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Abstract 

Colloidal gels, unlike monolithic hydrogels, are formed by aggregation of 
submicron colloidal particles into self-similar space-filling networks due to at
tractive interparticle interactions. By altering the aggregation mechanism, the 
particles within the aggregated network of colloidal gels can be organized with 
distinct microstructure to impart definite spatial morphology. And the bulk 
elasticity of the colloidal gel can be scaled with particle fraction for a given 
microstructural morphology. Electrostatic interaction mediated aggregation 
of ionic colloidal particles can form three-dimensional gel via the electrolytes 
present in the dispersion media. The mode of aggregation can be varied by 
altering the electrolyte characteristics as well as by the ionic strength of the elec
trolytes. Thus, the microstructural morphology of these aggregates and gels 
are engineered with defined geometry and their mechanical properties are ei
ther independently or interdependently controlled by the particle fraction. As 
a result, the colloidal aggregates and gels, as three-dimensional artificial extra
cellular matrix, can provide tunable mechanomorphology to guide the spatial 
organization of cells during morphogenesis. Since cellular morphogenesis is 
essentially dependent on the local spatial constraints and elasticity of the three
dimensional matrix, it is imperative that the mechanomorphology of the col
loidal gels can provide guidance to regulate cell fate. To achieve this, colloidal 
gels with different mechanomorphological characteristics were developed from 
cationic colloidal particles, where the colloids particles were developed from 
cationic polyurethanes (PU). Ionic polyurethanes, as synthetic material, pro
vides a platform to develop ionic aqueous colloids which can be aggregated to 
form colloidal gels. Specifically, PU based colloidal aggregates and gels were 
developed by aggregating the colloids using (i) electrolytes from phosphate 
buffer, i.e. phosphates and chlorides which can neutralize the surface charges of 
particles and aggregate the colloidal particles into compact microstructure, (ii) 
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polyelectrolytes using sodium-salt of poly-acrylic acid, i.e. carboxylate groups 
which assemble the ionic particles into branched structures through bridging in
teractions, and (iii) chondroitin sulfate disaccharide, i.e. multiple sulfate groups 
which can aggregate the ionic colloids depending on the ionic strength. By us
ing these three platform colloidal gels, mechanomorphological characteristics 
were tuned over a wide range. Both microstructural morphology and mechan
ical properties of the aggregates and gels were characterized experimentally to 
demonstrate that different aggregation modes yield colloidal gels with distinct 
mechanomorphology. To demonstrate the relevance of mechanomorphology 
as a matrix guidance for controlling cell fate, two cases were analyzed: (i) en
dothelial network formation, and (ii) chondrogenesis of mesenchymal stem cell; 
both of which are known to be dependent on the organization of cells in the 
three-dimensional matrix. The endothelial network formation by human umbil
ical vein endothelial cells shows that endothelial cells form capillary-like angio
genic structures in colloidal gels with branched strands of interconnected parti
cles. The endothelial responses were regulated by both cell-cell and cell-matrix 
interactions and were dependent on the mechanomorphology of the colloidal 
gels. Similarly, the chondrogenic differentiation of stem cells was dependent 
on the matrix guidance of colloidal gels where chondrogenesis was favored in 
colloidal gels with branched strands of interconnected particles. Chondrogenic 
differentiation was dependent on the organization of cells which was guided by 
the microstructural morphology and mechanical properties of the colloidal gel. 
Overall, these two systems demonstrate that the microstructural morphology 
of three-dimensional matrix in combination with matrix mechanics is an impor
tant regulator for cell organization during morphogenesis and colloidal gels can 
provide this matrix guidance. The unique structural and functional features of 
colloidal gels enable to regulate the morphology in a controlled manner with 
respect to the bulk mechanics. This work illustrates that the mechanics and 
morphology of colloidal aggregates and gels can be decoupled by altering their 
mechanism of aggregation. The colloidal aggregates and gels can be utilized as 
a functional cell matrix to regulate the cell-matrix as well as the cell-cell inter
actions to define the cell fate during morphogenesis. Furthermore, the colloidal 
gels provide a material engineering opportunity to develop synthetic matrices 
which can be used for regenerative tissue engineering applications. 
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Introduction 

Extracellular matrix (ECM) is known to impart morphological and spatial 

guidance for orienting and organizing the cells during tissue development. 

3-dimensional (3D) morphology of ECM regulates the microstructural archi

tecture and provide dimensional integrity and elasticity to developing tissues 

(Chen et al., 1997). The role of ECM mechanics and morphology on cellular or

ganizations has been studied for cellular morphogenesis including vasculariza

tion of endothelial cells and chondrogenesis of mesenchymal stem cells (Saun

ders and Hammer, 2010a; Bian, Guvendiren, Mauck and Burdick, 2013a). How

ever, most studies probing cell-matrix interactions utilize three-dimensional 

cross-linked hydrogels where matrix mechanics and microstructures are usu

ally coupled to control the morphogenesis and functionality of cells. For ex

ample, increasing the solid fraction in the gel increase the matrix elasticity and 

simultaneously alters the morphology of the matrix. In addition, the limitations 

in controlling the mesh size of crosslinked hydrogels restrict the tuning of the 

spatial microenvironment of 3D matrices. This imposes significant limitations 

in understanding the role of matrix morphology in guiding the spatial organi

zation of cells. Since the overall effect of microenvironment, including the 3D 

microstructure, is becoming increasingly important for cellular responses, these 

factors must be incorporated into 3D matrix in controlled and tunable manner 

for better regulation of cell behavior and organization. 
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To specifically understand the role of matrix microstructure during cellu

lar morphogenesis, colloidal aggregates can be designed as an analog for ECM 

where the mechanomorphology of the gels are controlled in a precise manner. 

Colloidal particles can aggregate into three-dimensional into space-filling net

work through coalescence or flocculation and the resultant gels can be used as 

3D matrix to regulate cellular responses (Wang, Hansen, Lowik, van Hest, Li, 

Jansen and Leeuwenburgh, 2011a; Ding et al., 2012a). The colloidal particles are 

organized via different aggregation mechanisms to form colloidal aggregates 

with controllable microstructure and mechanical strength (Saxena, Hansen and 

Lyon, 2014). Since colloidal aggregates consist of self-similar building blocks, 

the organization of these units (i.e. the clusters of particles) can yield colloidal 

aggregates and subsequently form 3D gels. Owing to the distinct spatial organi

zation of the particles in colloidal aggregates (and gels), the matrix microstruc

ture and mechanics can be controlled either independently or interdependently. 

1.1 Objectives of the Dissertation 

The objectives of this dissertation are to design and synthesize 3D polymeric 

matrix composed of colloidal particles with a tunable microstructure and to use 

these colloidal matrices (either as aggregates or gels) for defining the role of ma

trix microarchitecture on cell morphogenesis and functions. The ionic colloidal 

particles can assemble into aggregates by oppositely charged ions through elec

trostatic interactions. And the aggregation mechanisms can be altered by the 

characteristic of counter-ions. By using different counter-ions, the colloidal par

ticles can assemble with a defined microstructure through 3-dimensional ex

tension of the aggregated floes and form a gel-like structure. In presence of 

counter- ions, e.g., salt, ions of opposite charge can adsorb onto the particles 

and reduces the surface charge. Further addition of salt can lead to charge neu

tralization, and the attractive van der Waals forces will cause aggregation of 

the particles (Szilagyi et al., 2014a). If the solution contains oppositely charged 

macromolecules (i.e. polyelectrolytes), the aggregation will occur due to electro

static interaction via bridging interactions (Gregory, 1973; Healy and Mer, 1964). 

These two modes of aggregation will lead to distinctly different microstructures 
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of the aggregates and ultimately the microstructural morphology of the gels are 

different. While the microstructure of the colloidal gels is due to the 3D orga

nization of the particles in the aggregated network, the mechanical properties 

(e.g. elasticity) of these aggregates are defined by the relative fraction of the par

ticles in the continuous phase from which the aggregation takes place (i.e. par

ticle fraction). Therefore, the colloidal gels are useful platform to decouple the 

mechanics, and the microstructure. The purpose is to design and characterize 

colloidal aggregates and gels and to underline the structure function correlation 

in regulating the microstructure and mechanics. These gels will be utilized as 

synthetic ECM to guide cell behavior, especially for endothelial cells organiza

tion and stem cell differentiation to define how the microstructural morphology 

of colloidal gels can regulate cell organization and morphogenesis. The aims of 

the dissertation are outlined below. 

1.1.1 Aim 1 

Develop colloidal aggregates and gels with distinct microstructural mor

phology via controlled aggregation of cationic colloids and use these mate

rials as 3D matrix for endothelial organization. Hypothesis: The synthetic poly

meric colloidal particles can be aggregated into compact clusters by using electrolytes or 

into branched networks by negatively charged polyelectrolyte mediated bridging. The 

microstructural morphology of the resulting aggregates can provide spatial guidance 

within biomatrices or can act as 3D matrix to regulate endothelial organization. 

• Design and develop colloidal gels from the aggregation of polycapro

lactone based cationic polyurethane colloids by using two aggregation 

modes: neutralization of the colloid charge using electrolytes and elec

trostatic bridging interaction using polyelectrolyte. 

• Characterize the microstructure and mechanical properties of the colloidal 

aggregates and gels. 

• Characterize the role of microstructural morphology using the colloidal 

aggregates and gels: as a spatial cue in reconstituted biomatrices and as a 

3D matrix in endothelial cell organization. 
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1.1.2 Aim 2 

Develop and characterize the colloidal gels from the aggregation of 

cationic colloidal particles using chondroitin sulfate (as electrolyte) and use 

the gels for the chondrogenesis of mesenchymal stem cells. Hypothesis: Chon

droitin Sulfate due to its polyanionic character can aggregate cationic colloids into col

loidal gels where both mechanics and morphology of colloidal aggregates (and gels) can 

be tuned. These colloidal gels can regulate the mesenchymal stem cells differentiation. 

• Development of colloidal aggregates and gels using chondroitin sulfate 

mediated aggregation of cationic polyurethane colloid. 

• Engineering of microstructural morphology by variation of molecular de

sign and parameters. 

• Characterize the morphology and mechanical properties of the colloidal 

aggregates and gels. 

• Characterize the role of microstructural morphology in regulating stem 

cell organization and the chondrogenic differentiation. 

1.1.3 Aim 3 

Characterize the time dependent viscoelastic characteristics of colloidal 

aggregates and gels with distinct microstructural morphology and underlines 

its role on chondrogenesis of mesenchymal stem cells. Hypothesis: Viscoelas

ticity of colloidal aggregates and gels owing to differential organization of particles can 

influence organization of mesenchymal stem cells to influence chondrogenic differentia

tion. 

• Characterize time dependent viscoelastic properties of colloidal aggre

gates and gels and correlate to theses mechanical properties to the mi

crostructures. 

• Characterize the role of matrix mechanomorphology on mesenchymal 

stem cell organization and chondrogenesis. 



5 

1.2 Layout of the Dissertation 

The remainder of the dissertation is divided into five chapters. Chapter II 

provides the information about the aggregation mechanism, morphology, me

chanics, and their influence on cell responses for Chapters III, IV. and V. These 

analyses provide better understanding of theoretical background and the pro

vide the platform to engineer colloidal gels for regulating cell-matrix interac

tions. Chapter III examines the design and characterization of polyurethane 

based colloidal aggregates and gel with tunable microstructure and morphol

ogy. The role of microstructural morphology in organization of endothelial cells 

in examined. Chapter IV is focused on the development of chondroitin sul

fate based colloidal gels. The relationships between aggregation rate, resultant 

microstructure and mechanics, and MSCs differentiation are analyzed for chon

droitin sulfate based gels. Chapter V characterizes MSCs chondrogenesis in 

colloidal gels to analyze the role of microstructural morphology and mechanics 

in stem cell chondrogenesis. Chapter VI summarizes the overall outcomes to 

highlight the significance of this and to provide future directions. 



