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Abstract

This thesis covers two types of biomaterials: collagen matrices for cell culture and

segmental-long-spacing (SLS) collagen. They are both based on type I collagen, yet

have distinct configurations.

Cells are supported by extracellular matrix (ECM) proteins which can actively in-

fluence differentiation, growth, and function of cells. We used type-I collagen, which is

the most abundant fibrous protein in the ECM, to establish a model physical context

for cell-cell interaction suitable to study the impacts of fat cells (adipocytes) on breast

cancer cells. This model system incorporates interactions with the collagen matrix to

selectively manipulate adipocyte development or function as defined by triglyceride

accumulation as well as leptin and adiponectin secretion. The morphology and elas-

ticity of collagen matrices in the presence and absence of adipocytes, as measured by

atomic force microscopy (AFM), indicates that adipocytes altered collagen elastic-

ity in a manner dependent both on adipocyte developmental stage and the collagen

preparation.

Overall, it is feasible to selectively manipulate the physiology and functionality

of adipocytes by timing the addition of specific collagen overlays in combination

with specific tissue-culture plates. These findings have implications for analysis of

adipocyte development in vitro as well as potential therapeutic implications to specif-

ically alter adipocyte functionality, which is reported to have impacts on regulating

ii



the proliferation of breast cancer cells.

As to the SLS collagen, we prepared the samples in different pH environments to

seek the influence of pH on the formation of SLS collagen. The result reveals that the

less acidic environment (pH=4) favours the formation of long fibers, which is more

similar to the native-type configuration of type I collagen aggregation. On the con-

trary, in the more acidic environment (pH=2), the individual block-like SLS collagen

is the major product. Yet, the specific mechanism of the synthesis of SLS collagen still

requires more investigation. This work provides the basis for further study to syn-

thesize SLS collagen with tunable length, thickness, and/or surface banding distance,

with various applications such as matrices for the cell culture.
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Chapter 1

Introduction

1.1 Adipocytes

1.1.1 Obesity increases the rates of breast cancer

Obesity rates have been doubling globally since 2008, with an estimated 13% of adults

being obese in 2015 [1]. In Canada, specifically in Newfoundland and Labrador, a

recent survey shows that approximately 34% of adults are obese [2]. Being obese is

correlated with increased rates of various diseases, including cardiovascular disease,

Type 2 diabetes, and breast cancer, with a burden of disease that is higher than

with smoking [3]. Considering the serious consequences of obesity, it is essential to

put much more effort into investigating, and then ideally controlling obesity, which is

essentially the pathological enlargement of adipose tissue [4]. Hence, to have a better

understanding, some basic information about adipose tissue will be introduced in this

chapter.
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1.1.2 The comparison between brown and white adipose tis-

sue

In mammals, two major types of adipose tissue have been identified: brown adipose

tissue (BAT), and white adipose tissue (WAT). [5]

From the aspect of appearance, the BAT [6] has a large amount of mitochondria

that contribute to producing energy and contain iron cations, [7] which gives the

brown color to the tissue. In addition, there are usually multiple small lipid droplets

accumulated in brown fat cell; however, in a white fat cell [8] only one giant lipid

droplet is present and occupies the whole cell.

From the aspect of function, the BAT [6] can generate heat in a non-shivering way.

This explains why the BAT mainly exists in newborns [9], who can only generate

heat by non-shivering means. Hence the level of the BAT content decreases when

mammals grow up and gain the ability to shiver to produce heat [10]. The WAT [8]

has relatively more functions including being a cushion to protect organs, a thermal

insulator, and to maintain the energy homeostasis in our body, which involves the

formation of triglycerides (TG) from free fatty acids (FFA). The total amount of TG

stored in WAT is proportional to both the size and number of adipocytes, which are

the major component of WAT.

Mature, TG-laden adipocytes develop from fate-committed pre-adipocytes through

the activation of a series of well-regulated transcription factors culminating in the in-

creased expression of C/EBP-α (a type of transcription factor) and PPAR-γ (a type of

nuclear receptor), often termed the “master regulators” of adipogenesis [11]. Increased

expression of C/EBP-α and PPAR-γ promote expression of key proteins essential for

lipid and carbohydrate storage proteins, such as Glut4 and perilipin, allowing forma-

tion of large lipid droplets, the main feature that characterizes terminal differentiation
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into mature adipocytes [12]. In addition, the newest discovered function of WAT, as

well as what draws our attention to study adipocytes, is its ability to signal to other

tissues as an endocrine organ through adipokines [13].

1.1.3 Adipokines: the signaling proteins

In 1994, an unique protein, leptin, was discovered and proved to be able to regulate

the body weight of rodents [14]. This finding gave WAT another major role of being

an endocrine organ, rather than a simple energy reservoir. In the following couple of

years, more and more similar signaling proteins produced by WAT were discovered; to

date, hundreds have been identified and named “adipokines”, e.g. leptin, adiponectin,

and tumor necrosis factor-alpha [15]. Herein, I will mainly focus on discussing leptin

and adiponectin due to their distinct impacts on regulating the proliferation of breast

cancer cells.

As mentioned earlier, leptin can help regulate body weight by inhibiting the ap-

petite [16]. Hence the secretion of leptin is elevated in obese individuals and de-

creased with fasting. In contrast, adiponectin is inversely associated with obesity and

increases with fasting [17]. Both adiponectin and leptin are secreted from terminally

differentiated adipocytes and act on WAT as well as distal tissues. For example,

adiponectin enhances insulin sensitivity and induces expansion of WAT, which pre-

vents the toxic deposition of free fatty acids in other organs [18], whereas leptin acts

through the sympathetic nervous system to induce lypolysis of WAT [19]. In contrast,

both adiponectin and leptin can promote glucose uptake by skeletal muscle [20].

Interestingly, both leptin and adiponectin have also been shown to directly regulate

cancer cell proliferation. Leptin promotes proliferation of breast cancer cells [21], while

adiponectin inhibits their proliferation [22]. Thus, adipokines secreted by WAT have

multiple and varied effects on select tissues and cells. This brings up the urgent
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need of establishing a three-dimensional (3D) co-culture system, where adipocytes

can be cultured together with the target cells (the breast cancer cells in our system)

to specifically study the signaling interactions.

1.2 The 3D co-culture system

Essentially, we are building a system as shown in Figure 1.1, in which the adipocytes

are placed as the bottom layer, and the breast cancer cells are cultured as the top

layer. The two layers of cells are separated by an artificial extracellular matrix (ECM),

which works as a physical barrier but meanwhile also allows the unrestricted traversing

of signaling molecules.

Figure 1.1: The schematic of our 3D co-culture system with adipocytes, breast cancer
cells, and the artificial extracellular matrix (ECM)

The middle artificial ECM layer acts as a scaffold, as well as providing the micro-

environment to cells. To mimic in vitro the physiological state of the ECM in vivo,

which contains the interstitial matrix and the basement membrane [23], I adopted

native type I collagen and Matrigel matrix (Section 1.2.2) in the artificial ECM layer.

In the next section, I will introduce some background information regarding the ECM.

1.2.1 Extracellular matrix (ECM) in vivo

In animals, ECM is the physiological living environment for cells [24]. Other than

physically supporting cells, it produces a range of biochemical cues that can regulate
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cell behaviours, including cell adhesion, proliferation, and differentiation [24].

As the major component of ECM, the interstitial matrix mainly consists of polysac-

charides and fibrous proteins (mostly fibrillar collagen) [25]. The high fibrillar collagen

content determines the fibrous structure of the interstitial matrix. However, the other

component basement membrane, which serves as the physical barrier between epithe-

lial cells and the adjacent interstitial matrix, has a distinct sheet-like network [26].

This is due to the high level of type IV collagen, which is a type of non-fibrillar

collagen mainly in the basement membrane [27].

The specific constitution of ECM varies among different organs, but in adipose

tissue the major proteins include types I, IV and V collagen and fibronectin, as shown

in Figure 1.2 [28]. Among all the proteins, type I collagen is functionally and struc-

turally the major one; the other proteins work together to associate type I collagen

fibers with the adipocyte.

Figure 1.2: The schematic shows the major protein composition in adipose tissue [28]
The cell in the schematic is and adipocyte. In addition to various types of collagen,
other proteins are also present, such as fibronectin, thrombospondin and SPARC.

Again, in our system, I used native type I collagen, the most abundant collagen,
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as the representative of interstitial matrix. I adopted Matrigel, an extraction from

mouse tumor cells [29], to mimic the basement membrane.

1.2.2 Matrigel

Matrigel is a commercialized protein complex that is extracted from the ECM of

Engelbreth-Holm-Swarm (EHS) mouse tumor cells [29]. To date, the specific con-

stitution of Matrigel still remains unknown. The primary proteins that have been

identified in Matrigel include type IV collagen, laminin, enactin, and various growth

factors [30], which are all the major components of basement membrane. Thus, Ma-

trigel has been widely used as the reconstituted basement membrane [31].

Matrigel has been used as the optimal matrix for many cell cultures, especially

stem cells, for decades. This is mainly due to its ability to hold the stem cells in

an undifferentiated state for different study purposes, even though the underlying

mechanism also remains unclear [30]. In addition, cancer cell studies also commonly

adopt Matrigel as the matrix, as it is an extraction from tumor cells [32].

Despite all the popularity of using Matrigel as the cell culture matrix, I decided

to start with native type I collagen matrix, which is better understood and also

commonly used in cell culture [33], as the starting point of the co-culture system.

