrene culture plate,



Cell-localized culture methods can be the tool to observe cancer cell interactions
between various cancer cell populations.



The relation between cell density in the cluster and cell behavior can be observed
through this cell-localized method.



Size and number of clusters in a well can alter the growth and migration pattern of
MCF-7 cells.

Regarding the adapted cryosectioning method,



The adapted cryosectioning method improves the quality of histological sections of
hydrogels. Collagen microcarriers can also be processed using the same procedure.

Regarding the in vitro regulation of the adipogenesis of D1 cells,
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MAC-T conditioned medium is able to inhibit the adipogenesis of D1 cells.



The cause of the inhibitory effect is not due to serum starvation, nutrition shortage
or acidity of culture medium.



The inhibitory adipogenesis of D1 cells is reversible, once the MACT-T conditioned
medium is replaced with regular adipogenic medium.



This co-culture method may also be applied to a dynamic culture method using stir
flasks to regulate the differentiation of D1 cells on polymeric beads in a larger scale.

Regarding the cancer-stromal cell interactions,



The cell behavior of MCF-7 cells can be altered when co-culturing with D1 cells.



MCF-7 cells can induce the adipogenesis of D1 cells without any additional
hormone stimuli.



Mature adipocytes are able to aggregate with MCF-7 cells and form cell masses;
MCF-7 cells co-cultured with mature adipocytes have better resistance when treated
with tamoxifen.



MAC-T conditioned medium may induce the migration of D1 and MCF-7 cells.



MCF-7 cells are more susceptible to the treatment of tamoxifen when co-culturing
with D1 cells that have fully differentiated into mature adipocytes.



MCF-7 cells and D1 cells express higher level of MMP-9 when D1 cells are not
fully differentiating into mature adipocytes.



From the results in Objective 4, it is clear that the differentiation of multipotent
stromal cells were influenced by breast cancer cells. Autologous stem cell
implantation can be one of the future therapies for Alzheimer’s disease, leukemia
and paraplegia. If carcinomatous patients have autologous stem cell implantation,
the outcome would be more complicated than what we predict now.
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RECOMMENDATIONS



Other suitable surfactants are necessary to electrospin hydrophilic polymeric
solution.



Cellulose acetate electrospun mesh is highly cell-repelled. It can be applied as an
anti-tissue-adhesion material, such as in hernia rehabilitation.



Additional quantitative methods should be performed to control the amount/volume
of polymeric bead scaffolds in order to compare various beads on the same basis.



Cell-localized culture method can also be applied in culturing multiple cell lines to
observe heterotypic cell interactions.



The protocol of adapted cryosectioning method can be modified when processing
different thickness of hydrogels.



The ration of MAC-T conditioned medium and regular DMEM might be able to
change for better adipogenesis-inhibited results.



In the future studies of adipogeneis-inhibited mechanism, the released factors from
MAC-T cells such as TNF-α, TGF-β and EGF can be added to culture medium to
assess their inhibitory effect.



When the MAC-T conditioned medium is applied in stir flask dynamic culture,
higher ratio of MAC-T conditioned medium should be added to regular DMEM
culture medium.
D1 cells usually detach from 12-well culture flask 14 days after they are treated
with adipogenic cocktail so that assays should be conducted at appropriate time
points.





Since MCF-7 also can induce adipogenesis of D1 cells, the D1 cells maintained with
MAC-T conditioned medium should not also be treated with adipogenic cocktail in
order to minimize the adipogenic effects.



D1 cells without the treatment of adipogenic cocktail should be included in the
future studies as a negative control.



The co-culture of D1 and MCF-7 could be performed in a bioreactor to investigate if
the hydrostatic loading influences the differentiation of D1 and behavior of MCF-7
cells.



The mechanism of how MCF-7 cells induce adipogenesis of D1 cells is still unclear;
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the causes of adipogenesis might be the cytokines released from MCF-7 cells or the
stress from the high cell density of web structure. We can create a high density
environment using the localized cell culture method, and treat D1 cells with MCF-7
conditioned medium to mimic the microenvironment of web structure.
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APPENDICES
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Appendix A
SDS PAGE Procedure

1. Assemble the casting frame and casting stand with the gray rubber gasket.
2. Prepare the gels as shown in Table A1. *Acrylamide is highly toxic. Mix the solution
well and use 1 ml pipette to pour into the glass plates. Leave a space of ~1.5 cm on
the top, which is filled with ddH2O to block the oxygen transfer from air into the gel
solution. Wait 45-60 min until the gel polymerize.
Table A1. Gel Recipes.
10% Resolving Gel
4.1 ml
3.3 ml
---2.5 ml
100 µL
50 µL
5 µL