Background 

2.1 Colloidal Gel 

2.1.1 The formation of colloidal gel 

Discrete colloidal particles, when the sizes range between 1 nm and 1 µm, 

dispersing in an aqueous medium are considered as colloidal dispersion and 

move via Brownian motion. Above the size range, particles begin to sediment 

out of the dispersion. For a particle with Brownian movement, it covers a large 

space when it follows a random movement between two points. When the at

tractive force exists between the colloidal particles, particles in the close distance 

stick to each other to form small clusters, which refers to the early stage of ag

gregation. The size of these clusters ranges from microscopic to macroscopic 

scale. As more and more particles are aggregates, the cluster ultimately aggre

gate into three-dimensional space filling network, to form stress bearing gel-like 

structure (Lu et al., 2008; Szilagyi et al., 2014b; Wang, Hansen, Lowik, van Hest, 

Li, Jansen and Leeuwenburgh, 2011b; Ding et al., 2012b). Thus, this bottom-up 

strategy by aggregating colloidal particles as building blocks, the resulting col

loidal aggregate network refers to the colloidal gel in the macroscopic scale. 

Repulsive interactions between particles reduce the rate of aggregation 

while attractive interactions between particles or clusters increase their rate of 

aggregation. When attractive force within well-dispersed colloids dominates 

over the repulsive forces, it can perturb the Brownian movement of particles 
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and aggregation is triggered by attractive forces. There are several methods 

to assemble colloidal particles into gel matrix, such as saturation magnetiza

tion, which control magnetic attraction; Hydrophobicity, which regulates hy

drophobic interactions; and surface charges, which controls electrostatic inter

actions (Bishop et al., 2009; Tomme, Mens, van Nostrum and Bennink, 2008; Yu 

et al., 2009). Colloidal particles can be reproducibly fabricated by metal (e.g. 

gold, silver, palladium), ceramic (e.g. silica), and polymers. Many recent re

searches have utilized oppositely charged nano- or micro- colloidal particles to 

form colloidal aggregates or colloidal gels, such as dextran particles, poly(lactic

co-glycolic acid) particles, and gelatin particles (Tomme, van Nostrum, Dijkstra, 

Smedt and Bennink, 2008; Wang et al., 2008). 

The three-dimensional microstructure of the colloidal gels is dependent on 

the spatial organization of particles within the network of particles (i.e. ag

gregates) with self-similarity, scaling and universality features (Campbell and 

Abhyankar, 1978). Two distinct limiting regimes of irreversible colloid aggre

gation have been identified . Diffusion-limited colloid aggregation (DLCA) oc

curs when there is a negligible repulsive force between the colloidal particles, 

and thus, the aggregation rate is limited only by the time taken by the parti

cles or clusters to approach each other by diffusion. Reaction-limited colloid 

aggregation (RLCA) occurs when there is sufficient repulsive force between the 

particles, and therefore, the aggregation rate is limited by the time taken by 

the particles or clusters to overcome this repulsive barrier. Booth DLCA and 

RLCA are primarily driven by diffusion. Typically, these two kinetic phenom

ena can account quantitatively for aggregate morphology. RLCA process forms 

dense and compact colloidal aggregates with higher fractal dimension compare 

to DLCA. These two limiting regimes of colloid aggregation are universal, and 

also independent of the chemical details of the particular colloid system (Weitz 

et al., 1985; Weitz and Oliveria, 1984). Therefore, the microstructure of colloidal 

aggregates can be modulated by the mechanism of colloidal particles assembly. 
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2.1.2 The mechanomorphology of colloidal gel 

2.1.2.1 The elasticity, yielding and viscoelasticity of colloidal gel 

For the colloidal gels with fractal structure are mechanically stable due to 

the balance of electrostatic and steric forces within particle-particle interactions 

(Sprakel et al., 2011). The colloidal gels can be characterized by solid-like elastic 

properties and liquid-like viscous properties, which result from a stress-bearing 

network structure. Kantor and Webman proposed that as the dangling ends 

of colloidal aggregates cannot transmit the stress to enhance the elasticity, the 

stress-bearing backbone of the aggregate network is mainly responsible for its 

macroscopic elastic response (Kantor and Webman, 1984). Two modes of defor

mation are considered to contribute to the elasticity of the aggregate backbones: 

bond bending and bond stretching. Comparing to the stretching modes, bend

ing modes of the stress-bearing backbone of the colloidal gel network gives rise 

to the elasticity. For the colloidal gels form through DLCA, as particles orga

nize into more linear in the stress-bearing backbone, less bond bend force can 

contribute into the elasticity (Fernandez-Nieves and Puertas, 2016). Therefore, 

colloidal gels form through DLCA are typically less rigid compare to RLCA. 

Also, while keep increasing the initial particle concentration, the thickness of the 

solid strands within the aggregate networks can increase up to a dense aggre

gate structure. Also, studies showed that different types of interactions and ar

rest conditions can lead to very different microscopic structures of the colloidal 

gels. This leads to significant changes in the elastic response of the colloidal gel 

(Laurati et al., 2009; Kroy, Cates and Poon, 2004). Therefore, the bearing force to 

against effective stress highly depends on the chain length (the length of parti

cles organize into solid strands), and the shape of the chain (the organization of 

particles). 

The colloidal gels show a solid to fluid transition when above optimum shear 

stress is applied, and result in the rupture of these colloidal gels, which is known 

as yielding. The yielding increases when the particle concentration increases 

owing to the number of contacts per particle increases, and thereby, the colloidal 

gel network has higher load resistance. In addition to the particle concentration, 

the yielding behavior is also influenced by the size, shape of the particles, the 
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type of particle interactions, as well as the particle packing configuration. The 

yielding behavior usually accompanies with non-linear behavior (e.g. size of 

aggregates, stress overshoot, nonlinear creep compliance), which reveals a vari

ety of microstructural changes (Park, Ahn and Lee, 2015). 

Besides elastic properties and yielding behavior, gelation of colloidal parti

cles is often utilized to impart its viscoelastic properties to a fluid mixture by 

forming the strong backbone of the gel (Ilett et al., 1995; Whitby et al., 2003). 

Same as many soft materials, viscous modulus of colloidal gel is always weak 

and increases at the low frequency (Gisler, Ball and Weitz, 1999). Thus, this sug

gests that the oscillatory rheology may not be able to measure such a slow re

laxation process. Alternatively, the mechanics of soft colloidal gels can be char

acterized with creep and creep-recovery measurements. Generally, the creep 

respond of colloidal gels deforms at low applied stress and reaches a time

dependent plateau due to the elasticity of the gel. However, this plateau per

sists for a finite time before the yielding of the colloidal gel. It has shown that the 

yielding behavior of colloidal gels is highly dependent on the applied stress dur

ing creep (Gibaud, Frelat and Manneville, 2010; Gopalakrishnan and Zukoski, 

2007). Before the yielding, rheological measurements demonstrated that cer

tain colloidal gels are expected to recover to some extant after the stress is re

moved. The recovery ability of the colloidal gel is hindered by higher particle 

concentration as the mobility of particles is reduced (Wang, Gu, Jamal, Deta

more and Berkland, 2013). The colloidal gels with excellent recoverability can 

serve as injectable materials. Wang et al. utilized negative and positive charged 

gelatin particles to form a pH dependent colloidal gel, which exhibited superior 

viscoelastic properties as a injectable biomaterial (Wang, Hansen, Lowik, van 

Hest, Li, Jansen and Leeuwenburgh, 2011b). Van Tomme et al. created a gel by 

mixing the dextran microspheres substituted with L- and D- oligolactates with 

15w% particle concentration at pH7. They demonstrated that the colloidal gel 

recovered instantly after stress releasing and the structural strength increased 

by increasing in the polymerization of oligolactates (Van Tomme et al., 2005). 

Colloidal aggregates formed by polyurethane based colloidal particles are ex

pected to exhibit time-dependent viscoelasticity owing to the chemical bonds 

from the urethane linkages, as well as the aggregation bonds between particles. 
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2.1.2.2 Particle organization of colloidal gel 

The geometry of colloidal particle aggregates needs to be well understood. 

However, the structures formed upon aggregation of colloidal particles are not 

easy to define. The morphology of colloidal gels formed by Brownian motion 

exhibit dilation symmetry, which is described as the fractal structure (Avnir, 

Gutfraind and Farin, 1994). Fractal growth phenomena can be found in many 

processes of practical importance, ranging from the microscopic leveled growth 

of bacteria to the clusters of galaxies. The colloidal gels with fractal features 

has a self-similar structure over a finite range of length scales. In the biomedical 

field, the fractal dimension was used to describe the boundary of the tumor from 

normal tissue and has been reported to correlate high Df values and metastatic 

risk (Baish and Jain, 2000). Back to 1977, Mandelbrot was the first to suggest 

such complex structure can be characterized using fractal dimensionality (Man

delbrot, 1977). (D1) can be mathematically described by EQ.2.1 (F., 1919). 

(2.1) 

Where N is the number of units and € is the scale used to obtain N as the object is 

"zoomed in" on (Sander, 1986). Forrest and Witten were the first to demonstrate 

the fractal nature of particle aggregates experimentally. They deposited metallic 

oxide smoke particles onto transmission electron microscopy (TEM) and calcu

lated the fractal dimension by imaging analysis (Forrest and Witten Jr, 1979). 

The limitation of this experiment is evident as the three-dimensional cluster 

was projected as a two-dimensional image. However, it is still a reliable and 

effective method to evaluate the fractal structure. Schaefer et al. approved the 

experiment by using light and X-ray scattering method to investigate the rela

tionship between the fractal dimension, and the three-dimensional structure of 

silica particle aggregates (Schaefer, Martin and Keefer, 1985). After them, the in

terest of examining the relationship between fractal dimension and the structure 

of colloidal particle aggregates is greatly motivated for many colloidal systems, 

such as silica, gold, polystyrene, and carbon black (Bhattacharya and Kieffer, 

2005; Weitz and Oliveria, 1984; Bums et al., 1997; Xu et al., 1996). Also, many 

studies have included the effect of electrolyte concentration, pH, temperature, 
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shear rates, as well as the particle concentration on the particle aggregate struc

tures (Chen and Elimelech, 2007; Heurtault et al., 2003; Hoyer et al., 2002; Chen 

et al., 1992; Mourchid et al., 1995). 

Experiments haven shown a universality of the relationship between the ag

gregation mechanism (DLCA and RLCA) and the fractal feature of colloidal gel. 