1.2.3 Native type I collagen

Collagen is a fascinating type of protein that exists in most animals’ organs and tissues,

including tendon, skin, teeth and cartilage [34]. As the most abundant protein in

mammals, the major role of collagen is as a structural protein, especially in connective

tissue [35].

To date, 28 types of collagen have been identified [36]. According to their config-

urations, which are decided by the primary amino acid sequence, they are separated
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into two groups: fibrillar collagen and non-fibrillar collagen [37]. Among fibrillar col-

lagen, the most common one is type I collagen, which takes up almost 90% of all

collagen in our body [38]. Similar to the other fibrillar collagen, type I collagen has a

hierarchical structure [39], as explained in Figure 1.3. Three left-handed helical chains

twist together to form a right-handed collagen monomer; then monomers aggregate

to form a collagen micro-fibril. Further on, micro-fibrils line up to fibrils, then to form

long fibers. Eventually, the fibers assemble to form bulky tissues and organs. One

unique character of collagen fibers, as indicated in Figure 1.3, is the surface banding.

According to literature, the specific distance between the adjacent bandings on type

I collagen fibers is 67 nm [40]. This character can be used as the criteria to identify

type I among all the fibrillar collagens.

Figure 1.3: The schematic shows the hierarchical structure of fibrillar collagen. a:
collagen monomer; b: micro-fibril; c: fibril; d: fiber [39]

Figure 1.4 is the atomic force microscopy (AFM) deflection image I collected of
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Figure 1.4: The AFM deflection image of type I collagen matrix shows the character-
istic 67 nm surface banding. The arrow indicates the surface banding

matrices by two different preparations to study the interactions between collagen and

adipocytes, and seek the influence on adipogenesis from different matrices preparation

methods.

1.3 Segmental-long-space (SLS) collagen

Another collagen-based biomaterial I studied was segmental-long-spacing (SLS) col-

lagen. Even though, as introduced previously, native type I collagen is the most

abundant fibrillar collagen, another configuration of type I collagen aggregate exists

in vivo i.e. SLS collagen. As shown in Figure 1.5, SLS collagen aggregates have a

block-like structure. The length of the SLS block is approximately 280 nm, which is

the same as a collagen monomer [42]. Hence, SLS collagen has been used as a system

to study the properties of the collagen monomer, which is usually difficult to study

due to its small size, since SLS is essentially collagen monomers assembling in register

and then amplifying the physical properties [43].

The existence of SLS collagen in vivo was firstly reported in 1979 [44]. Collagen

monomers aggregate to form SLS collagen blocks to avoid being attacked by enzymes
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Figure 1.5: AFM image of SLS collagen shows the special block-like structure

during collagen transport [44].

SLS collagen can be easily reproduced in vitro by the addition of adenosine-5’-

triphosphate (ATP) into collagen monomer solution, within a certain range of pH

values [44]. However, the specific role of ATP molecules and the mechanism of SLS

collagen formation still remain unclear. In my project, I adjusted the pH value of the

collagen solution to seek the influence of pH on SLS collagen formation.

1.4 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) with

very high resolution. In comparison to the conventional optical microscopy, whose

resolution is limited by the optical diffraction limit [45], AFM records the morphology

of samples by physically scanning across the sample surface using a tiny tip [46].

Hence, under ideal experimental conditions (vacuum, sharp tip, etc.) the spatial
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resolution can reach the atomic level [47]. Other than high resolution, AFM also

possesses many other advantages. For example, it does not require much complicated

sample preparations, nor does it damage the sample [48]. In addition, the ability of

performing measurements in solution makes AFM the perfect technique in multiple

fields especially in biology and chemistry [49].

AFM has many practical applications including lateral force microscopy (LFM),

magnetic force microscopy (MFM), electrostatic force microscopy (EFM), and force

spectroscopy (FS) [50]. In my project, I used force spectroscopy to measure the

elasticity (defined by Young’s Modulus) of the matrices, with and without the presence

of adipocytes. In addition, FS can also provide information regarding the visco-

elasticity of the sample [51], which is a valuable property to investigate in biological

tissues.

1.4.1 The mechanism of AFM

Even though AFM can measure a wide range of properties on many different types

of samples, the mechanism of its operation is relatively simple. As shown in Figure

1.6, a laser beam is shone on the back of an AFM cantilever. During the scanning,

the tip moves up and down according to the surface features it may encounter. Then

the change of tip movement will be monitored by the detector and adjusted by the

feedback loop, to maintain a user-defined distance between tip and sample. Eventually

the system give a high resolution AFM image that consists of many tiny pixels, which

were combined together to rebuild the surface features of the sample.

1.4.2 Contact mode

Mainly, AFM has two working modes: contact mode and tapping mode. Contact

mode is easier to operate; however, tapping mode can better protect the sample from
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Figure 1.6: The schematic of the AFM setup. By Askewmind [Public domain], via
Wikimedia Commons

being damaged. In my project, most of the study was done under contact mode.

In contact mode, the AFM tip keeps in contact with the sample surface during

scanning. So once the tip meets higher or lower features, the cantilever will corre-

spondingly bend against or towards the sample to make sure the tip and sample are

in contact. This bending causes a variation in deflection of the laser. Then a feed-

back loop adjusts the deflection back to a pre-defined “setpoint”. In tapping mode,

however, instead of remaining in contact with sample, the AFM tip keeps tapping on

the sample surface with a set amplitude and frequency. The surface features cause a

change of tapping amplitude, which is recorded and adjusted back to the setpoint by

the feedback loop. [48]
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1.4.3 Force spectroscopy

Force spectroscopy is a practical application of AFM. It can accurately assess the

mechanical properties of a sample at difference length scales, depends on the geometry

of the chosen tips. The scale of the applied and measured forces can be as small as

piconewtons [52]. Force spectroscopy uses the AFM tip as an indentor. By applying

force on the tip, the tip will indent into the samples for a certain indentation depth

that depends on the mechanics of the sample [53].

During the indentation, the deflection of the cantilever (d) and the tip-sample

separation distance (δ) are monitored and recorded. Accurate measurements require

instrument calibration before the experiment. The calibration [54] is to conduct an

indentation on a rigid, non-compressible surface (e.g. silicon wafer or mica), on which

the tip cannot make an indentation. Hence the tip-sample separation δ is 0. Then the

vertical displacement completely results from the deflection of cantilever. The applied

force can accurately be correlated with the deflection by Hooke’s law:

F = −kd (1.1)

where F is the applied force, d is the deflection of the cantilever, and k is the spring

constant of the cantilever, which can be determined by the thermal noise method [55].

Each indentation generates a deflection-displacement curve, or force curve, as in

Figure 1.7, which can be easily converted into force-distance curve as in Figure 1.8.

The red curve in Figure 1.7 corresponds to the tip approaching the sample. With

the distance between tip and sample getting smaller, the van der Waals attractive

force is getting stronger. When they get close enough, the tip will suddenly land

on the sample, which causes the abrupt decrease in deflection. Then the oblique

segment is the indentation phase. The retract (blue line) starts when the indentation
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Figure 1.7: AFM indentation deflection-displacement curve

force reaches the user defined “trigger point”. The oblique segment on the blue curve

represents the retraction. However, the van der Waals adhesion force between tip and

sample holds the tip from immediately pulling from the sample. The system will keep

applying a retracting force until it can balance the adhesion force; then the tip will

jump away from surface, which gives the vertical segment on the blue curve.

Other than conducting an individual force curve at a single point, there is another

method, i.e. force mapping, to easily investigate the mechanical properties of an overall

area on the sample surface. A regular AFM scan generates an image that reflects the

morphology of sample as in Figure 1.9 left. We can perform force mapping on the

same area with a user-defined resolution (16×16 pixels in Figure 1.9 right), where

each pixel represents an individual force curve. Then mechanical parameters such as

Young’s Modulus can be calculated from each curve, with an average used to assess

the overall elasticity of the scanned area.

13



Figure 1.8: AFM indentation force-displacement curve

1.4.4 Minimum nano-indentation

Nano-indentation of AFM force spectroscopy can largely protect the sample from

being destroyed. It still has great interest to come up with a method that can indent

to a minimum depth but still guarantee a meaningful measurement. Chuan Xu, a

former PhD student in our group, developed the minimum nano-indentation method

to investigate the mechanics of soft tissues [56]. In this method, Dr. Xu minimized

the trigger point down to 5 nN, which causes an indentation depth of less than 10 nm

with the samples and tips from this project.

Conventionally, the force curve can be fitted with mathematical models like the

Hertzian model [57] or the Johnson-Kendall-Roberts (JKR) model [58], depending on

the geometry of the tip and the scale of the adhesion force. The Hertzian model fitting

requires a spherical AFM tip and a flat sample surface, and no adhesion between tip

and sample. Hence, the Hertzian model is more suitable in the mechanics study in

aqueous environment, where the adhesive force is eliminated by water [59]. However,

in my project, most of the samples were investigated in air, where the samples were
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Figure 1.9: Left: AFM height image of collagen matrix; Right: the 16×16 pixel force
map of the same area as the height image.

directly exposed in air instead of being soaked in solutions, so the tip-sample adhesion

exists and is significant enough (as in Figure 1.7) that it cannot be neglected. Thus,

the JKR model, which takes the adhesion between tip and sample into account, is a

better model in my study.