Gel Constituents
4% Staking Gel
Distilled water
6.1 ml / 3.05 / 1.525
30% Acrylamide/Bis
1.3 ml /0.65 / 0.325
solution
0.5 M Tris-HCl, pH 6.8
2.5 ml /1.25 /0.625
1.5 M Tris-HCl, pH 8.8
---10% SDS
100 µL /50 /25
Do not add solutions below until just prior to pouring gel.
*10% Ammonium Persulfate
50 µL /25 / 12.5 * Fresh
weekly
TEMED
10 µL /5 / 2.5

3. A visible line separating the gel from the water should be obvious before pouring off
the water from the top of the gel. Then use filter paper to dry the top of the gel.
4. Prepare the stacking gel as shown in Table 1. This solution polymerizes faster.
Therefore, try to pour the gel-solution as fast as possible.
5. Make sure that you install the combs of your interest as soon as you add the stacking
gel solution. Wait 15-30 min until the stacking gel is polymerized. Gently remove the
comb.
6. Remove the gel cassette sandwich form the casting frame and place into the electrode
assembly with the short plate facing inward. Slide gel cassette sandwich and electrode
assembly into the clamping frame. Press down on the electrode assembly while
closing the two cam levers of the clamping frame. Lower the inner chamber into the
mini-tank.
7. Fill with ~200 ml of running buffer to the mini-tank.[10 X Running buffer for
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electrophoresis (store at 4°C):
30.3 g Tris + 144 g Glycine + 10 g SDS , to 1L H2O. Do not adjust pH.]
8. Boil the samples for 5 min at 95°C water bath with sample buffer (4:1) and 5µL 2mercaptoethanol. Then place to RT.
9. Use the sample loading guide to locate the wells. Load samples ~ 20µL with pipette
tip slowly to allow them to settle evenly on the bottom of the well.
10. Run electrophoresis at 90 Volts constant for 120~180 min.
11. At the end of electrophoresis, pour the buffer.
12. Stain with 0.2% CBB for 45 min. De-stain until the background is clear, ~ 3 hours.
Wash the gel, scan and save.

Western Blotting Procedures (Chemiluminescence)
TB – Transfer Buffer: 3.03 g Tris + 14.4 g Glycine + 100 ml Methanol, to 1L ddH2O
TBS – Tris Buffer Saline: 6.05 g Tirs + 8.76 g NaCl + 800 ml ddH2O, adjust pH to 7.5
with approx. 9.5 ml 1M HCl, fill up with ddH2O to 1 L.
TBS-T –Tris Buffer Saline-Tween: 5 ml Tween 20 + 1 L TBS
1% Block Solution: Add 10 ml of Blocking reagent, 10% stock solution (bottle 3) to 90
ml TBS (stable at -20°C) ------- 1:9
0.5% Block Solution: Add 5 ml of Blocking reagent, 10% stock solution (bottle 3) to 95
ml TBS (stable at -20°C) ------- 1:19
Primary antibody solution: 1° antibody diluted in 0.5% Block Solution.
1:100-1:1000. 4 µg/ml are sufficient for sensitive detection.
Wash Solution: TBS-T
Second antibody solution: 2° antibody diluted in 0.5% Block Solution. **1:10,000
Detection solution: 10 ml A + 100 µL B protected from light.
Fresh tray, forceps, detection solution, Timer, X-ray film cassette, transparency
films, Kodak films, paper towel, scissors. Handle membrane on the edges and with
Clean blunt-ended forceps; Clean scissors with an ethanol moistened towel; Make
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sure always enough solution to cover the membrane. PVDF membrane must not dry
out at any step.
Use Ponceau S Staining Solution to check the transfer blotting efficiency.
1. Add 10 ml of 1% Blocking solution to an incubation tray and incubate the
membrane under constant shaking for 60 min or O/N at 2-8°C without shaking.
2. Incubate membrane with primary 1° antibody solution under constant shaking for 2 h
or O/N at 2-8°C without shaking.
3. Wash twice in 25 ml of TBST for 10 min each.
4. Wash twice with 25 ml of 0.5% Blocking solution for 10 min each.
5. Add 10 ml of (HRP) POD-labeled 2° antibody in 0.5% Blocking solution and
incubate membrane 30 min under constant shaking.
6. First rinse and then wash 4× for 15 min with 25 ml of TBST.
7. Drain excess buffer from the washed blot and place in a fresh tray, sample side up.
8. Add premixed Detection reagent and incubate for 60 s.
9. Drain off excess reagent and place the blot between 2 transparent films (remove
bubbles). Insert the membrane protein side-up into a film cassette.
10. Switch off the light. Place a sheet of film onto the blot and expose for 1 min or less
(dependent on intensity).
11. Turn on the water-pipeline, and X-ray film developer power for warming up machine
in BRC dark room.
12. Transfer to new container with TBS. Drain the TBS from the blot and place it side up
in a fresh tray. Add the detection solution and incubate 1 min.
13. Switch off the light, insert the film. Develop the exposed film at once. Switch on the
light.
14. Wait for the film from left exit.
Scan and save for quantitative analysis.
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