When most particles move from an exterior point to a point deep inside a clus

ter with a high probability, an arm of the cluster will intercept these particles 

and expand itself, and the growing arms will eventually mask the interior of 

the cluster from the incoming particles. As a result, a particle is inclined to 

stick near the edge of the cluster than to penetrate near the center, ending in 

a very open structure. This aggregating mechanism involves diffusion-limited 

growth, and a large number of diffusing clusters will stick to each other at any 

given time as well as from single particle addition, which results in an open 

structure with Fractal Dimension Df = 1.70 - 1.80 (Meakin, 1987; Car and Par

rinello, 1985). Therefore, the diffusion-limited cluster-cluster aggregation nor

mally associated with a loose and open appearance. However, if the sticking 

probability of these particles is very low, the particle or the preformed small 

clusters will collide many times before finally stick to each other. During this 

time, these particles and the small cluster will have more chance to penetrate 

further into each other, which resulting in a compact or dense appearance of the 

aggregates formed. This type of aggregation mechanism is referred as reaction

limited cluster-cluster aggregation with D1 = 2.1 - 2.5 (Lach-Hab, Gonzalez 

and Blaisten-Barojas, 1996). Both DLCA and RLCA are primarily driven by dif

fusion and are universal processes. These two kinetic aggregation phenomena 

have been widely used to describe the aggregation of colloidal particles and 

account for the resulting aggregate microstructure and gel morphology (Weitz 

and Oliveria, 1984; Weitz et al., 1985). Although these two aggregation mech

anisms represent the great majority of aggregates, modification of the external 

fields during aggregation or after aggregation can alter the morphology to other 

fractal dimension or the non-fractal particle organization (Sorensen, 2001). 

The fractal dimension of a colloidal aggregate can be estimated by box

counting method from an image, which equals to the slope of log N versus 

log€, shown as EQ 2.2 (Belussi and Faloutsos, 1998). Where N is the number 
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of boxes that cover the pattern, and € is the magnification of the box size. The 

steeper slope represents more fractal morphology of the object. The lower value 

of dimension means the object is more close to a straight line with less fractal 

morphology. FracLac as a plugin in ImageJ can count the number of the boxes 

in each grid with important details from an image. 

D = logN /loge (2.2) 

The structure of colloidal gels can be characterized by light scattering, confo

cal microscopy and many other methods (Hsiao et al., 2012, 2014). Of the numer

ous models available to explain the kinetic aggregation process, the stretched 

exponential function of Kohlrausch, Williams and Watts (KWW) is one of the 

most suitable, and can be used to fit experimental light scattering, neutron spin 

echo, and turbidity data (dos Santos, Pereira and Fonseca, 2013; Hore, 2019; 

Iselau et al., 2016). KWW stretched exponential function can be explained by 

EQ.3.3. KWW function is used to analyze colloidal aggregation and provides a 

tool to measure the aggregation from the kinetics of the transformation from a 

non-equilibrium to an equilibrium state (lselau et al., 2016). Through this func

tion, the kinetic particle organization process can be reflected by T and the het

erogeneity of the relaxation process can be reflected by f3. When f3 approaches 

to 1, the relaxation process is considered as more homogeneous (Struik, 1977; 

Alvarez, Alegra and Colmenero, 1991). 

The aggregation of particles in the aqueous system form porous aggregate 

which allows flow to penetrate. Studies proposed scaling relations which show 

that the porous structure determines the permeability according to a function of 

Df (Manley et al., 2005). Porous colloidal gels are mechanical flexibility and 

the pore size is able to be altered using different particle type, particle size, 

particle-particle interactions and stimulus, such as pH and electrolytes (Loxley 

and Vincent, 1997; Fernandez-Nieves et al., 2000; Puertas, Fernandez-Barbero 

and De Las Nieves, 2003). Snoswell et al. demonstrated that the colloidal gel 

made with hard latex particles at low electrolyte concentration revealed a rela

tively open fractal structure and the pore size of the aggregates can be controlled 

by adjusting the electrolyte concentration (Snoswell et al., 2005). Tang et al. was 
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able to control the porosity of heteroaggregates (more than one type of parti

cle) through the ratio of particle types and size (Tang et al., 2004, 2003). Also, 

the pore size distribution is able to correlated to the aggregation mechanism 

of the gel (Primera, Hasmy and Woignier, 2003; Jullien and Kolb, 1984). For 

the same particle concentration to aggregate colloidal particles, the larger mean 

pore size distribution for RLCA compared to DLCA was observed as the RLCA 

form more compact aggregates. When the particle concentration increases, the 

pore size distribution narrows and moves towards the small diameter. 

2.1.2.3 Correlate mechanical properties to morphology of colloidal gel 

Current approaches to predict the mechanical properties of the colloidal gels 

are microstructure-based. Several models have been established to link the mi

crostructure of the colloidal gel to its mechanical properties. Buscall et al. mod

eled the volume fraction dependence of the elasticity of the colloidal gel, shown 

as EQ 2.3 (Buscall, Mills and Yates, 1986). 

G' = cpx (2.3) 

By using this model, they predicted the aggregates were under diffusion limited 

conditions when x = 3.5 and were under reaction limited conditions when x = 
4.5. Power-law have been largely reported in the modeling of fractal structures 

of colloidal gels, which describes the dependence of elastic modulus on particle 

concentration and has been reported in several colloidal gels (Buscall and Mc

Gowan, 1983; Van der Aerschot and Mewis, 1992; Takashiba et al., 1992; Chen 

and Russel, 1991; Grant and Russel, 1993). However, not all colloidal gels fol

low power-law scaling (Goodwin, 1986). Using a fractal gel model, Shih et al. 

developed a scaling theory for both the elastic modulus (G') and the limit of lin

earity ('Yo). The linearity refers to the maximum strain that the colloidal gel can 

bear within its linear viscoelastic region (Shih et al., 1990). In this model, two 

regimes were defined based on the strength of inter and intra floe links. When 

the inter-floe links are strong than intra-floe links, it is defined as the strong link 
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regime, shown as EQ 2.4. 
G' ex cp (3+x)/(3-DJ) 

(2.4)
'Yo ex cp- (l +x)/(3-Df) 

When the inter-floe links are weaker than intra-floe links, it is defined as the 

weak kink regime, shown as EQ 2.5. 

G' ex cpl /(3-DJ) 
(2.5)

'Yo ex cpl /(3-Df) 

Where cp is the particle concentration, (Df) is the fractal dimension of the floe 

and x is the fractal dimension of the floe backbone (1 ::; x ::; Df ). Rheological 

measurements on alumina gel from Shih's work showed that when the cp is be

tween 0.03 and 0.12, G' = cp (4.1) and 'Yo= cp ( - 2.1), the D1 is able to predict as 

2, which was in good agreement with light-scattering measurements. 

Rheology as a widely accepted method for characterizing the mechanical 

properties, a qualitative correlation has been observed between microstructure 

and rheological data. Polymer rheology involves the melt flow properties of 

polymers and also mechanical properties of solid polymer materials. In rheol

ogy tests, elastic Modulus (G') represents the elastic portion of the viscoelastic 

property, which also known to describe the solid-state behavior of the polymer. 

Viscous modulus (G") represents the viscous portion of the viscoelastic prop

erty, which is also known as the liquid behavior of the polymer. The elastic part 

of the energy is stored in the deformed material. In contrast, viscous behavior 

usually expressed between molecules and particles from the internal friction in 

a flowing fluid. This friction develops heat energy, and the polymer sample can 

absorb it, and thereby, this portion of energy is no longer available for the fur

ther behavior of the polymer. The viscoelastic polymer with G' > G" due to 

the links inside the material, such as physical-chemical interactions or chemical 

bonds. If G" > G', this material refers to viscoelastic liquids due to no strong 

bonds between the molecules. The phase angle J, which is determined for each 

measuring point, describes the time lag between the present and the resulting 

sinusoidal oscillation. Tan J is the ratio of viscous modulus to elastic modulus, 
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express by EQ. 2.6. It can be used to estimate changes in material behavior. 

tanb = G" I G' (2.6) 

For ideally elastic behavior b = 0 °, G" = 0 and there is no viscous portion. For 

ideally viscous behavior b = 90 °, G' =0 and there is no elastic portion. 

It is well established that from the linear range of deformation from rheologi

cal experiments, insights into the molecular structure of polymeric materials can 

be obtained. Amplitude sweep serves the purpose of describing the deforma

tion ability in the non-destructive deformation range and the upper limit of this 

range for the sample. Frequency sweeps aim to explain the time-dependent be

havior of the sample in the non-destructive deformation range. High frequency 

is using to simulate a short period under fast shear motion, whereas low fre

quency simulates slow shear motion on a long period. During the frequency 

test, the amplitude is kept as constant, and the frequency is usually increased or 

decreased step-wise for each measurement. 

In time dependent creep-recovery test, constant shear stress CF is applied at 

t = 0 up to the so-called creeps time t0 and the shear strain 1'(t) measured as 

a function of time. At t = t0, the stress is set to zero, and the recovery starts. 

From the recoverable portion of the shear strain 'r'r as a function of the recovery 

time tr, the recoverable creep compliance is calculated which depends on the 

duration t0 of the previous creep as long as the steady state of creep had not 

been achieved. Concerning correlations between the recoverable creep compli

ance and material properties, a quantity independent of the previous creep time 

has to be regarded. Therefore, in the following, recoverable compliances only 

dependent on the recovery time but independent of the past creep. 

However, rheology provides the information of mechanical properties based 

on the average over the whole sample. The local phenomena, such as shear 

localization and the breakage within the colloidal gel, remains unclear by using 

rheological approach (Pignon, Magnin and Piau, 1996; Coussot et al., 2002). 

In general, for colloidal gel, it exhibits yielding behavior, elastic and vis

coelastic properties when sheared. These mechanical properties depend on 

many factors, such as particle concentration, pH, the presence of ions in external 
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phase and particle interactions (Lewis, 2000; Tadros, 2007; Kratz, Hellweg and 

Eimer, 2000; Debord and Lyon, 2003). It is essential to understand these me

chanical properties and internal network structure of the colloidal aggregates 

as they reveal functional characteristics for a particular application. 

2.1.3 The uniqueness of colloidal gel 

Different types of physically and chemically crosslinked hydrogels have 

been developed from several natural and synthetic polymers. These hydrogels, 

such as alginate, hyaluronic acid, Matrigel, collagen, poly( ethylene glycol) and 

poly(vinyl alcohol) based gels, have been designed as the scaffold to investi

gate the cell-matrix interactions (Silva et al., 2008; Davis and Saunders, 2006; 

Khoo, Micklem and Watt, 2011; Hanjaya-Putra et al., 2011; Kraehenbuehl et al., 

2008; Martens and Anseth, 2000). Take Matrigel and Collagen type I hydrogel 

as an example, these two gels or the combination of both can fully mimic the 

integrated effects of ECM morphology and composition that influence on vas

cular network assembly of Endothelial Cells in vivo. However, both Matrigel 

and Collagen gel have their drawbacks. Matrigel is derived from the tumor 

which primarily consists of laminin, collagen IV, and enactin. It is considered 

to be a reconstituted basement membrane, but the components may vary a lot 

between different batches. Also, the structure of Matrigel differs from the na

tive basement membrane as the main protein components of Matrigel (laminin, 

collagen IV, and enactin) are all significantly higher compare to native base

ment membrane (Hughes, Postovit and Lajoie, 2010). A study has advised cau

tion while using Matrigel to investigate cellular behavior due to the undefined 

growth factors (Vukicevic et al., 1992). Thus, the Matrigel with reduced growth 

factors is recommended. In natural basement membarane for endothelial net

work formation, the surrounding structure containing collagen type IV iso

forms, laminin isoforms, heparan sulfate proteoglycans (perlecan or agrin), and 

nidogen-1 and/or nidogen-2 (Witjas et al., 2018). Thus, collagen type I hydrogel 

lacks critical compositional elements of natural ECM. However, the structure of 

Collagen type I hydrogel can be controlled by isolation and gelation procedure 

(Dye et al., 2004; Cross et al., 2010). For example, McCoy et al. demonstrated 
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that different collagen microstructure could be achieved by adjusting the gela

tion temperature. Specifically, gelation of Collagen type I at colder temperature 

inpresence of Matrigel increased collagen fiber thickness and length which in

fluenced the vascular network structure (McCoy et al., 2016). Moreover, the 

mechanical properties, composition, and architecture of Matrigel and Collagen 

type I hydrogel are challenging to control independently. For example, when 

Collagen is mixed with different concentrations of Matrigel, Young's modulus 

increases with Matrigel and the morphology is altered (Dewitt et al., 2009). 