The JKR model offers the following equation to fit with the AFM force curves:

Es = −3Fp√
R

(1− ν2
s )
[

3(δ0 − δadh)

1 + 4− 2
3

]− 3
2

(1.2)

where, Es is the Young’s Modulus of the sample, Fp is the adhesive force between

tip and sample, R is the radius of tip, and νs is the Poisson’s ratio of the sample

(biological samples usually are assumed to have νs = 0.5 [54]). δ0 and δadh are the

tip displacements when the applied force is zero and when it balances the maximum

adhesive force, respectively.

To closely fit the force curve obtained by the minimum nano-indentation method,
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Xu modified the JKR equation to the following format:

Es = 5
2 |Fp|R− 1

2 (1− ν2
s )
(

∆d− 2
(
AR

24k

)1
3
)− 3

2
(1.3)

Different from Equation 1.2, ∆d and |Fp| are the jump to contact distance (the abrupt

decrease on the red curve in Figure 1.7) and the jump off contact force (the abrupt

decrease on the blue curve in Figure 1.8), and A is the Hamaker constant that can be

calculated through the following equation [60]:

A = 24
27
k∆d3

R
(1.4)
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Chapter 2

The interactions between native

type I collagen matrix and

adipocytes during adipogenesis

2.1 Motivation and summary

This project is in collaboration with Dr. Sherri Christian, Department of Biochem-

istry, Memorial university. Dr. Christian and her student, Niki Pallegar, carried out

the cell culture on matrices which I prepared and provided, as well as the extrac-

tion and measurement of adipocyte secretion. I collected the matrices and analyzed

the morphology and mechanics of the matrices by atomic force microscopy (AFM),

including the testing and refinement of procedures for data collection and analysis.

The data were jointly interpreted. I wrote this chapter with information, data, and

feedback from Dr. Christian and Ms. Pallegar.

As discussed in Section 1.2, I altered native type I collagen monomer into a matrix

as the artificial ECM in our 3D co-culture system. Hence, as the starting point, it is es-
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sential to investigate the interactions between the collagen matrix and the adipocytes.

Specifically, I compared the effects of two different collagen preparations (HANKS-

collagen and PBS-collagen matrices) and the use of two different tissue culture plastics

(tissue-culture treated and CellBind treated plates) on triglyceride accumulation, as

well as leptin and adiponectin secretion. The morphology and elasticity of collagen

matrices in the presence and absence of adipocytes were also measured by AFM.

Overall, I found that collagen overlays added to the developing adipocytes early

during culture impaired secretion of adipokines from mature adipocytes with a greater

effect on leptin than adiponectin. In addition, collagen prepared using phosphate

buffered saline (PBS) had a greater suppression of leptin than adiponectin while col-

lagen prepared using HANKS buffer suppressed secretion of both adipokines. The use

of CellBind plates further suppressed leptin secretion with less effect on adiponectin

secretion. In contrast, triglyceride accumulation was minimally impacted in any of the

combinations. In addition, adipocytes altered collagen elasticity in a manner depen-

dent both on adipocyte stage and the collagen preparation. Therefore, it is feasible

to selectively manipulate the physiology and functionality of adipocytes by timing

the addition of specific collagen overlays in combination with specific tissue-culture

plates. These findings may have implications for analysis of adipocyte development

in vitro as well as potential therapeutic applications to specifically alter adipocyte

functionality.

2.2 Experimental

2.2.1 Cells and reagents

Our collaborators purchased the 3T3-L1 cell line from ATCC and confirmed it to be

free of mycoplasma contamination using the MycoAlert test from Lonza (Switzerland).
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All media and supplements were obtained from Invitrogen (Carlsbad, CA, USA) unless

otherwise indicated. Cells were maintained in high-glucose DMEM supplemented with

10% newborn calf serum and 1% antibiotic/antimycotic (DMEM/NCS). To induce

differentiation, cells were treated as previously described [1] in high-glucose DMEM

supplemented with 10% fetal calf serum (DMEM/FBS). Dexamethasone (Dex) and

3-isobutyl-1-methylxanthine (IBMX) were obtained from Millipore (Billerica, MA,

USA) and insulin from Sigma-Aldrich (St. Louis, MI, USA). FirbroCol collagen (Cat.

no. 5133-A) was obtained from Advanced BioMatrix Inc (Carlsbad, CA, USA). Cells

were cultured in tissue-culture (TC) treated 24-well plates (Falcon cat. no. 353226)

or CellBind treated 24-well plates (Corning cat. no. 3337) as indicated. Media was

changed every 2-3 days or as indicated.

2.2.2 Collagen matrices

Collagen was diluted to 3.3 mg/mL in PBS (1.9 mM NaH2PO4, 8.4 mM Na2HPO4,

137 mM NaCl, pH 7.2) or in 1X HANKS buffer (cat. no. 1910154, MP Biomedicals).

Collagen in PBS (PBS-collagen) was neutralized to pH 7-7.5 by addition of HCl

before addition to cells. Collagen in HANKS was neutralized by addition of HEPES

(hydroxyethyl piperazineethanesulfonic acid, pH 7.2) to 250 mM (HANKS-collagen).

Collagen solutions or control solutions lacking collagen (300 µL) were gently layered

on top of the adipocytes and allowed to polymerize at 37 oC for 40 min. DMEM/FBS

(1 mL) containing the additives appropriate for the stage of differentiation was added

as indicated below.

2.2.3 Adipocyte physiology and functional characterization

Concentrations of leptin and adiponectin in the culture supernatant were determined

using DuoSet ELISA kits specific for mouse from R&D Systems (Minneapolis, MN,
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USA) following the manufacturer’s instructions. Samples were analyzed in duplicate.

Samples with concentrations falling below the detection limit of 62.5 pg/mL for the

leptin ELISA are indicated as not detected (ND). Triglyceride accumulation was de-

termined after removal of media and washing cells twice in PBS then resuspending

in 1 ml PBS. Lipids from the resuspended cells were extracted using the Bligh-Dyer

method [2], followed by additional manipulation as introduced in Appendix B.

2.2.4 Atomic Force Microscopy analysis

All of the AFM imaging and elasticity measurements were performed in contact mode

in air, using a MFP-3D AFM (Asylum Research, Santa Barbara, CA). Chromium and

gold coated silicon cantilevers with tips (CSC37/CR-AU fromMikromasch, USA) were

employed. The resonance frequency and spring constant of the tips were about 20

kHz and 0.3 N/m, respectively. The specific value was determined by the thermal

noise method [3] as implemented in the AFM software (Roger Proksch, Asylum Re-

search). The elasticity (defined by Young’s Modulus) was calculated using IGOR

(Wavemetrics), which was also used for all AFM data collection and analysis. To ex-

tract Young’s Modulus from the obtained force-distance curves, the Johnson-Kendall-

Roberts (JKR) model [4], to adjust for the adhesion force between tip and sample, was

chosen. To optimally protect the samples and assure the accuracy of the mechanics

measurements, minimum nanoindentation [5] was performed and the JKR model was

revised as Equation 1.3.

2.2.5 Statistical analysis

Statistical analysis was performed in R [6]. Differences were considered significant at

P<0.05 and indicated by the asterisk (*).
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2.2.6 Experimental details

Two sets of experiments were designed as illustrated in Figure 2.1.

In Exp. A (Figure 2.1A), we overlaid collagen matrix on top of adipocytes at

the beginning of each differentiation stage: day 2, 4, 6. Day 2 was the beginning

of the stage when pre-adipocytes started transforming into adipocytes. Day 4, with

the addition of insulin to the wells, initiated the differentiation stage. Day 6 was

when adipocytes almost finished differentiation and turned into mature adipocytes.

I then removed the matrix on day 8. This operation let matrices stay in the cell

culture media for 6, 4, or 2 days, respectively. Even though Exp. A can identify

the interactions between collagen matrices and adipocytes during different stages of

adipogenesis, it potentially confounded the results with an aging effect, in that the

matrices were in media for different lengths of time. To eliminate the contributions of

matrix aging, I also designed Exp. B, where the timing of additions were the same as

Exp. A, but I removed and analyzed collagen matrices two days after each addition.

This guaranteed the matrices were in media for the same, short period.

2.3 Results

2.3.1 Collagen matrices have different effects on adipocyte

function when added at different stages of adipogenesis

I first determined if AFM can be used to observe a change in collagen morphology

in response to culturing cells with collagen. The collagen was prepared in two differ-

ent ways (described in Section 2.2.6) and overlaid on the 3T3-L1 pre-adipocytes. I

obtained deflection images that show that both PBS-collagen and HANKS-collagen

displays massive fibrous structure, demonstrating that fibrogenesis was successful with
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Figure 2.1: Schematic diagram of experiment A: the addition of collagen overlay to
3T3-L1 adipocytes at different stages of adipogenesis (Day 2, 4, 6) with analysis at day
8. Pre-adipocytes, prior to induction of differentiation, are indicated by the jagged
circles while adipocytes that are undergoing adipogenesis are shown with smooth
circles. The collagen layer is indicated by the thick line and added when indicated
by the down-arrow. In parallel experiments, adiponectin and leptin concentrations
were determined at day 9 or day 12 and triglyceride accumulation was determined at
day 12. Experiment B: Collagen was added at different stages of adipogenesis and
analyzed 2 days later.
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both preparation methods (Figure 2.2). Moreover, the PBS-collagen matrix in con-

tact with cells for 6 days tended to show thinner and less uniform fibers in comparison

to the matrix when no cells were present (Figure 2.2 A-B). The HANKS-collagen dis-

played less distinct longer fibers than the PBS-collagen and was also modified in the

presence of cells (Figure 2.2 C-D). Thus, I was able to observe the remodelling effect

of the cells on the collagen matrices at the level of the fibers, with apparent effects

on fibre geometry.

I then assessed the impact of the different collagen preparations on the physiology

and function of the mature adipocytes. As an overall effect, collagen addition to cells

led to a decrease in overall TG accumulation when all conditions were taken into

account (Figure 2.3). For the effects of the specific collagen matrices, there was no

significant effect of PBS-collagen on the total TG accumulation regardless of when

the PBS-collagen was added. In contrast, the addition of HANKS-collagen on day 2,

but not day 4 or 6, significantly reduced the overall accumulation of TG.

To analyze the effect of collagen matrix overlays on adipocyte function, we mea-

sured the amount of adiponectin and leptin secreted by the cells on day 9 and day 12

(Figure 2.4 and 2.5). The addition of either PBS-collagen or HANKS-collagen had

an overall effect of suppressing adipokine secretion.

In the case of leptin, the suppression was greater when the collagen matrix was

added earlier during adipogenesis with both PBS-collagen and HANKS-collagen, as

leptin was not detectable when collagen matrix was added at the earliest timepoints

(Figure 2.4). When collagen matrix was added at day 6, the suppression of leptin

secretion was either absent or greatly reduced. Addition of collagen matrix at day

4 reduced leptin levels to not-detectable at day 9 and detectable but significantly

suppressed with PBS-collagen at day 12. The lack of significant difference in leptin

secretion when HANKS-collagen was added at day 4 and measured at day 9 is likely
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Figure 2.2: AFM images showing representative effects when collagen matrix is plated
with adipocytes. The collagen matrix was layered on top of 3T3-L1 pre-adipocytes
or into wells without cells for 6 days then analyzed by AFM. A) PBS-collagen in
cell culture media without cells, or B) with adipocytes. C) HANKS-collagen in cell
culture media or D) with adipocytes.
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due to the variability seen in the control samples in combination with lower levels of

leptin secretion. At day 9, the overall effect of PBS-collagen and HANKS-collagen

matrices was statistically different whereas by day 12 both collagen matrices had

similar effects.

In contrast, adiponectin secretion was affected more by the HANKS-collagen ma-

trix at both days 9 and 12 when compared to the PBS-collagen matrix (Figure 2.5).

Addition of HANKS-collagen at day 2 or day 4 resulted in a large and significant in-

hibition of adiponectin secretion at day 9 (Figure 2.5 A). At day 12 adiponectin levels

remained significantly lower in adipocytes with HANKS-collagen at day 2 or 4 but

clearly the adipocytes were able to regain some function as the difference in abundance

is clearly reduced after the 3 additional days of maturation (Figure 2.5 B). Addition

of PBS-collagen at day 4 significantly suppressed adiponectin secretion when added at

day 12 but not at day 9 suggesting that PBS-collagen was able to reduce the maximum

amount of adiponectin secreted with longer time cultures. Thus, HANKS-collagen ap-

Figure 2.3: Total TG in 3T3-L1 cells at day 12 after adding collagen overlays at day 2,
4 or 6. Statistical analysis by 3-way ANOVA. A priori analysis of control vs. collagen
at each stage by one tail Student’s t-test [7]. *p<0.05, **p<0.01, ***p<0.001, shown
are Mean ± Sem of 3 biological replicates.
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Figure 2.4: Leptin production is differentially affected by PBS-collagen and HANKS-
collagen matrices when cells are plated on regular TC-treated plates. Levels of se-
creted leptin was determined at A) day 9 and B) day 12. Statistical analysis by 3-way
ANOVA [8]. A priori analysis of control vs. collagen at each stage by Wilcoxon rank
sum [9] for leptin levels as some samples were below the detection limit of the ELISA
(ND: not detected; set to 2 pg/mL for ANOVA). *p<0.05, **p<0.01, ***p<0.001,
shown are Mean ± Sem of 3 biological replicates.
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pears to more strongly support overall adipokine suppression while PBS-collagen has

more selective suppressive effects.

Figure 2.5: Adiponectin production is differentially affected by PBS-collagen and
HANKS-collagen when cells are plated on regular TC-treated plates. A) Levels of se-
creted adiponectin was determined at day 9 B) day 12. Statistical analysis by 3-way
ANOVA. A priori analysis of control vs. collagen at each stage by one tail Stu-
dent’s t-test. *p<0.05, **p<0.01, ***p<0.001, shown are Mean ± Sem of 3 biological
replicates.
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2.3.2 Effect of CellBind plates on adipocyte physiology and

function in the presence of collagen

All of the previous experiments were performed using typical tissue-culture treated

plastic. However, culturing 3T3-L1 cells on specially treated dishes with higher levels

of incorporated oxygen on the plastic, branded CellBind [10], can increase the ease of

the adipogenesis assay as the cells remain more firmly attached. This effect is noticed

particularly after I/D treatment when the cells round up at days 2-4 (S.L. Christian

and N.K. Pallegar, unpublished observations). Therefore, we sought to determine if

the addition of collagen overlays in combination with CellBind plates would further

affect adipogenesis.

We first determined if CellBind plates affected adipocyte physiology or function in

the absence of collagen. As expected, there was a significant increase in the amount

of cellular TG and secreted leptin and adiponectin in cells induced to undergo adi-

pogenesis compared to control (Neg) cells (Figure 2.6). There was an increase in

TG accumulation when adipogenesis was induced in the CellBind plates (P=0.07).

Although there appeared to be a modest decrease in adipokine secretion when cells

were plated on CellBind plates, there was no significant effect of plate type for leptin

secretion or adiponectin secretion. However, post-hoc analysis of adiponectin secre-

tion revealed that on CellBind plates, there was an increase in spontaneous release of

adiponectin, which caused there to be no significant difference in adiponectin secre-

tion with adipogenesis measured at day 9 (Figure 2.6 C). However, overall CellBind

plates do not significantly affect either TG accumulation or adipokine secretion.

We next determined the effect of the collagen matrices on TG accumulation and

adipokine secretion when 3T3-L1 cells were cultured on CellBind plates (Figure 2.7).

Similar to the regular TC-treated plates, my plots show an overall suppression effect of
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Figure 2.6: Adipogenesis is not significantly different when 3T3-L1 cells are cultured
in regular tissue-culture (TC) treated dishes or CellBind dishes. A) TG accumulation
at day 12, B) Leptin and C) adiponectin secretion at day 9 and 12 in cells culture
on regular or CellBind plates in the absence (Neg) or presence (Pos) of adipogenic
inducers. Statistical analysis by 2-way ANOVA [8]. A priori analysis of control vs.
collagen at each stage by one tail Students’ t-test for TG and Adiponectin and by
Wilcoxon rank sum for leptin levels as some samples were below the detection limit
of the ELISA (ND: not detected; set to 2 pg/ml for ANOVA). *p<0.05, **p<0.01,
***p<0.001. Mean ± sem shown of 3 biological replicates.
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collagen on TG accumulation when all conditions were taken into account. However,

the only significantly different pairwise comparison was when PBS-collagen was added

at day 4. Moreover, there was no overall significant difference between PBS-collagen

and HANKS-collagen.

Figure 2.7: Total TG in 3T3-L1 cells at day 12 after adding collagen overlays at day
2, 4 or 6 on CellBind plates. Statistical analysis by 3-way ANOVA. A priori analysis
of control vs. collagen at each stage by one tail Student’s t-test. *p<0.05, **p<0.01,
***p<0.001, shown are Mean ± Sem of 3 biological replicates.

In contrast, leptin levels after 9 days were particularly disrupted when cells were

treated with either buffer or collagen during adipogenesis (Figure 2.8 A), suggesting

that leptin secretion from cells grown on CellBind plates is more sensitive to disruption

during adipogenesis. However, by day 12 the amount of leptin detected from the cells

without collagen was similar to cells grown without disruption (Figure 2.6). Similar

to the cells grown on TC-treated plates, adding PBS-Collagen or HANKS-Collagen

at day 2 or day 4 resulted in a significant decrease in leptin but not when the collagen

was overlaid at day 6 (Figure 2.8 B).

Even though there was an overall significant decrease in adiponectin levels by 2-way

ANOVA (Figure 2.9), there was much less impact on the collagen overlays at either
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Figure 2.8: Leptin production is differentially affected by PBS-collagen and HANKS-
collagen matrices when cells are plated on regular TC-treated plates. Levels of se-
creted leptin was determined at A) day 9 and B) day 12. Statistical analysis by 3-way
ANOVA. A priori analysis of control vs. collagen at each stage by Wilcoxon rank sum
for leptin levels as some samples were below the detection limit of the ELISA (ND:
not detected; set to 2 pg/mL for ANOVA). *p<0.05, **p<0.01, ***p<0.001, shown
are Mean ± Sem of 3 biological replicates.
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timepoint analyzed. Similar to the TC-treated plates, overlaying HANKS-collagen at

day 4 resulted in a significant decrease in adiponectin secretion detected at both day

9 and day 12. Thus, overall culturing 3T3-L1 cells on CellBind plates in the presense

of collagen matrices did not drastically change their physiology or function, however,

leptin secretion was slightly more impacted with the CellBind plates, compared to

TC-treated plates.