Unlike hydrogel, colloidal gel allows a bottom-up strategy by assembling 

colloidal particles into a three-dimensional space filling network. The colloidal 

particles with controllable physiochemical properties can be tailored by engi

neering their chemical derivation, size, and charge. By introducing ionic parti

cles as the building blocks into colloidal gels via electrostatic assembly provides 

the opportunity to tune the gel elasticity and viscoelasticity by changing the 

electrolyte concentration and particle concentration. Also, it is possible to ag

gregate these particles through different aggregation modes to adjust the gels 

with similar elasticity or viscoelasticity. For example, colloidal particles arrange 

to dense-packed clusters and loosely packed clusters, however, the thicker par

ticle strands in the dense-packed aggregates associate with larger pore size com

pare to thinner particle strands with smaller pore size within the loosely packed 

aggregate result in the overall rigidity of these two aggregates could be simi

lar. This allows independent control of the matrix mechanical properties and 

microstructures through regulated aggregation of colloids. Thus, colloidal ag

gregates as the extracellular matrix can regulate the cell behavior and the matrix 

microenvironment can be either independent or can be dependent on the me

chanical characteristics of the matrix. 
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2.2 Significance of ECM in cellular behavior 

2.2.0.1 The effect of microenvironment in regulating endothelial cell behav

ior 

The extracellular matrix provides the spatial cues for eliciting the signaling 

in endothelial cells during the vascular network formation. Firstly, the extra

cellular matrix supports many key biological signaling events to regulate the 

survival, proliferation, migration, and invasion of endothelial cells. Secondly, 

the extracellular matrix serves as a scaffold to mechanically and spatially guide 

endothelial cells organization. Finally, the extracellular matrix regulates en

dothelial cells to form multicellular tubes with functional lumens. During this 

morphogenesis, endothelial cells secrete their matrix to provide structural and 

organizational stability. In the mean time, the basement membrane is gradually 

degraded by proteinases, such as membrane-type matrix metalloproteinases. 

During angiogenesis, the endothelial cells need to invade a matrix called stro

mal tissue, which consists mainly of Collagen type I and III, and then allows 

cell proliferation, lumen and tube formation, and vessel maturation and stabil

ity (Kalluri, 2003; Senger and Davis, 2011; Ingber, 2002). 

Moreover, cells respond to alteration in the mechanical properties of the ex

tracellular matrix, such as stiffness and viscoelasticity. A study has shown that 

increasing the stiffness of Matrigel can inhibit vascularization (Vernon et al., 

1992). Cells also respond to the stiffer matrix by upregulating cell focal adhesion 

(Discher, Janmey and Wang, 2005). Korff et al. showed directional sprouting of 

endothelial cells is induced by the matrix tension when culturing in Collagen 

hydrogel (Korff and Augustin, 1999). Moreover, the morphology of the extra

cellular matrix, such as porosity and density, have a significant impact on cell 

behavior. For example, cell behavior can be controlled by altering the density of 

Matrigel, such as slower cell migration speed in higher density matrix (Zaman 

et al., 2006). Also, Roeder et al. reported that cells experience less strain through 

the matrices with higher fiber density (Roeder et al., N.d.). 
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2.2.0.2 The effect of microenvironment on stem cell chondrogenesis 

Stem cells interact with various inputs from their microenvironment, includ

ing intercellular contacts, biophysical forces, and soluble factors, etc. MSCs are 

considered to have self- renew capacity and the ability to differentiate into mul

tiple cell types, such as adipocytes, chondrocytes, and osteocytes. During differ

entiating into chondrocytes, MSCs acquire a distinct spherical cell morphology 

which involves both cell-matrix and cell-cell interactions in propagating signal 

transduction events (Pittenger et al., 1999). 

MSCs respond to a variety of biophysical factors, such as mechanical forces 

and the spatial organization of their three-dimensional matrix environment. 

Miyanishi et al. demonstrated MSCs enhanced chondrogenesis and exhibited 

increased collagen and glycosaminoglycan expressions when mechanical forces 

presented, such as hydrostatic pressure and compressive loading (Miyanishi 

et al., 2006). Engler et al. manipulated the cross-linking density of polyacry

lamide gels and showed that MSCs differentiation was also affected by the ma

trix elasticity (Engler et al., 2006). It has been proposed that MSCs can differ

entiate into different cell types upon cellular orientation. Lanfer et al. created 

a aligned matrix structure with collagen type I and regulated MSC growth and 

differentiation. These alined microstructure can provide spatial guidance to the 

MSCs (Lanfer et al., 2009). In another work, PCL based nanofibrous scaffold was 

used to prove the structural effect of synthetic ECM on cartilage engineering (Li 

et al., 2005). 

MSCs are also responsive to the neighboring cells as chondrogenesis is in

fluenced by cell-cell interactions. The adhesion molecules that involved in this 

process are Cadherins, mainly as N-cadherin and O-Cadherin. N-cadherin is the 

primary one of the cadherin family, as it interacts with catenins which are associ

ated with the linkage between cadherin and actin cytoskeleton (Gumbiner, 1996; 

Fujimori, Miyatani and Takeichi, 1990). Oberlender et al. demonstrated the inhi

bition of N-cadherin by a neutralizing antibody in cellular condensations results 

in the inability of mesenchymal cells to condense and undergo chondrogenesis 

both in vivo and in vitro (Oberlender and Tuan, 1994). 

Soluble, secreted factors are also crucial during the chondrogenesis. Since 
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MSCs differentiate into chondrocytes and secrete their extracellular matrix, the 

signaling mechanisms switches from cell-cell interactions to cell-matrix interac

tions to maintain and regulate MSCs differentiation (Goggs et al., 2003). Differ

entiated MSCs produce ECM which contains Collagen II and Aggrecan. Syn

thesizing Collagen II is vital to ensure the engagement for chondrogenesis and 

to support the matrix structure for adequate tensile strength. Aggrecan is one 

of the main proteoglycans among the main matrix components (Heinegard and 

Hascall, 1974; Krueger, Streuli and Saito, 1990). The proteoglycan work as the 

cushion for the matrix to bear the compression forces and secure growth factors 

for chondrocytes (Ruoslahti and Yamaguchi, 1991). 

2.2.1 Both mechanics and morphology of colloidal gel are im

portant to regulate cellular behavior 

The three-dimensional cell culture models in vitro, which provides both cell

cell interactions and cell-matrix interactions, is crucial to recapitulate and pre

dict cell behavior and function in many biological studies. The cells respond 

to their local environment through cell-matrix interactions. By creating the 

alginate-chitosan microcapsules with loose and dense gel morphology, the dis

tribution of amino groups from chitosan is different and the influence of gel 

morphology on cell behavior was investigated. Because amino groups exposed 

on the surface of the microcapsule are responsible for cell adhesion and migra

tion, cells showed enhanced adherence and elongated spreading in the loose gel 

compared to the dense gel (Zheng et al., 2016). By tuning the composition of an 

injectable colloidal gel consists of bioactive glass particles and biophosphonate

functionalized gelatin particles, this colloidal gel exhibited elastic robustness 

with self-healing ability and promoted cells osteogenesis in the absence of os

teogenic supplement (Diba et al., 2017). 

2.2.2 The benefits of colloidal gel serve as spatial cues to cells 

To investigate the cues provided by the microarchitecture of three

dimensional matrix in cell organization, it usually present lots of confounding 
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variables, which is challenging to recapitulate specific microstructural morphol

ogy to cell behavior. In traditional hydrogels, as the matrix morphology is var

ied by altering the solid content of the gels or by altering the crosslinking den

sity, the matrix stiffness is changed. Increasing solid content and/or crosslink

ing density usually increase the stiffness of the gels. However, decoupling the 

microenvironment composition and stiffness can be achieved for some particu

lar hydrogels. For example, Polyethylene glycol, hyaluronic acid, alginate and 

collagen with agarose matrices have been illustrated to be able to alter their 

matrix mechanics but independent of ligand density in 3D cell culture (Peyton 

et al., 2006; Ulrich et al., 2010; Khetan et al., 2013; Huebsch et al., 2010). Chaud

huri et al. demonstrated that the stiffness of interpenetrating networks of algi

nate and the basement membrane matrix can be modulated independently of 

cell adhesion ligands. They proved the mechanics and composition of the ex

tracellular matrix act together to induce normal mammary epithelium to malig

nant phenotype (Chaudhuri et al., 2014). To investigate the role of the matrix ar

chitecture of matrices on cells behavior, is hardly to be separated from constant 

mechanical properties by utilizing physically or chemically cross-linked hydro

gels, and even reconstituted biological matrices, such as Matrigel and Colla

gen gel. Within this context, using colloidal aggregates instead of conventional 

hydrogels enables the independence of matrix mechanics and architecture, be

cause colloidal aggregates are assembled by particles with self-similar feature. 

These aggregates with three-dimensional structure can provide spatial cues to 

cells through the organization of colloidal particles. By controlling particle as

sembly mode, both matrix mechanics and morphology can be altered in a con

trollable manner, and thereby, the endothelial cell organization towards tube 

like networks or the MSCs differentiation can be studied. 

2.3 Relevance and scope of the dissertation 

2.3.1 Statement of purpose 

The colloidal gel is composed of clusters with self-similarly feature. Scaling 

from the clusters to the aggregates, and to the colloidal gel, the morphologies at 
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different length scale are all based on the organization of colloidal particles. In

terestingly, in colloidal gels, the particles can organize with distinct microstruc

ture but share similar mechanics via different aggregation mechanisms. This 

unique character provides us the opportunity to precisely control both the mi

crostructure and the mechanics of the three-dimensional matrix through aggre

gation mechanism design. The purpose of this work is to design and synthesize 

colloidal gel with a precisely controllable microstructure to study the physiolog

ical response of cells. If the microstructure of the colloidal aggregates/gels are 

defined by particle aggregation mechanism and be independent or dependent 

on mechanical properties, the colloidal gel can provide 3D culture models for 

mimicking and predicting physiological cellular interactions, e.g. angiogenic 

morphogenesis of endothelial cells, and stem cell differentiation. 

2.3.2 Polyurethane Based Colloidal Particle Aggregates 

Using PU to fabricate colloidal particles is favored as the PU composition 

can be tailored to provide different physicochemical characteristics for the col

loidal particles. Polycaprolactone (PCL) is one of the polyester polyols contains 

terminal hydroxyl groups. Elastic PU based on PCL polyols can produce water 

and solvent resistant PU elastomers (Ionescu, 2005). PCL based PUs are allowed 

for further modifications, such as different formats, mechanics and charge den

sity. (Ding et al., 2010; Dash and Konkimalla, 2012; Sinha et al., 2004). Because 

PU requires the urethane linkages, a molecule with hydroxyl terminal groups 

can be used to link with the diisocyanate as the polymer chain extender. In 

this work, we synthesized positively charged PCL based polyurethane (PCL

PU) colloidal dispersion where hexamethylene diisocyanate is used as the hard 

segmental linker followed by chain extension with N-methyldiethanol amine 

which is quatemized with acetic acid to form cationic polyurethanes. Aggre

gation of positively charged PU colloidal particles were achieved by (i) anions 

of phosphate buffer (PBS), i.e. phosphate and chlorides which neutralize the 

surface charges of PCL based ionic particles and aggregate the colloidal parti

cles into compact microstructure, (ii) the poly- anions from sodium-salt of poly

acrylic acid (PAA), i.e. carboxylate groups which assemble the PCL based ionic 
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particles into branched structures through poly-ionic bridging interactions, and 

(iii) chondroitin Sulfate (CS), i.e. multiple sulfate groups which aggregate the 

PCL based ionic particles as moderate dense structure. These three approaches 

led to different modes of aggregation for positively charged PU colloids leading 

to different microstructures. The resulting PCL-PU aggregates can serve as an 

ECM for cell adhesion, growth, and functioning in the right manner. 