2.3.3 Stage-specific effects of developing adipocytes on colla-

gen matrices

Since the addition of collagen at different stages of adipogenesis had different effects on

TG, leptin, and adiponectin, I next determined if the collagen matrices were altered

differently depending on the stage of the cells. To eliminate the possible effect of

incubation time, I limited the incubation to 2 days in the presence or absence of cells

at different stages of adipogenesis (Figure 2.1 B). I did not observe any major changes

to the morphology of the collagen matrices when compared to without cells for 2 days

at any stage (data not shown).

Therefore, I measured the Young’s Modulus to assess the elasticity of the fibers

to determine if more subtle molecular or supramolecular changes were taking place.

Through the two-way ANOVA test, I found that when the PBS-collagen matrix was

presented, either on TC treated or CellBind plates, the adipocytes did not overly im-

pact the elasticity of collagen matrix (Figure 2.10 A,C). In contrast, with the HANKS-

collagen I observed that, in general, the cells mechanically remodel the collagen matrix

(Figure 2.10 B,D). More specifically, only when PBS-collagen was added on day 2,

did the cells, which were cultured in CellBind plate, caused a decrease of collagen

elasticity (Figure 2.10 C). With HANKS-collagen, the adipocytes caused changes to

collagen elasticity when overlaid on day 6 regardless of which plate the cells were
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Figure 2.9: Adiponectin production is differentially affected by PBS-collagen and
HANKS-collagen when cells are plated on regular TC-treated plates. Levels of se-
creted adiponectin was determined at A) day 9 and B) day 12. Statistical analysis
by 3-way ANOVA. A priori analysis of control vs. collagen at each stage by t-test.
*P<0.05, **P<0.01, ***P<0.001, shown are Mean ± Sem of 3 biological replicates.
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grown on (Figure 2.10 B,D). In addition, with the CellBind plate, adding cells from

day 2 to 4 also induced a change in collagen’s elasticity (Figure 2.10 D). Interestingly,

the results also showed that the elasticity of collagen matrices was affected when in-

cubated during different stages of adipogenesis, even when cells were absent (Figure

2.10 B,D). Incubation of HANKS-collagen from day 4-6, in the presence of insulin

in DMEM/FBS growth media, had a higher Young’s Modulus than HANKS-collagen

matrices incubated for the same amount of time but in the presence of IBMX/Dex

(day 2-4) or just in FBS/DMEM growth media (day 6-8). Young’s modulus measured

on HANKS-collagen incubated on CellBind with FBS/DMEM growth media (day 6-

8) was overall significantly different addition at the earlier stages. Therefore, minor

adjustments in the media appear to affect the elasticity of collagen.

2.4 Discussion

The goal was to determine if overlay of collagen matrices would impact adipoctye phys-

iology and function. We found that both the physiology and function of adipocytes

could be differentially impacted by the addition of different collagen matrices in a

manner that depended on when during adipogenesis the collagen overlays were ap-

plied. Moreover, the adipocytes modified the different collagen matrices differentially,

which also depended on the adipocyte stage at which the collagen was overlaid.

Overall TG accumulation was generally suppressed by the addition of both PBS-

collagen and HANKS-collagen (Figure 2.3 and 2.7). However, only two timepoints

showed a specific reduction in TG accumulation when compared to buffer alone, with

none of the changes particularly substantial. Thus, the collagen matrix overlays do not

substantially alter the normal accumulation of lipid, the major physiological outcome

of adipogenesis and its most visually obvious outcome. It is unknown if the modest
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decreases in TG accumulation would translate to biologically relevant outcomes if this

experimental design could be modified to be tested in vivo.

However, investigation into adipocyte function, with respect to adipokine secretion

revealed that both leptin and adiponectin can be affected by both the method of

collagen matrix preparation and the type of cell culture plate used. I do not believe

that the reduction in adipokine detection is due to physical interference of collagen to

block the passage of secreted proteins. Leptin has a calculated mass of approximately

19 kDa protein while adiponectin has a calculated mass of 26 kDa. Since leptin was

impacted more than adiponectin it is unlikely that the collagen matrices are reducing

the passage of secreted proteins based on size.

Adiponectin is glycosylated at at least 6 sites [11, 12] whereas post-translational

modifications of leptin, with the exception of disulfide bonds, have not been reported.

The predicted pI of leptin is 5.85, while the predicted pI of unmodified adiponectin

is 5.57 suggesting that different charges on the unmodified proteins of -2.5 and -6.4,

respectively, could potentiate charge-charge interactions between the adipokine and

collagen. In fact, an interaction with adiponectin and collagen has been reported

previously in vitro and in injured but not healthy blood vessels in vivo [13]. However,

leptin has not been reported to interact with collagen. Moreover, equivalent amounts

of leptin and adiponectin were detected when the collagen was added to more mature

cells (i.e. at day 6) and detected at both day 9 and 12 (Figure 2.3 and 2.7). Thus,

there is no evidence to suggest that the collagen matrices physically impede the release

of adipokines into the surrounding media.

Leptin was particularly and strongly affected by the addition of both types of col-

lagen matrices. Strikingly, addition of collagen at the earliest stage of adipogenesis

(day 2) resulted in leptin secretion that was, in many cases, below the level of detec-

tion. Thus, addition of collagen during active differentiation decreases leptin secretion
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in a manner that is not readily reversible. Leptin expression is regulated by a variety

of transcription factors including C/EBPα, SREBP1, and FosL1 during adipogene-

sis [14–16]. In addition, leptin expression is promoted by insulin, glucocorticoids, and

even leptin itself [16]. The ability of collagen to impair leptin secretion when added

at early stages of adipogenesis suggests that collagen may be specifically interfering

with the action of one of these transcription factors. Whereas addition at later stages

displayed significantly reduced interference with leptin synthesis, likely because the

key transcription factors had already initiated leptin transcription.

In contrast to leptin, effects on adiponectin secretion were more modest and depen-

dent on the collagen preparation. PBS-collagen had very little impact on adiponectin

secretion while the HANKS-collagen, especially when associated with TC-treated

plates decreased the secretion of adiponectin when added on the early stage of adi-

pogenesis. Similar to leptin, the effect of collagen was greater when the collagen was

added earlier during the differentiation process. Adiponectin expression is regulated

by insulin via activation of PPAR-γ as well as by other transcription factors such

as C/EBPα and negatively regulated by FoxO1 [17]. Thus, it appears that addi-

tion of HANKS-collagen, but not PBS-collagen, significantly impairs the regulation

of transcription factors when added earlier during adipogenesis but that this effect

is reduced when cells are cultured in CellBind plates. While it is clear that collagen

overlays differentially regulate the appearance of adiponectin and leptin, the precise

mechanism for this regulation will require further study.

Using AFM nanomechanics analysis I analyzed the effect of adipocytes on col-

lagen focusing on stage-specific effects that occurred within 2-day windows during

adipogenesis.

The fact that PBS-collagen was not remodeled by adipocytes could be ascribed

to the elasticity of collagen. According to published results, the mechanics of ECM
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plays a significant role in inducing adipocytes differentiation, especially the softer

matrix can promote the adipogeneisis [18, 19]. Hence, due to the promotion of softer

PBS-collagen, cells can smoothly finish adipogenesis; then less interactions took place

between adipocytes and collagen fibers, which lead to the absence of remodeling.

However, if the stiffer HANKS-collagen increased the local adhesion between cells

and matrix, then cells would have to undergo more complex procedures to carry on

the adipogenesis. The more work done by the cells during the adipogenesis, the more

noticeable remodeling effects can be found. This also can explain why the secretion

of adiponectin was not overly effected by the addition of PBS-collagen.

More specifically, on the first stage, the remodeling (labeled with *) can be found

only when CellBind plate was involved (Figure 2.10 C,D). This is because at this stage,

the pre-adipocytes were converting to adipocytes, so they tended to aggregate at the

bottom of the well. Therefore, they would be more sensitive to the attaching strength

of the plate. In contrast, the last stage, when adipocytes started to accumulate TG,

which appears as fat droplets, they would tend to float in the cell culture media

and stay closer to the matrix. Then more interaction could take place, which lead

to the more drastic remodeling effect. This explains why when we compared the

last stage, only on HANKS collagen the remodeling (labeled with *) can be found

(Figure 2.10 B,D). Therefore, I can conclude that at the early stage, the property

of plates dominates the adipogenesis; however, at the late stage, the adipogenesis

will be impacted more by the matrix properties. Conversely, at the middle stage,

no remodeling effect can be found. More research is required to explain this special

middle stage. What should be taken into consideration is that the addition of insulin

initiates the synthesis of TG, which associates with many complex reactions.

It is not clear why the HANKS-collagen had more substantive effects than PBS-

collagen on adipokine secretion. While I observed that the HANKS-collagen solidi-
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fied at a slower rate than PBS-collagen, both were solidified completely within 24h.

HANKS contains KCl, CaCl2, MgSO4, and glucose, which are absent in the PBS-

collagen preparation. The differences in buffer compositions did not cause obvious

changes to the collagen morphology or significant changes to the Young’s modulus.

However, I speculate that the addition of the divalent cations Mg2+ and Ca2+, po-

tentially along with glucose, could have altered the protein interactions to promote

modification by the adipocytes. Future study will be necessary to disentangle the key

factors that cause the functional changes to the collagen preparation.

Regardless of the mechanism, we have clearly shown that apparently minor manip-

ulations to the preparation of Type 1 collagen can result in significant and specific al-

terations to adipocyte physiology and function. This technique will permit researchers

to selectively alter adipokine secretion without significant alterations to the ability of

adipocytes to store triglycerides. As many other cell types can be grown on colla-

gen matrices, a co-culture system to analyze the differential effects of adipokines on

other cell types without specific alteration to TG is also feasible using the collagen

overlay system. For example, since leptin and adiponectin have opposing effects on

breast cancer cell proliferation specific alteration to adipokine concentrations using

the described method would allow analysis in the absence of close contact to TG-filled

adipocytes to reveal novel interactions between these cell types [20]. Moreover, adapt-

ing this method to in vivo procedures could potentially be used to selectively modify

appetite-regulating hormones without diminishing the essential role of adipocytes to

store free fatty acids, which are toxic in high abundance or when deposited ectopi-

cally [21].
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2.5 Conclusions

In summary, I found that the secretion of leptin and adiponectin can be selectively

manipulated while not substantially impairing TG synthesis in developing adipocytes

by use of different collagen preparations and cell culture plates. These effects were

consistent with the degree of modification of the developing adipocytes on the collagen

matrices and dependent when during adipogenesis the collagen was applied. These

finding may allow researchers a new way to affect adjacent cells or tissue by selectively

manipulating adipocyte function.
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Chapter 3

Investigation of 3D co-culture

system by using AFM

With the thorough understanding of the development of adipocytes and the inter-

actions between adipocytes and our artificial ECM, I then built the 3D co-culture

system. Hence, this chapter includes the preliminary results that I obtained on our

3D co-culture system, which consists of adipocytes, the breast cancer cells, and Ma-

trigel matrices. To investigate more possible materials in the system (other than the

type I collagen matrix that was introduced in Chapter 2), I adopted Matrigel as the

matrix to offer a more physiological environment to the breast cancer cells in the

system.

In this chapter, I will firstly present the morphology of sole Matrigel matrix, Ma-

trigel matrix with adipocytes embedded, Matrigel matrix with the breast cancer cells

embedded, and Matrigel with both adipocytes and the breast cancer cells. Secondly

we will compare the four sub-systems in the aspect of mechanical properties. The

result shows that the designs of four sub-systems are all successful; especially in that

I can observe the active interactions between adipocytes and the breast cancer cells in

52



the co-culture system, both morphologically and mechanically. After this study, now

I have more understanding about the interplay between Matrigel, adipocytes and the

breast cancer cells. This can be the valuable reference when I build a more physiolog-

ical system, where I incorporate both the type I collagen and Matrigel in the artificial

ECM.

3.1 Experiment

The samples in this project were kindly provided by Dr. Sherri Christian, Assistant

Professor in the Department of Biochemistry, Memorial University of Newfoundland.

The 3T3-L1 pre-adipocyte cell line was adopted and cultured in the same media as

described in section 2.1.1. The cells were embedded into the diluted Matrigel matrix

five days after they differentiated into mature adipocytes. For the co-culture system,

the breast cancer cell line MDA-MB-231 was purchased and seeded in the Matrigel

matrix at the same time when the adipocytes were embedded. For each set of sub-

system, three parallel experiments were designed to guarantee the accuracy of our

data.

Then after the sample preparation, the AFM morphological and mechanical mea-

surements were performed within 24 hours. The AFM measurements also followed

the procedures mentioned in section 2.1.4

3.2 Study on sole Matrigel matrix as the baseline

data

To my knowledge, due to the complex composition of Matrigel [1], there is no standard

morphological image I can refer to. Hence I decided to firstly measure the morphol-
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ogy and mechanics of Matrigel matrix with AFM as the baseline data, for further

comparison when the cells were added in the system.

From the perspective of morphology, the Matrigel matrix is relatively featureless,

as shown in a typical image in Figure 3.1, which agrees with the expectation due

to the large amount of type IV collagen [1]. Unlike the massive fibrous structure

on the type I collagen matrix as shown in Figure 2.2, type IV collagen is a type of

non-fibrillar collagen [2]. Hence I will use Figure 3.1 as the baseline image to compare

the influence of the addition of adipocytes or breast cancer cells on the morphology

of the matrix.

Figure 3.1: An AFM deflection image of a Matrigel matrix shows a relatively feature-
less surface

Secondly, regarding the mechanics of the Matrigel matrix, I quantified it by eval-

uating the Young’s Modulus of the sample, through performing the AFM minimum

nano-indentation. According to the box plot in Figure 3.2, the Young’s Modulus of
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the Matrigel matrix covers a wide range, between about 1.5 GPa to 5 GPa, which

is also due to the complex composition of Matrigel. 50% of the data points fall in

the box area, between 2 GPa and 4 GPa. The calculated average Young’s Modulus

is 3.049 GPa with the 1.440 GPa as the standard deviation. Hence, in the rest of

the Chapter I will use these values as the reference to evaluate the effect from the

adipocytes and/or the breast cancer cells to the Matrigel matrix.

Figure 3.2: The box plot of the Young’s Modulus of Matrigel matrix

3.3 Study onMatrigel matrix cultured with adipocytes

To avoid missing some distinct surface features and have a comprehensive understand-

ing of the sample which has adipocytes embedded on Matrigel matrix, I started the

imaging with a larger scanning size, 90 µm × 90 µm for each scan. When I scanned

across it, instead of a featureless Matrigel surface, I came across many distinct features

as shown in Figure 3.3 A. Many images were collected; here I illustrate the analysis

using this image. On the top and middle of the figure, a number of protein clusters

are present. Considering the featureless surface of Matrigel, the protein clusters may
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result from the addition of adipocytes. Hence, they could be the cluster of the secre-

tion of adipocytes, adipokines. Furthermore, on both the left and right sides of the

figure, I spot some corrugated features with roughly 30 µm in diameter. Combined

with the size of adipocytes reported in literature [3], those features are consistent with

adipocytes. The striations are artifacts formed during the air-drying process during

sample preparation.

A zoom of the marked rectangular area yields Figure 3.3 B, which clearly shows

the geometry of the protein cluster which can be utilized for the future study to assign

the particular adipokines. Also, the corrugated features spread all over the sample,

indicates that the adipocytes were successfully cultured on the Matrigel matrix.

Figure 3.3: The AFM deflection image of Matrigel matrix with adipocytes. A: image
at larger scale (90 µm on a side); B: zoom in at the selected area

With respect to mechanical properties, I measured the Young’s Modulus of the

sample and made a comparison with the sole Matrigel matrix. The result is shown in

Figure 3.4. According to the plot, the sample of adipocytes on Matrigel matrix also

shows widely distributed Young’s Modulus. The p-value of the following one tail Stu-
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dent t-test is less then 0.001, which confirms that the two sets of data are statistically

different. This study shows that the addition of the adipocytes indeed caused the vari-

ation of the Matrigel’s mechanics. Besides, the consistency of wide-spread Young’s

Modulus suggests the composition of Matrigel remains complex and heterogeneous

after the the addition of adipocytes. Yet it does show an overall significant decreasing

of the Young’s Modulus of 2.310 ± 1.329 GPa. Hence, the addition of adipocytes

can soften the Matrigel matrix in general. This finding corresponds well with one

well known character of adipocytes, that they are cells with tremendously low elastic

modulus, even in comparison with other mesenchymally-derived stem cells [4]. Then

the addition of soft cells generally brings down the overall Young’s Modulus of the

sample.

Figure 3.4: The comparison between the Young’s Modulus of the Matrigel only, and
the Matrigel with adipocytes.
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3.4 Study on Matrigel matrix cultured with breast

cancer cells

Similar to the last section, I firstly investigated the morphology of the breast cancer

cell-embedded matrix by starting imaging with a larger length scale, 90 µm, as shown

in Figure 3.5 A. The images present remarkably different structures in comparison to

the Matrigel only and the Matrigel with adipocytes. On the matrix, some spindle-

shaped convex structures exist and are surrounded by smaller clusters. Supported

by the morphological assignments in the literature [5], I attribute the spindle-shaped

structure to the MDA-MB-231 breast cancer cells. This AFM image also confirms

the successful culture of the breast cancer cells on the Matrigel matrix. Then I

continued to zoom in to a smaller area. As shown in image B, the breast cancer cell

is surrounded by protein particles. Furthermore, the protein particles only distribute

along the edges of the cell. Hence, the proteins could be the secretion of the breast

cancer cells. Given the fact that during the invasion, the breast cancer cells secrete

matrix metalloproteinases to consume the surrounding matrix [6], it is possible that

the protein particles are matrix metalloproteinases and their products. However,

future investigation is still required to prove this possibility.

After the existence of the breast cancer cells was confirmed by AFM images, we

investigated how the breast cancer cells mechanically modified the Matrigel matrix.

According to Figure 3.6, after the addition of breast cancer cells, the Young’s Modulus

of the sample spreads in a even wider range, and shifts toward higher values. Followed

by a Student t-test, the two sets of data in Figure 3.6 are proved to be statistically

different (p=0.0068). The increasing of Young’s Modulus implies the cell behaviour

of breast cancer cells stiffen the matrix. The findings in my project also agree with

the established conclusions that the breast cancer cells can increase the heterogeneity
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Figure 3.5: The AFM deflection image of Matrigel matrix with the breast cancer cells.
A: image at larger scale (90 µm on a side); B: image at smaller scale (20 µm on a
side).

of matrix Young’s Modulus [7] and stiffen the surrounding tissues [8].

3.5 Study on Matrigel matrix cultured with the

co-culture system

Eventually, I built the co-culture system, which has the adipocytes as the bottom

layer, and the Matrigel with embedded cancer cells on top, as introduced in Figure

1.1. I was aiming to seek how the interactions between the adipocytes and breast

cancer cells would change their appearance and mechanics.