Spatial Guidance of Microstructured 

Colloid Particles Guide Endothelial 

Cells Behavior 

3.1 Introduction 

Significant research has been directed towards the spatial organization of en

dothelial cells (EC) within 3D microenvironment of ECM for controlling the an

giogenic and vasculogenic responses (Davis and Senger, 2005; Haas and Madri, 

1999; Soucy et al., 2015). Recent work have demonstrated that gelatin based 

colloidal gels can provide a 3D matrix for ECs to organize and form network 

structures. Importantly, ECs can recognize the distinct mechanomorphology 

of the colloidal. Capillary like EC networks were favored in tenuous strand-like 

gelatin based colloidal gel, whereas the network formation was inhibited within 

dense gelatin based colloidal gel (Nair et al., 2019). This indicates that spatial 

guidance of colloidal gels in conjunction with matrix stiffness have significant 

effect on endothelial morphogenesis during network formation. 

Repulsive electrostatic double-layer forces are responsible for stabilization 

of ionic particles. While in the presence of monovalent or multivalent counter

ions, as well as polyelectrolyte solutions, ionic colloidal particles can aggregate 

through electrostatic interactions to form three-dimensional gel-like network 
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with self-similarity into defined microstructure. The attractive force owing to 

the electrostatic interactions among particles can be altered and the resulting 

aggregation mode can be modulated accordingly. Oncsik et al. stated that 

the valence of the counter-ions is the essential to influence the aggregation be

havior rather than the chemical nature of the colloidal particles (Oncsik et al., 

2014). Chen et al. observed a faster aggregation growth rate of alginate-coated 

hematite colloids through electrostatic destabilization in the presence of CaCl2 

than that of NaCl solution (Chen, Mylon and Elimelech, 2006). Also, Wang et 

al. demonstrated that the humic acids aggregated far more effectively by us

ing divalent counter-ionic solution than monovalent electrolyte solution (Wang, 

Wang, Ye, Li, Ren, Sheng, Yu and Wang, 2013). 

In this work, we hypothesized that biocompatible polyurethane (PU) based 

cationic colloidal particles (C+) can electrostatic self-assemble into compact 

clusters or branched network structures via anionic or poly-anionic interactions 

respectively. The resulting colloidal aggregates exhibit continuous, but distinct 

three-dimensional network structures. When these aggregates are embedded 

within biomatrix, such as Matrigel and Collagen I, they can provide spatial 

directional guidance to Human Umbilical Vein Endothelial Cells (HUVECs). 

Specifically, we utilized phosphate-buffered saline (PBS) to neutralize the sur

face charge of C+ to form CA aggregates and utilized Na-salt of poly(acrylic 

acid) (PAA) to assemble C+ particles to form CPA, which are branch like struc

tured aggregations. These colloidal microaggregates were either embedded in 

reconstituted biomatrix or were used as continuous matrix in presence bioma

trix (i.e. Matrigel and Collagen I) to provide spatial guidance to regulate the 

HUVECs behavior and capillary network formation. The scheme is shown 

in Figure 3.1. Importantly, this work suggests that by controlling the 3D mi

crostructural morphology independent of the matrix elasticity of the biomatri

ces, achieved by aggregate colloidal particles via different aggregation modes, 

that we could modulate the endothelial cells organization. 



26 

Spatially control led Colloidal 
Colloidal Aggregate Microgel 

-f Network Structure 

Cationic Colloidal I 
Particles (C) ~ 

I 
I 

✓---~ - CPA ~ LoosePoly-anionic (CPA): CPA Aggregates Porous microslruclure: 
CPA Colloidal Gel more cell accessibleMulti-anions from polyacrylic acid 

free space 

Figure 3.1. Scheme of CA and CPA with distinct aggregate morphology to be embedded 
in reconstituted biomatrix or packed within biomatrix to provide matrix skeletons and 
oriented guide the HUVECs behavior. 

3.2 Materials and Methods 

3.2.1 Materials 

Polycaprolactone (PCL) diol with average molecular weight of 1250 was pur

chased from Polysciences and used after vacuum drying at 60 °C for 24 hours 

to remove moisture. Hexamethylene diisocyanate (HDI) with 98.0% purity and 

Nile Red dye were purchased from Tokyo Chemical Industry. DMSO was pur

chased from Fisher Chemical with 99.9% purity. Catalyst tin-2-ethyl hexanoate 

was from Alfa Aesar. Acidic Acid was from J.T. Baker. All other chemicals and 

solvents were purchased from Sigma Aldrich (MO). Deionized dd-water was 

used to prepare all the solutions. Human umbilical vein endothelial cells (HU

VECs) were purchased from PromoCell. Endothelial cell culture medium was 

purchased from PromoCell (Cat. No. #2110-500) without VEGF. 4,6-diamidino-

2-phenylindole (DAPI) were purchased from Invitrogen, CA. Rhodamine conju

gated phalloidin was purchased from Cytoskeleton. Inc. Matrigel and Collagen 

I from Coming were used. 
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3.2.2 Synthesis cationic PCL-PU Particles 

PCL based positive charged polymer was synthesized by a two-step process 

via condensation reaction. Briefly, pre-dried PCL dissolved in DMSO as 10w% 

at 60 °C, followed by adding HDI as 1 PCL: 2 HDI molar ratio and reacted at 

90 °C for 3 hours in the presence of tin-2-ethyl hexanoate (0.1 mol%) as catalyst 

to form the prepolymer. Then, N-methyldiethanol amine (NMDA) was added 

to the reaction mixture that PCL to NMDA ratio was 1:1 and kept stirring at 

90 °C overnight. After cooling the reaction mixture to 40 °C, Acetic Acid was 

slowly added to the reaction mixture (NMDA : AA ratio as 1 : 1.5) for titration 

to quarternize the amine groups of NMDA. After 3 hours titration, the polymer 

reaction mixture was drop-wise added into DI water with respect to volume 

ratio as 1 reaction solution : 4 DI water, and kept agitation at 700 rpm for 10 

mins to form cationic particles. Fluorescent particles for imaging purposes were 

synthesized by adding nile red dye (2mg/mL in DMSO) in reaction solution as 

1:100 by volume after titration step. The particle suspension was then subjected 

to 3 cycles of ultracentrifugation under 13000 rpm to collect the particles (C+) 

and stored in 4 °C for further usage. 

3.2.3 CA and CPA aggregates preparation 

Particle solid concentrations are based on the weight of wet particles (imme

diately after preparation). Positively charged C + transformed into two different 

organized aggregations with negative charged components: i). lX PBS buffer 

which contains chloride and phosphate anions, and ii). 2.5w% sodium salt of 

Polyacrylic acid (in DI water) as the anionic polyelectrolyte. Positively charged 

particles were re-suspended in these two electrolytes at a given particle frac

tion (by weight) and the aggregation were allowed complete for 12 hours. The 

aggregates formed by two mechanisms, which are via PBS neutralization and 

large molecule polymer reaction were named as CA and CPA respectively. The 

aggregations were utilized after removing the supernatant. 
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3.2.4 Particle Organization in CA and CPA aggregates 

The morphology of C + particles was observed using scanning electron mi

croscope (SEM), atomic force microscopy (AFM) and Nikon Ti-U Inverted Mi

croscope (NiKon, Japan) with TRITC (Ex 550 nm/Em Max 640 nm) fluorescent 

channel (Greenspan, Mayer and Fowler, 1985). SEM was performed on air dried 

sample on glass coverslip with an accelerating voltage of 5.0 kV (Hitachi SU70 

FESEM). The samples were coated with 10nm film of carbon in a high vacuum 

evaporator for 30 minutes. AFM imaging on mica substrates was done using 

the Bruker Dimension Icon Atomic Force Microscope with silicon cantilever and 

10nm radius tip under tapping mode. Structural organization of CA and CPA 

were analyzed using Nikon Ti-U Inverted Microscope equipped with camera 

at 20x. Fractal dimension was calculated using box-counting method from the 

binary images in ImageJ (NIH imaging) (Barnsley, 2014; Peitgen, Jurgens and 

Saupe, 2012). The circularity index of aggregates was calculated based on EQ 

3.1. For these measurements, individual aggregates were manually traced and 

quantified using ImageJ from randomly selected fluorescent images for CA and 

CPA aggregates with at least 30 aggregates for each aggregate type. 

4 * n * AreaCI = ---- * 100 (3.1)
Perimeter2 

3.2.5 Colloid size and zeta potential 

Size and zeta potential of C + particles and aggregated samples were mea

sured using dynamic light scattering (DLS, Zetasizer Nano-S, Malvern Instru

ments Ltd.) with a 640 nm laser. By maintaining the pH at 7 with HCL or 

NaOH, lmM, 20mM, 40mM, lO0mM and 500mM of HEPES buffer were pre

pared. 20mM HEPES buffer with pH 2, 4.5, 7, 8.5 and 10 were prepared using 

HCL or NaOH to adjust the pH. PBS was prepared for 0.01X, 0.lX, lX and lOX 

by diluting with DI water from lOX. Na-salt of PAA with 0.025, 0.25, 2.5 and 

5w% was prepared by diluting the stock solution with DI water. Samples for 

DLS measurements were prepared at 1 w% and diluted into DI until approxi

mately 0.001 w %. Averages were taken of 5 runs of 10 measurements each for 

size measurements. Zeta potential was obtained at similar concentrations to 
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size measurements with 5 runs of 10 measurements. Electrolyte concentration 

effect on aggregate size and zeta potential was measured immediately and 15 

mins after aggregation. 

3.2.6 Turbidity measurement of colloidal aggregates 

Turbidity of the C+ colloidal dispersion and aggregates were measured from 

the absorbance (optical density) of the samples in UV-vis spectrophotometer 

(UV1600PC) at room temperature. The optical density (OD) of the samples were 

measured at wavelength (A) 700,650,600,550,500, and 450 nm. The dispersibil

ity factor (N value) is calculated from the wavelength dependence of OD from 

the slope of log(OD) vs. log (A) as shown in EQ 3.2 (Daly and Saunders, 2000). 

N values with respect to particle fraction for a given sample was plotted. 

N = _dlogOD (3.2)
dlogA 

Kinetics of particle aggregation was investigated by measuring the OD with 

respect to time for 150 minutes for each sample at 650 nm at room tempera

ture. T and f3 for CA and CPA aggregates were obtained by fitting Kohlrausch

William-Watts (KWW) function (as described in EQ 3.3) for the decay period 

function from 3 independent kinetic measurements. 

y = A * exp (t / r )/3 (3.3) 

where y is the normalized OD with respect to the OD at t=0, A is the pre

exponential coefficient, t is time, f3 is the non-linearity coefficient (0 > f3 > 1) 

and Tis the retardation time (the mean aggregation time). Both T and f3 were 

calculated. 