An an example, the AFM deflection image in Figure 3.7 A shows the co-existence of

two types of cultured cells. Noticeably, instead of being in spindle shapes as in Figure

3.5 A, the breast cancer cells adopt another spherical configuration and circularly

distribute on the surface. According to Ivers et al. research [9], the co-culture of
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Figure 3.6: The comparison between the Young’s Modulus of the Matrigel only, and
the Matrigel with the breast cancer cells.

breast cancer cells and other epithelial cells tends to make breast cancer cells rounded

up and aggregate around the epithelial cell, then eventually convert it into breast

cancer cells. To have a clearer view, I zoomed in at the indicated area and obtained

image B, where the corrugated structure indicated the existence of adipocytes, as

discussed in the former section. The shape changing of breast cancer cells and the co-

existence of two types of cells confirms that the co-culture system has been successfully

established, and active interactions happened between adipocytes and breast cancer

cells. Figure 3.8 shows a clearer rounded shape of the breast cancer cells.

Regarding the mechanical properties, it appears that as in Figure 3.9 the overall

influence from the co-cultured cells to the matrix brought the Young’s Modulus down,

but still kept it in the similarly wide range. This is a balanced result after taking

the addition of softer adipocytes and the stiffening effects of breast cancer cells into

consideration. However, the general decrease of Young’s Modulus indicates that the

adipocytes and/or synergistic remodeling by the co-culture contributes more to the

overall mechanics. The specific reason for this still needs further study.
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Figure 3.7: An AFM deflection image of the co-culture system. A: image at larger
scale (90 µm); B: zoom-in at the selected area on image A

3.6 Conclusions

In this chapter, I carried out the first measurements of our 3D co-culture system,

where the adipocytes and breast cancer cells actively interact and cause the change

in both their morphologies and mechanics.

I obtained AFM images that showed adipocytes secreted some protein clusters,

which are possibly the adipokines. The striated structures were suspected to be

the remaining fat after drying out during sample preparation. On the contrary, the

breast cancer cells were easier to be identified due to their spindle-like shape. We also

observed the consequences of secreted matrix metalloproteinases around the breast

cancer cells. In the co-culture sample, a noticeable shape changing, from spindle like

to spherical shape, of breast cancer cells confirmed the active interactions between

the two types of cells.

Mechanically, the addition of soft adipocytes decreased the Young’s Modulus of
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Figure 3.8: The AFM deflection image of the co-culture system that shows the rounded
shape of the breast cancer cells

Matrigel matrix; however, the stiffening effect of breast cancer cells reversely increased

it. The overall effect when we take both the cells into account showed a decrease in

Young’s Modulus.

Similar 3D co-culture systems with adipocytes and breast cancer cells have been

built and investigated by other groups. For example, Balaban et al. [10] created a

co-culture system and reported that the fatty acids released from adipocytes can be

transferred to and utilized by the breast cancer cells to regulate their cell behaviours.

And yet, to my knowledge this is the first time that both morphology and mechanics of

the system is analysed by AFM. Nevertheless, there is still more investigation required

to improve the system and thoroughly understand the interactions between these two

types of cells. For example, instead of measuring the overall mechanics of the matrix,

I can focus on the mechanics analysis of cells and cell secretions. A comparison of my

results with reported values can help identify the protein clusters. After I build the
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Figure 3.9: The comparison between the Young’s Modulus of the Matrigel only, and
the Matrigel with the co-culture system.

mechanics “database”, I can perform a large force mapping on the co-culture sample,

and directly observe the distribution of cells and furthermore, study their interactions.
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Chapter 4

Reconstructed

segmental-long-spacing collagen in

vitro

Another type of collagen-based biomaterial in this project is segmental-long-spacing

(SLS) collagen, which shows a distinct block-like feature instead of the fibrillar struc-

ture of the typical aggregates of type I collagen, as shown in Figure 4.1. In each block

of SLS collagen, the collagen monomers arrange laterally in register [1]. Other than

being morphologically special, it also plays a significant role in studying the prop-

erties of the collagen monomer, which is normally difficult to study due to its small

length scale (300 nm long, 1.5 nm in diameter [2]). In addition, SLS collagen has been

identified in multiple tissues in vivo, such as human skin and cartilage [3]. Therefore,

SLS collagen also possesses significance in biological systems.

Hence, there are practical applications to reconstructing SLS collagen in vitro in

an easy and reproducible way. A former member of the Merschrod group, Chuan Xu,

has reported one method to build SLS collagen in his thesis [4]. However, during my
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Figure 4.1: Two types of native type I collagen aggregations with very distinct mor-
phologies, as seen in these deflection images. Image A: the SLS collagen shows the
block-like structure. Image B: the regular fibrillar collagen structure.

scientific articles review, I developed a new way to synthesize SLS collagen, which

has even better reproducibility. Herein I will present my method as well as some

follow-up characterization conducted by using AFM. I also conducted research to

investigate the influence of pH to the formation of SLS collagen. This is further

to aim at discovering the specific mechanism of SLS collagen formation, which still

remains poorly understood [5].

4.1 Experiment

The new method was developed from Xu’s thesis [4] and Goh’s work [6]. I used

156 µL of native type I collagen monomer solution (Advanced BioMatrix) with a

concentration of 3.2 mg/mL, and diluted it with the addition of 446 µL of 0.05 %

acetic acid. Then I dissolved 4 mg adenosine-5’-triphosphate (ATP) (Sigma) in 400 µL

67



of 0.05 % acetic acid. I mixed the two prepared solutions and adjusted the pH of the

mixture to 2 or 4, to seek the influence of pH on SLS aggregations. The solutions sat

at room temperature for roughly one hour, allowing the original transparent solutions

to turn cloudy, which represents the formation of SLS collagen aggregates. Imaging

required a ten-fold dilution air-dried on mica substrates.

The AFM scanning was performed in contact mode in air, using a MFP-3D AFM

(Asylum Research, Santa Barbara, CA) and CSC37/CR-AU tips (Mikromasch, USA).

The resonance frequency and spring constant of the tips were about 20 kHz and 0.3

N/m, respectively. The specific value was determined by the thermal noise method

(Roger Proksch, Asylum Research).

4.2 Results and Discussion

4.2.1 Morphology

At lower pH (pH=2), as shown on Figure 4.2 A, numbers of tiny rectangular shaped

blocks randomly distribute on the mica surface. To have a clearer view, I selected

an area with sparse distribution of the blocks and zoomed in to obtain image B. On

image B, a section analysis on individual blocks (not shown here) indicates that the

length of each block is roughly 300 nm, which is the same as the length of one collagen

monomer [7]. Therefore, the rectangular shaped blocks are assigned to be the formed

SLS collagen aggregates. Consequently, the new method to synthesize SLS collagen

is proven to be valid.

SLS prepared at higher pH (pH=4) shows very distinct morphology. Instead of

forming block-like SLS collagen, the collagen monomers lined up to form long fibers,

which were more similar to the normal type I collagen fibers, as shown in Figure 4.3

A. However, when zoomed in at any area, the block-like SLS collagen was actually
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Figure 4.2: AFM images of SLS collagen samples with low pH (pH=2).

co-existing with the long fibers. The blocks show the tendency to line up one after

another to form longer fibrillar structure, and the length of each block remains to be

about 300 nm, hence the rising of pH did not denature or alter the geometry of the

collagen monomers.

In summary, according to Figure 4.2 and Figure 4.3, with only slightly different

pH value, the collagen monomers formed two very distinct structures. This finding

implies pH plays a vital role in the formation of SLS collagen, with the more acidic

environment favouring the complete formation of individual blocks.

4.2.2 Mechanics

I also studied the mechanics of SLS collagen by performing AFM minimum nano-

indentation to evaluate if the addition of ATP molecules structurally modify the

collagen monomers. Sixteen indentations distributed across an SLS collagen sam-

ple yielded the data used to extract Young’s Moduli by fitting the obtained AFM
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Figure 4.3: AFM images of SLS collagen samples with high pH (pH=4).

force curves with the JKR model. The resulting Young’s modulus of SLS collagen is

2.690±0.975 GPa, which is statistically indistinguishable from the measured Young’s

Modulus of the collagen sample without the addition of ATP molecules. Hence, my

studies demonstrate that the different arrangement of collagen in SLS collagen aggre-

gates does not lead to a mechanically distinct structure. The addition of ATP did

not cause a change of the Young’s Modulus of collagen, despite its purported role in

linking monomers together. [5]

For further mechanical study, I focused on individual SLS collagen blocks, as in

Figure 4.4. Multiple nano-indentations with a gradually increased indentation depth

across the block served to check for plastic deformation. As indicated by Figure

4.4, there was no noticeable difference between the images before and after nano-

indentation, even under a wide range of indentation depths. This demonstrates the

elastic material nature of SLS collagen aggregates, that is to say their ability to restore

their original shape after deformation.
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Figure 4.4: Indentations performed on individual SLS collagen aggregates did not
cause irreversible deformation

4.3 Conclusions

In this chapter, I created and tested a new method of building SLS collagen in vitro,

also studying the influence of pH with this synthesis protocol. Based on the AFM im-

ages, the less acidic environment (pH=4) contributes to the formation of long collagen

fibrils, which is reminiscent of the natural structure of type I collagen aggregates. In

contrast, the more acidic environment (pH=2) supports the formation of individual

block-like SLS collagen, which is the aggregation of collagen monomers arranged in

register. SLS collagen showed pure elastic (non-plastic) behaviour when responding

to deformation over a wide range of indentation depths.