3.2.7 Morphology of CA and CPA colloidal gels 

SEM was performed on air dried sample on glass coverslip with an acceler

ating voltage of 5.0 kV (Hitachi SU70 FESEM). The samples were coated with 

10nm film of carbon in a high vacuum evaporator for 15 minutes. The morphol-
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ogy of aggregates was quantified using the Image J software. Binary images 

were generated by thresholding the original images. Diameter J (1-180) plu

gin was used to quantify the characteristic length, intersection density, and per

centage of void area. Diameter J uses axial algorithm which determine center

line of the network strands allowing calculation characteristic network length 

(the strand length of interconnected particles in the gel) and intersection den

sity (with respect to area) and void area distribution pixel in binary images. 

Specifically, the Characteristic Length of solid strands describes the mean length 

of solid strand between nodes and is calculated by dividing the total strand 

length by the number of intersections. Intersection density was calculated for a 

lO0px*lO0px (104) pixel area by dividing the total number of nodes by the total 

area (in pixels) and multiplying by 104. For each aggregate, approximately 10 

images were analyzed and data is presented as average± standard derivation. 

3.2.8 CA and CPA as Spatial Guidance in biomatrices 

Matirgel is typically used in higher concentration around 3 mg/mL, whereas 

Collagen type I at lower concentration between 1 mg/mL to 3 mg/mL. Accord

ing to literatures, HUVECs adhesion may be aided at lower concentrations of 

Matrigel or Collagen gel (Zaman et al., 2006; Yip et al., 2009). Therefore, we 

prepared the aggregates and embedded within Matrigel or Collagen type I and 

result inl.Smg/mL Matrigel or lmg/mL Collagen type I as the final concentra

tion. Specifically, CA and CPA aggregates were embedded within biomatrices 

( Matrigel or Collagen type I gel) with low volume fraction (cp = 0.1) or high 

volume fraction (cp = 0.9) and resulted in l.Smg/mL Matrigel and lmg/mL Col

lagen type I as the final concentrations. As the colloidal aggregates were in

corporated in a continuous biomatrix, the biomatrices essentially wrapped the 

contours of the colloidal aggregates, and thereby, the spatial guidance was pro

vided by the particle organization. 
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3.2.9 Elasticity Characterization of CA and CPA aggregates 

within biomatrices 

The overall mechanical properties of colloidal aggregations was monitored 

by Bohlin CVO-100 rheometer with 10mm parallel plate at 37 °C with a gap 

distance of 150 µm. All aggregates were prepared from 10w% particle concen

tration. The aggregates were embedded within Matrigel or Collagen type I as 

1: 9 or 9:1 by volume ratio and result in 1.5mg/mL Matrigel or lmg/mL Col

lagen type I as the final concentration. Gel Oscillatory strain sweeps were per

formed at variable amplitudes in a strain-controlled mode in the range of 0.01 to 

1 while keeping frequency at a constant value of 1 Hz. Frequency sweeps were 

performed at constant strain as 0.03 (within the linear region from amplitude 

sweeps) and varied the frequency from 0.01 to 1 Hz. All oscillatory tests were 

performed from 3 different samples and 3 times for each aggregate. 

3.2.10 Endothelial cell culture and cell embedded within 

aggregate-biomatrix 

HUVEC were used as endothelial cells in this study. HUVECS were grown in 

endothelial cell growth medium without VEGF. Cells were cultured and main

tained in 5% CO2 at 37 °C with media change every second day and passaged 

at 80% confluence. Cells were used between passage 4-7 for the experiments. 

To prepare HUVEC embedded samples, aggregates were prepared 12 hours 

before experiments after washing three times with DI water and embedded 

within biomatrix (Matrigel or Collagen type I gel) as desired volume fraction. 

Before gelation, HUVECs were transferred in 50 mul media to mix with ag

gregates and biomatrix at a density of 50,000 cells per 100 mul of aggregate

biomatrix. 

3.2.11 HUVEC morphology in aggregate-biomatrix 

After HUVECs were embedded in aggregate-biomatrix when the aggregate 

was 0.1 volume fraction, the constructs were transferred into 48 well plate and 

incubate 30 minutes at 37 °C for biomatrix gelation, followed by drop-wise 
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adding 300 mul medium on the top. Cell-gel were maintained in the incuba

tor at 37 °C for characterization at defined time points. Samples were observed 

and stained with TRITC phalloidin and DAPI for actin and nucleus respectively 

in 12, 24 and 48 hours after fixing with 4% formaldehyde and permeabilizing 

the cells with 0.1% Triton X-100 in PBS for 5 mins at room temperature. Perme

abilized cells were incubated with TRITC phalloidin (lO0nM working concen

tration) for 1 hour at room temperature followed by 5 minutes incubating with 

DAPI. All the images were captured at lOx with appropriate filtered camera 

channels of Ti-U Inverted Microscope. 

Endothelial organization including network perimeter, tube length and 

branching points were quantified and normalized with respect to area by us

ing Nikon Ti-U Inverted Microscope equipped with NIS element software. Net

work perimeter was measured from the length of a tube that cells formed a 

closed structure. Tube length was measured from the length of continuous tube 

structures, branching points were considered at the nodes where three point 

branching was observed. 

To evaluate the cell sprouting in colloidal aggregate embedded biomatrix, 

the outward migration of HUVECs from a cellular aggregate was assessed. HU

VEC aggregates were formed on 1w% gelled low melting point agarose (5000 

cells for each) overnight in 96 well plate and then transferred into aggregate

biomatrix (cp = 0.1). After gelation, cell were fixed to stain with actin and DAPI 

at 48 hours and the sprouting length were observed at 4x magnification. The 

distance from cell core to radius of cell aggregate border is defined as sprouting 

length and was analyzed using NIS element software. 

When the aggregates embedded within biomatrices was increased from 0.1 

to 0.9 volume fraction, 1 million HUVECs was mixed with 100 µL aggregate

biomatrix before gelation. Then, the constructs were transferred into a ster

ile 1.7 mL micro-centrifuge tube and incubated at 37 °C for 30 minutes before 

adding 300 µL medium on the top. All the constructs were fixed after 48 hours 

with 10% formaldehyde in PBS at room temperature for 1 hour, washed thrice 

with PBS and infiltrated in 4w% agar. Histological sections of the constructs 

were obtained and stained with H&E. Images were captured at 20x with Ti

u Inverted Microscope. For staining the actin and nucleus from the histologi-
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cal slides, those tissue sections were deparaffinized. Briefly, to remove paraffin 

wax, sections were placed in three containers of xylene for 5 minutes each. Then, 

sections were placed in two containers of 100% ethanol for 10 minutes each to 

start rehydration and followed by placed in two containers of 95% ethanol for 

10 minutes each. To complete the rehydration process, sections were washed 

twice in PBS for 5 minutes each. 

Endothelial network was evaluated by quantifying the interconnected cell 

length and network perimeter with respect to area, as well as the network circu

larity index by using NIS element software. The interconnected cell length was 

measured by the total length of connected cells. 

3.2.12 Protein Extraction 

Immunoblots were adapted from an established protocol (?). Proteins were 

extracted by the addition of trichloracetic acid (TCA) buffer containing 10% 

TCA; lOmM TrisHCl pH 8; 25 mM ammonium acetate, and lmM EDTA. Acid

washed glass beads were added to the scaffold and cell pellet mixture. Cells 

were lysed by five consecutive one-minute vortex pulses with one-minute rests 

on ice using fast prep multi-vortex (Labline instrument, Melrose, IL). Proteins 

were precipitated by centrifugation at 4 °C at 16000g for 10 min. Protein pel

lets were thoroughly re-suspended using resuspension buffer containing 0.lM 

Tris-HCl pH 11 and 3% SDS by boiling the suspension for 5 min at 95 °C. To

tal protein concentration was measured using Biorad BCA protein assay kit 

(Pierce™ Microplate BCA Protein Assay Kit catalog #23252). Equal amounts 

of 4X laemmli sample buffer was added to the re-suspended protein solution 

and boiled for 5 min at 95 °C. Extracted proteins were loaded onto 10% SDS

PAGE separating gel. Approximately 10 µg of protein was loaded per lane. 

Proteins were transferred to nitrocellulose membranes (protran BA85, VWR In

ternational Inc. Bridgeport NJ). Membrane was blocked either with 5% nonfat 

milk or 5% BSA in lOmM Tris-HCl pH8, 150 mM NaCl and 0.05% Tween 20. 

Immunoblots were visualized using Western Bright ECL HRP substrate (Menlo 

Park, CA; LPS #K-12045-D20). To detect Focal adhesion kinase (FAK), primary 

antibody (FAK antibody #3285) was used at 1: 1000 dilution, to detect phosphor-
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FAK primary antibody [Phospho-FAK (Tyr397) Antibody #3283] was used at 

1:1000 dilution, and to detect VE-cadherin, primary antibody (VE-cadherin an

tibody #2158) was used at 1: 1000 dilution, according to manufacturers' protocol 

with the corresponding secondary antibody. For VEGFR2, the VEGFR2 primary 

antibody (#2479, Cell Signaling Technology) was used at 1: 1000 dilution accord

ing to manufacturers' protocol with the corresponding secondary antibody. To 

detect MMP-2, MMP-2 primary antibody (#87809, Cell Signaling Technology) 

was used at 1:1000 dilution according to manufacturers' protocol with the cor

responding secondary antibody. For all western blot analysis, /3-actin [/3-Actin 

(13E5) Rabbit mAb #4970] was used as control. All primary and secondary anti

bodies were purchased from Cell Signaling Technology, MA, US. Quantification 

of western blots was performed from densitometric analysis of bands using Im

age Lab 3.0, Biorad software and bands were normalized with respect to /3-actin 

band. Measurements were performed at least 3 times and data is presented as 

average ± S.D. 

3.2.13 Statistical analysis 

All experiments were done in triplicate. All data is presented as an average 

with± standard deviations. Data were analyzed by using a one-way ANOVA 

and the Tukey's test to compare the differences between groups. P value::; 0.05 

is designated with * and value ::; 0.01 is designated with ** . Results with p value 

less than 0.05 (p* ::; 0.05) was considered to be statistically significant. 

3.3 Results and Discussion 

3.3.1 Cationic PCL-PU Colloid Particles (C+) 

The process of PCL-HDI-NMDA synthesis and the chemical structure of the 

final C + is shown in Figure 3.2. As the PCL-PU is titrated in Acetic Acid, the pos

itive charges due to quaternization of the tertiary amine groups on the polymer 

chain. GPC provides the molecular weight distribution of the polymer by sepa

rating molecules by size so that the molecular weight of PCL-HDI-NMDA (PCL-
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Figure 3.2. General procedure of C+ polymer synthesis. 

Figure 3.3. C+ colloid particles morphology under SEM (a), under AFM (b), and with 
Nile Red dye under the microscope (c). 

PU) was able to be estimated. The Weight Average Molecular Weight (Mw) of 

PCL-PU was ~ 28273.08 g/mol, and the Number Average Molecular Weight 

(Mn) was~ 14651.35 g/mol. Ionic PCL-PU can dissolve in DMSO, and further 

https://14651.35
https://28273.08
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Properties Zeta 

Condition 
Size (nm) Potential 

(mV) 

ddH20 571.36±34 +44.4±0.7 

1mM Buffer@pH 7 557.5±57,5 +37.33±1 .5 

Figure 3.4. DLS measurement of size and zeta potential of C + colloidal particles. 

can be extracted in the aqueous phase by solvent extraction leading to the for

mation of spherical submicron size particles. Figure 3.3 shows the dispersed C + 

colloidal particles (a) under SEM, (b) under AFM (15µ:m*15µ:m), and (c) Nile

red containing particles under the fluorescent microscope at 20x magnification, 

which shows the consistency of individual particles due to the repulsive ionic 

force. By performing the dynamic light scattering (shown in Figure 3.4), the 

average size of C + colloids is around 571.36 ± 34 nm, and the zeta potential is 

about +44 ± 0.7 m Vin DI water. Synthesized PCL-PU based cationic nanoparti

cles with NMDA and the zeta potential was 58.7 ± 0.8 m V. Utilizing isophorone 

diisocyanate in their work leads to smaller particle size and higher zeta poten

tial of their particles compared to C+ particles (Wu and Hsu, 2016). 