SLS collagen is one type of intriguing biomaterial, yet it has only very limited

applications discovered by far. To date, the most common application of SLS is to

study the properties of collagen monomers, as aforementioned. However, as revealed

in this chapter, SLS collagen could be a tunable biomaterial under different synthesis

environment. Even though I only studied the influence of pH, there are still many

other factors, such as temperature and the concentration of ATP molecules, that can
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be taken into consideration to tune the SLS collagen into various possible configu-

rations. If future studies can elucidate the mechanism of SLS collagen formation,

then potentially I can use it as a building block to construct long fibers, sheet-like

structures etc. with the desired geometry to accommodate a number of applications

ranging from designing matrices for cells to building bio-compatible artificial tissues.
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Chapter 5

Conclusions and future work

5.1 Conclusions

My research is focused on designing and investigating the properties of bio-compatible

materials, which are mostly based on collagen. With the help of atomic force mi-

croscopy (AFM), a technique with high resolution and versatile applications, I suc-

cessfully studied the morphology and mechanics of type I collagen matrices and

segmental-long-spacing (SLS) collagen. This provided a preliminary understanding

of the complicated interactions among adipocytes (fat cells), breast cancer cells, and

the artificial matrices which I created.

By timing the addition of the type I collagen matrix, I firstly achieved selective

manipulation of the release of leptin and adiponectin, which are reported to be the

critical molecules that can regulate the behaviour of breast cancer cells [1, 2]. In

addition to the therapeutic potential of this work, it also leads to my second project

on co-culture of adipocytes and breast cancer cells on Matrigel, to investigate the

detailed interactions between the target cells.

In the second project, I built a 3D co-culture system with adipocytes, the breast
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cancer cells and a Matrigel matrix, in the collaboration with Dr. Sherri Christian

(Department of /Biochemistry, Memorial University of Newfoundland). I present

AFM images that confirm that the culture of adipocytes and breast cancer cells on

Matrigel was achieved. As well, the shape change of breast cancer cells from spindle to

spherical shape in the presence of adipocytes indicates the active interactions between

the two types of cells in the system.

Till now, a few similar co-culture systems for adipocytes and breast cancer cells

have been established by other research groups as well [3,4]. However, they are more

focused on the aspect of the biological interactions between the cells, such as the

secretion of cytokines. In this thesis, other than analyzing the cytokines concentra-

tion, I also investigated to what extent the addition of the cells alter the mechanical

properties of the cell matrices. The mechanics of the cell matrices play a vital role

in regulating cell behaviour [5] that should not be neglected while evaluating the

co-culture system. Hence in the future, there should be more research addressed

regarding the mechanical properties of our artificial extracellular matrix (ECM).

Finally, I also modified the method of synthesizing segmental-long-spacing (SLS)

collagen in vitro with an eye toward biomaterial applications. I found that pH played

a vital role in the formation of SLS collagen and its superstructures. The more acidic

ambience is in favour of forming individual SLS collagen blocks, while at a higher

(though still acidic) pH one starts to see fibrous structures based on SLS components.

5.2 Future work

In the future, there is still much work to continue on, especially regarding the 3D co-

cultural system as mentioned above. On the materials properties side, in this thesis,

the elasticity of type I collagen matrices and the matrigel matrix has been thoroughly
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investigated. However, visco-elasticity is another distinct character that biomaterials

possess, and it always determines the functions of biological tissues [6]. Visco-elasticity

is essentially a combination of viscosity and elasticity; it shows a variation of strain

over time under a constant stress [7]. Despite the complexity of visco-elasticity, it

can be conveniently measured by AFM [8] by applying a dwelling time on the AFM

tip while conducting a nano-indentation. Hence, the next step will be focusing on

the investigation of visco-elasticity of our artificial ECM. Considering the ill-defined

composition of Matrigel, it would be best to start with better understood type I

collagen matrices, which form part of the ECM in our system in vivo

Other than that, in the current system, I chose Matrigel as the artificial extracellu-

lar matrix (ECM), because it can offer cancer cells a more physiological environment,

as well as serving as a common reconstituted basement membrane. However, the real

ECM in vivo has both the interstitial matrix and the basement membrane as the

major composition [9]. Hence, as the next step, I can consider incorporating type I

collagen into the current artificial ECM and explore if that will change the interactions

between cells.

pH is only one of many controllable experimental conditions in the formation of

collagenous biomaterials. Others include solution temperature, the ATP molecule

concentration, and the reaction time of the ATP and collagen monomer mixed solu-

tion. Starting from the diverse structures I achieved by only varying pH, these other

parameters will like enable further tunable SLS collagen for various applications. For

example, I do have the plan to incorporate the type I collagen into the 3D co-culture

system, as introduced in Chapter 3. However, I am expecting some difficulties in that

the uniform size of native type I collagen fibers cannot well accommodate both the

adipocytes and the breast cancer cells, given the fact that they have very distinct

geometry and cluster size [10, 11]. But, ideally, if I can build long fibers that con-
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sist of SLS collagen blocks, I would be able to tune the fiber diameter and length

corresponding to the physiological condition of the two types of cells.
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Appendix A

Attaching a spherical tip to the

tipless AFM cantilever

The sharpness of AFM tips brings AFM with high resolution; however, it also limits

the application of AFM, especially for the force spectroscopy. Biological samples usu-

ally give different mechanical response when measured under different length scales.

Therefore, it would be logical to perform indentation to access the mechanics of sam-

ples by using tips ranging from different length scales.

To achieve this, I attached a silica micro-bead with 30 µm radius to a tipless AFM

cantilever, as outlined below.

1. Dilute the silica microbead solution. The specific concentration depends on

sphere size, charging of surface groups (i.e. suspension medium pH and ionic

strength), tip coating, tip shape, and many other effects; this is best determined

in an ad-hoc fashion. (See next step.)

2. Deposit diluted solution on a glass slide. Observe through the microscope on

the AFM to check for individual silica microbeads, as shown in Figure A.1A,

instead of the microbead clusters. (If not, repeat Step 1)
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Figure A.1: The process of attaching spherical tip to tipless AFM cantilever. A:
individual silica microbeads. B: one sphere attached to an AFM probe cantilever; the
arrow indicates the edge of the sphere

3. Deposit glue on the glass slide, then using the probe or sample stage micrometers

for the AFM position the cantilever above the glue and perform an indentation

to make sure that there is glue on the end of the cantilever.

4. Position the cantilever above the individual microbead, then performe another

indentation. Raise the cantilever with attached sphere as shown in Figure A.1B

5. Leave the attached cantilever to air-dry for an hour.

I took a SEM micrograph to ensure that the sphere is attached in place. The SEM

image is shown in Figure A.2
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Figure A.2: SEM image of AFM cantilever with a sphere attached.
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Appendix B

A introduction to the Bligh-Dyer

method

In Chapter 2, to determine the triglyceride accumulation, the Bligh-Dyer method

was employed to extract lipids from the resuspended cells. The Bligh-Dyer method

is a well-established technique to efficiently extract and purify lipids from biological

materials. [1]

Here are the procedures of carrying out the Bligh-Dyer method.

1. Homogenize the biological tissue with chloroform and methanol.

2. Add water and chloroform to dilute and separate the formed solution into two

layers.

3. Separate the chloroform layer, which comprises the targeting lipids.

In this thesis, the obtained lipids were re-extracted and purified as described below,

to increase the accuracy of the triglyceride accumulation measurement. Following the

removal of the organic solvent layer from the Bligh-Dyer extraction, lipids remaining

in the upper phase were re-extracted (in duplicate) by adding 2.5 mL of chloroform,
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vortexing for 30 s, and centrifuging at 1000×g for 5 min. The organic solvent layer was

removed and pooled with the organic solvent layer from the Bligh-Dyer extraction.

The pooled extracts were back-extracted by mixing with an equal volume of PBS,

vortexing for 30 s, and centrifuging at 1000 ×g for 5 min. The organic solvent layer

was removed, dried under N2(g), resuspended in 500 µL isopropanol, and stored under

N2(g) at –20 oC until needed.

To control for extraction efficiency, 10 µg of a triacylglycerol (TG) standard (cat.

no. 17810, Sigma Aldrich, St. Louis, MO, USA) was extracted as above, and the

TG quantified with 25 µL of extracted sample (n=11) was compared to the TG

quantified from 25 µL of 0.02 µg/µL TG standard (in isopropanol). TG cellular

accumulation was corrected for extraction efficiencies within each extraction procedure

(mean extraction efficiency was 88.2% with a range of 79.8%-97.7%.) A colorimetric

commercial kit from Wako Diagnostics (Richmond, VA, USA) was used to quantify

TG, using standard curve of 0-50 µg TG.
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Figure 1.6: The schematic of the AFM setup. By Askewmind [Public domain], via
Wikimedia Commons

being damaged. In my project, most of the study was done under contact mode.

In contact mode, the AFM tip keeps in contact with the sample surface during

scanning. So once the tip meets higher or lower features, the cantilever will corre-

spondingly bend against or towards the sample to make sure the tip and sample are

in contact. This bending causes a variation in deflection of the laser. Then a feed-

back loop adjusts the deflection back to a pre-defined “setpoint”. In tapping mode,

however, instead of remaining in contact with sample, the AFM tip keeps tapping on

the sample surface with a set amplitude and frequency. The surface features cause a

change of tapping amplitude, which is recorded and adjusted back to the setpoint by

the feedback loop. [48]
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