When the C + colloidal particles were dispersing in 1 mM HEPES buffer at 

pH7, the size was not significantly changed but the zeta potential reduced to 

+37 mV. Figure 3.5 shows the measurements of zeta potential and size of C + 

particles in 0, 1, 20, 40, 100 and 500 mM HEPES buffer at pH7 by using DLS. 

When the HEPES buffer was at constant pH7, the diameter of the measured 

particles increased from 571.4 nm to 1159 nm and the zeta potential decreased 

to neutral when the concentration of the HEPES buffer was increased. The major 

inter-particle interactions to form aggregates are the repulsive double layer and 

attractive van der Walls forces. With increased concentration of HEPES buffer, 

the double layer forces weakened while the counter-ion adsorption was more 

effective. Studies have revealed increased ionic strength results in the colloidal 

disability (Bizmark and Ioannidis, 2015; Yang et al., 2017). 

Figure 3.6 shows the DLS measurements of zeta potentials and sizes within 

20 mM HEPES buffer at pH2, pH4.5, pH7, pH8.5, and pHlO. When the pH 

condition of the HEPES buffer was altered from pH2 to pHlO while the con

centration remained as 20 mM, the zeta potential decreased from +44 m V to 
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Figure 3.5. DLS measurements of size and zeta potential of C + colloidal particles in 
various concentrations of HEPES buffer at pH7. 

-2.3 mV. Notably, the zeta potential dramatically dropped down nearly 30 m V 

when increasing the pH value from 8.5 to 10. Also, the size increased more than 

2-folds while changing the HEPES buffer from acidic to basic. Studies showed 

that the zeta potential of gelatin nanoparticles was raised as the pH was lowered 

from the isoelectric point (Hitchcock, 1931; Ahsan and Rao, 2017). In our case, 

this is because of the charged state of the amine group depends on the pH of the 

HEPES buffer. Specifically, when the pH of the HEPES buffer is above the pKa 

of the amine group, the group will be at its deprotonated state, whereas the pH 

of the HEPES buffer is below the pKa of the amine group, it will be in its proto

nated state. At a low pH, the amine group was largely protonated and result in 

a net positive charged compound. Oppositely, when the pH was increased, the 

acidic functionality was largely deprotonated and led to the reduction of the net 

positive charges of C+ particles. 

3.3.2 Aggregate C+ Colloidal Particles by PBS and Na-salt of 

PAA 

Variation of size and zeta potential following the addition of different con

centration of PBS and polyacrylic acid comparing with colloid particles illus

trated aggregation of particles due to electrostatic interactions. DLS measured 

the size (Figure 3.7) and zeta potential (Figure 3.8) of C+ particles in different 
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Figure 3.6. DLS measurements of size and zeta potential of C + colloidal particles in 
20mM HEPES buffer at various pH conditions. 

concentrations of PBS and Na-salt of PAA immediately and after 15 mins of ag

gregation occurs. In general, the size increased, and zeta potential decreased 

as PBS and Na-salt of PAA aggregated the C+ colloidal particles. With time as 

aggregation advanced, the size further increased, and zeta potential decreased. 

The difference in size in 15 mins was more pronounced when the concentration 

of the counter-ions increased. These data imply that the aggregation rate for 

both CA and CPA were enhanced by increasing the ionic strength. As measur

ing the zeta potential of CA and CPA in 15 mins, the zeta potential of CA was 

reduced and approached to zero with increased PBS concentration, whereas the 

zeta potential was dropped to negative charge at higher concentration of Na

salt of PAA. For CA, charge neutralization was regulated by the incorporation 

of both chloride ions and phosphate ions from the PBS. The aggregation pro

cess is sensitive to the type or chemical composition of counter-ions present in 

the particle dispersion. The ions of higher valences are more effective in desta

bilization of the particle dispersion. The affinity of the anions to the positively 

charged particle surface followed the H2Po4 -> cz - (Oncsik et al., 2014). There

fore, the C + particle aggregation mechanisms via phosphate ions and chloride 

ions are different. However, CPA formed by Na-salt of PAA was polymer chem

ically interact with the C + surfaces and reversed the zeta potential as the elec

trolyte concentration increased. Studies have illustrated that the adsorption of 

PAA on colloidal particles was enhanced by higher concentration of PAA and 
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Figure 3.7. Size of aggregated particles immediately and after 15mins in various con
centration of PBS measured by DLS. 

resulted in a charge reversal phenomena (Joksimovic et al., 2013; Zhang, Gao 

and Fatehi, 2019). Figure 3.9 shows the size distribution of particle aggregates 

that converted to volume, which shows relative proportion of volume occupied 

by differently sized particles or aggregated particles. The peaks for each mea

surement did not coincide with each other, and the mean sizes of measured 

particles were shifted towards larger mean size with increasing the concentra

tion of PBS and PAA. This indicates the growth of aggregates in larger size with 

increased strength and concentration of PBS and PAA. Literature shows that 

the concentration of electrolyte and the mean particle size (volume diameters of 

the particles) increased simultaneously for a given particle colloid concentration 

(Matteson and Stober, 1967; Bordi et al., 2005). Moreover, the mean size of CPA 

aggregates formed in 2.5w% Na-salt of PAA was larger than that of CA formed 

in lX PBS. This is due to the carboxylate sites form PAA needed to bind with 

the amine sites of C+ and leads to a relatively open aggregate structure, whereas 

small chloride ions and phosphate ions can be easily adsorbed on the cationic 

particle surfaces and leads to a more compact aggregate structure. 

In general, the DLS results proved that CA and CPA aggregates are formed 

by the electrostatic interactions between cationic colloid particles. The counter

ions, i.e. as phosphate ions or chloride ions from PBS, and carboxylate ions 

of PAA induced the electrostatic interaction to induce the aggregation of C+ 

colloidal PU particles. 

To further investigate the aggregation modes in CA and CPA, the turbid-
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Figure 3.9. Size distribution of CA and CPA aggregates in various concentration of PBS 
and polyacrylic acid. 

ity measurements were performed to calculate the N value based on the wave

length dependence of the turbidity of the particles, which is the negative slope 

of logOD versus logwavelength. Figure 3.10 shows the slope of logOD versus 

logwavelength. CA has the highest negative slope, followed by CPA and par

ticle only, which indicates CA has the lowest N value, followed by CPA and 

colloidal C+ (shown in Figure 3.11). At 0.2w% particle concentration, N de

creased significantly for both CA and CPA compared to colloidal particles only, 

indicating aggregation occurred. With increasing the particle concentration, the 
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Figure 3.10. Log-log plot of optical density verses wavelength for particles only, CA 
aggregate and CPA aggregate. Increased aggregation show reduced negative slope. 
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Figure 3.11. N value of particles only, CA aggregate and CPA aggregate. Lower N 
shows aggregation formation. 

N value decreased for both CA and CPA, whereas C+ particles in DI water re

mained as colloidal dispersion due to repulsive forces from the positive surface 

charges (Figure 3.12). The kinetics of aggregation was measured from OD over 

time (shown in Figure 3.13). For both aggregation modes, the OD decreased 

fast during the first 2500 seconds and followed by a slow decrease of OD in the 

late period due to the rapid formation of aggregates and the relaxation of the 

aggregates respectively. However, CA showed faster decrease of OD than CPA. 

This is unexpected since the faster change of OD should correspond to the ag

gregation relatively close to a typical DLCA and form a more open structure. 

This is in contradiction with fractal dimension analysis as the fractal dimension 

of CPA is lower than that of CA, which means that CPA was expected to be a 

faster aggregation process with more rapid decrease of OD in the early period. 

The DJ value of CA and CPA will be discussed in Section 3.3.4.1. 
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Figure 3.12. N values of particles only, CA aggregate and CPA aggregate as a function 
of solid concentration. 

T (s) f3 R-square 
CA 555.4 0.3569 0.998 
CPA 1186 0.6089 0.983 

Table 3.1. Calculated r, f3 and the R-square of CA and CPA from Kohlrausch-William
Watts function. 

Moreover, Figure 3.13 shows the relaxation curve from KWW function of CA 

and CPA and T, f3 and the R-square are listed in Table 3.1. Both R-square values 

are nearly equal to 1 indicate the data are close to the fitted model. In Figure 

3.14, the T of CA is much less than that if CPA, which indicates that CA from an 

initial aggregated state to the relaxed equilibrated state requires less time than 

CPA. The f3 for both CA and CPA were 0.4 and 0.6 respectively, which indicates 

the heterogeneity of both aggregates. A recent work investigated the aggregate 

formation of cationic particles by using anionic starch, and its relaxation kinetics 

were evaluated by fitting in KWW function. Their calculated T and f3 indicates 

that regardless of the amount of starch added to the SP+ colloids and the starch 

type, the f3 was always around 0.4 which implies the heterogeneity of the sys

tem. Also, the T values were almost constant reveals that the time from the early 

aggregation state to the relaxed equilibrated state for the starch chains rearrange 

on the particle surfaces was the same (lselau et al., 2016). Differ from their work, 

which they used the same aggregation mode but varying the starch and particle 

ratio, our CA and CPA aggregates were formed by different aggregation mode. 
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Figure 3.13. Kinetics of aggregation for CA and CPA aggregates measured at 0.2w% 
particle concentration. The kinetic aggregation curve fit into Kohlrausch-William-Watts 
function. 
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Figure 3.14. Relaxation time of CA and CPA. 

3.3.3 Morphology of CA and CPA colloidal gel 

The three-dimensional structures of CA and CPA colloidal gels from scan

ning electron microscopic images confirmed the compact CA versus branching 

CPA microstructures, shown in Figure 3.15. Characteristic length of particle net

works (in between intersections), intersection density and void area were ana

lyzed from the SEM images using ImageJ (with DiamterJ plugin) to extract the 

structural parameters. Networks of interconnected particles ( Figure 3.16) were 

significantly longer in CPA because the particles were aggregated as extended 

strands, whereas the particles in CA were organized in a compact form result-
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Figure 3.15. Compact CA and Branched CPA morphology with 10w% particle concen
tration under SEM. 
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Figure 3.16. Characteristic length of network of interconnected particles in CA and CPA 
colloidal gels. 

ing in a shorter length. As a result, the elongated strands in CPA formed fewer 

intersection (in between two or more networks) compared to CA, as shown in 

Figure 3.17. As a consequence of these structural features, the percentage of the 

void area of CPA was almost four times higher than that of CA as shown in 

Figure 3.18. 
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Figure 3.17. Number of intersection between the network of interconnected particles in 
CA and CPA (normalized with respect to area. 
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Figure 3.18. Percentage of void areas of CA and CPA. 

3.3.4 Embedding CA and CPA within biomatrix as 1:9 ratio 

3.3.4.1 Microstructral analysis of CA and CPA aggregates 

By imaging the CA and CPA clusters under the microscope, the two dis

tinct structures were confirmed, CA clusters are compact, whereas CPA clusters 

were shown as branching microstructures, which due to the different aggrega

tion modes. Figure 3.19 shows the bright field images, which show the cluster 

morphology of CA and CPA (top panel) and the fluorescent-labeled particles 

organization (bottom panel). In general, CA clusters were more isolated and 

compact, whereas CPA clusters were more interconnected and showed branch-
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Figure 3.19. Morphology of CA and CPA aggregates under bright-field microscopy (top 
panel) and with Nile Red dye under fluorescent microscopy (bottom panel). 

like structures. 

The fluorescent images of CA and CPA aggregates were skeletonized and 

quantified their number of junctions, including triple and quadrate points. Fig

ure 3.20 shows that the number of junctions per unit area for CPA aggregates 

was more than that of CA aggregates. More specifically, the number of quadru

ple points (junctions with exactly four branches) and triple points Gunctions 

with exactly three branches) per unit area of CPA were more than that of CA. 

This data illustrated that CPA aggregates contained more intersections of parti

cle strands than CA aggregates. These intersections were the points where the 

branches started, which ensures the CPA aggregates as a more branched struc

ture than CA. The total number of branches in each aggregate skeleton were 

quantified by normalizing with its longest shortest path length and shown in 

Figure 3.21. For each CA aggregate, it showed more branches per unit length 

of its longest shortest path than CPA. Thus, less particle strand intersections 

but more branches formed by particle organization in CA aggregates result in a 
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Figure 3.20. Number of Junctions (a), triple points (b), and quadrate points (c) per unit 
area of CA and CPA aggregates. 
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Figure 3.21. Number of branches per unit length of the longest shortest path for CA 
and CPA aggregates. 

more compact microstructure than CPA aggregates. 

By analyzing the circularity of CA and CPA (shown in Figure 3.22), the cir

cularity of CA was significantly higher than the CPA. The CI value of a circle is 

1 and the less it goes, the less circular it is, which is a way to reflect the shape 

of the aggregates. Thus, particles were organized as a more dense and rounded 

structure in CA compared to CPA. 
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Figure 3.22. Circularity index of CA and CPA aggregates. 
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Figure 3.23. Fractal dimension of CA and CPA aggregates. 

Fractal dimension Df was measured using FracLac box counting shown in 

Figure 3.23 (Karperien, 2013). D1 of CA aggregate was higher than CPA indi

cates that small anions such as phosphate anions and chloride anions neutral

ized C+ particles to form dense aggregates compared with branching particle 

organization in CPA aggregate. Literatures reported the DLCA (Df :=:::: 1.75) nor

mally process a relatively loose tenuous structure and its D f is lower than that 

of RLCA (DJ :=:::: 2.l)(Tang et al., 2000; Sorensen, 2011). Thus, based on the D1 
analysis, CA was relatively closer to a typical RLCA to form a compact struc

ture, whereas CPA was more likely to follow the DLCA path and result in a 

more open and branched structure. 
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3.3.4.2 Mechanics of CA and CPA embedded in biomatrices 

The elasticity of the material is defined as the material's ability to undergo 

non-permanent deformation. The modulus of elasticity of the bulk material 

has emerged as a material property of intense focus as strong evidence demon

strated that this physical cue could partially dictate cell behaviors. Studies have 

established the mechanical properties of hydrogels can be largely enhanced by 

the addition of particles due to the increasing density of polymer crosslink or 

entanglement between hydrogel and particles. (Langley and Polmanteer, 197 4; 

Mangal, Srivastava and Archer, 2015; Georgopanos et al., 2017; Gaharwar, Pep

pas and Khademhosseini, 2014; Adibnia, Taghavi and Hill, 2017). However, in 

our case, both CA and CPA aggregates were performed and embedded with no 

contribution to crosslinking with Matrigel or Collagen gel. 

The literature reported that Matrigel's low and variable elastic modulus, 

ranging from 0.12 to 0.45 kPa which mimics the rigidity of the native extracellu

lar matrix (Nguyen et al., 2017). About 25 types of collagen have been identified, 

of which collagen type I is the major component of the fibrous structure of skin, 

tendon, and bone in the human body (Veis, 1997). Byfield et al. reported that 

endothelial cells cultured on 3.0 mg/mL Collagen type I hydrogel with elastic

ity around 502 ± 48 Pa formed microvascular tube-like structures (Byfield et al., 

2009). From the elastic moduli in Figure 3.24, CA and CPA aggregates were 

embedded in Matrigel or Collagen type I hydrogel and the final concentration 

of Matrigel was 1.5mg/mL and Collagen type I gel was 1 mg/mL. Figure 3.24 

shows the elastic modulus (G') respect to strain when CA and CPA aggregates 

were embedded within Matrigel (a) and Collagen I (b) as 1:9. In general, the 

G' of CA-M, CPA-M had no significant differences compared to Matrigel only, 

and the G' of CA-C, CPA-Chad no significant differences compared to Collagen 

type I gel only. Kane et al. reported the linear range of Matrigel with various 

temperature. At the highest temperature for their study (12 °C), the yielding 

strain was slightly higher than 1% (Kane et al., 2018). However, the matrigel 

concentration was not studied, which is a critical factor that can impact on the 

elasticity and the yielding strain of tested Matrigel. In our case, when the strain 

became higher and closer to 10%, CA-M started to have a decreasing trend, 
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whereas CPA-Mand Matrigel only maintained as a constant. This may be due 

to the low concentration of Matrigel (1.5 mg/mL), as the recommended concen

tration for endothelial tube formation is at least lOmg/mL. Also, the discrete CA 

aggregates inside the Matrigel break down the network continuity of hydrogel 

and the yielding occurs earlier. When the aggregates were embedded inside the 

Collagen gel, both CA-C and CPA-Chad similar decreasing trend compared to 

Collagen gel only. However, the decreasing slope of CA-C was not as fast as 

CPA-C and Collagen gel, which may also be due to the dense and compact CA 

aggregates. Studies have shown that the elasticity of collagen type I gel reveals 

a nonlinear trend or has an increase in elasticity as the strain is increased, which 

refers to the strain-stiffening effect (Storm et al., 2005; Fratzl et al., 1998; Stein 

et al., 2011). In our case, collagen type I gel was 1 mg/mL, which is lower than 

those studies (minimum 2 mg/mL), as well as the substitution of particles with 

no extra binding might reduce the strain-stiffening effect. There is one thing 

need to be noticed is that although the elasticity of lmg/mL Collagen and 1.5 

mg/mL Matrigel are similar at low strain, dense CA decreased G' in matrigel, 

however in CA-collagen did not decrease G'. This may be due to the different 

composition of Matrigel compare to Collagen gel. 

In general, these data indicate that the stiffness of aggregate-biomatrix com

plex was not altered when CA and CPA provided different microstructural 

skeleton as the spatial cue in the bulk biomatrices. This is important to inves

tigate the significance of spatial cues on cell response regardless of the effect of 

mechanical properties. 

3.3.4.3 CA and CPA as Spatial Cues within Matrigel 

CA and CPA aggregates were embedded within Matrigel along with HU

VECs, the cell organization was observed for 48 hours. Cells were stained for 

actin (red) and nucleus (blue) in Figure 3.25. From the merged images after 48 

hours, they showed a general trend that when CA aggregates were embedded 

in Matrigel as 1:9, HUVECs form more and smaller connected networks com

pared to CPA in Matrigel due to the isolated dense CA clusters up to 48 hours. 

The quantification of HUVEC morphology at 12, 24 and 48 hours are shown in 

Figure 3.26. Quantification of HUVEC tube length and number of branch points 
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Figure 3.24. Elastic Modulus of CA and CPA within Matrigel (a) and Collagen I (b) as 
1:9 ratio. 

show higher values for CA-M than CPA and increasing trend from 12 hours to 

48 hours, which indicates HUVECs are relatively more organized and connected 

as networks and with more network junctions. This indicates that cells can sense 

the compact CA clusters to extend the cell connectivity from each other contin

uously. Interestingly, the number of branching points in CPA-M increased from 

12 to 24 hours and followed by a decreasing trend, which is possibly due to the 

branching-like structure of CPA guiding the cells to change their direction. The 

network perimeter per unit area for both CA-Mand CPA-M increased up to 

48 hours. However, the network perimeter for CPA-M was longer than CA-M, 

which is due to the more branched CPA aggregates guide HUVECs to divari

cate, extend and form larger networks. Moreover, CA and CPA embedded in 

Matrigel guide HUVEC spheroids sprouting were observed, shown in Figure 

3.27. The distance migrated by the HUVEC cells was farther when particle ag

gregates were embedded compared to Matrigel only system (the cell migrating 

from HUVEC microtissue in Matrigel only is not shown here). The sprouting 

length in Figure 3.28 shows cell tended to migrate larger distance in the CPA 

system compared to CA after 48 hours due to the branched connectivity. 

https://E-tt;".JJ
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Figure 3.25. Cell organization within CA-Mand CPA-Mat aggregate to Matrigel as 1:9 
ratio after 48 hours. 
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Figure 3.26. Quantification of cell orgnization within CA-Mand CPA-Mat aggregate to 
Matrigel as 1:9 ratio at 12, 24 and 48 hours. 

3.3.4.4 CA and CPA as Spatial Cues within Collagen I 

When CA or CPA aggregates were embedded within Collagen type 1 gel 

with HUVECs, the cells were stained and their organization was observed up 
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Figure 3.27. HUVEC microtissue cell spreading within CA-Mand CPA-Mat aggregate 
to Matrigel as 1:9 ratio after 48 hours. 
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Figure 3.28. Quantification of sprouting length of HUVEC microtissue within CA-M 
and CPA-Mat aggregate to Matrigel as 1:9 ratio after 48 hours. 

to 48 hours, shown in Figure 3.29. When the same amount of CA and CPA were 

presented in collagen type I gel with the same cell density, cells preferred lo

cally spreading by CA guidance due to the isolated and dense CA aggregates, 

whereas cells in CPA-Care more elongated and lined to each other to form net

work structure with limited cell number through CPA guidance. Literature has 

shown HUVECs can form complete network structure within Collagen hydro

gel (Kanzawa, Endo and Shioya, 1993; Koh et al., 2008; Bach et al., 1998). Due to 

the distinct morphology of CA, the HUVECs network formation is disrupted. 

Although HUVECs attempted to connect in CPA-C due to the branched CPA 

particles, cells were not able to complete the loop. In our case, cells instead 

formed spreading verses elongating cell morphology when replaced Matrigel 

by Collagen type I. This may occur due to two reasons. Firstly, comparing 
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to Matrigel, HUVECs in Collagen type I gel requires more cell movement to 

stretch to connect to a tube-like structure. Deroanne et al. demonstrated that the 

network structure induced by Matrigel is inhibited after co-polymerizing with 

Collagen type I gel and observe the cell morphology by staining actin fibers and 

focal adhesion (Deroanne, Lapiere and Nusgens, 2001). Their results mentioned 

that HUVECs are required to remodel the cytoskeleton-ECM coupling within 

Collagen type I gel. Secondly, cell density in collagen may be low so that cells 

were not able to stretch and elongated to form a tube-like structure. It has been 

reported that a minimum number of HUVECs is required to build a network 

structure as cells prefer separated or grow as clusters to maximize the cell-cell 

contacts at low cell density (Saunders and Hammer, 2010b). 

The quantification of HUVEC morphology is shown in Figure 3.30. HU

VECs had significant longer tube length and more branch points in CPA-C than 

that of CA-C from 12 hours to 48 hours. The aggregate perimeter in CA-C was 

significantly higher than that of CPA-C since 12 hours, indicating cells were ag

gregated at the early stage and grew as clusters in CA-C due to isolated dense 

CA aggregates. At early time point (i.e., 12 hours), the number of branch points 

in both CA-C and CPA-C was similar, whereas the tube length and aggregate 

perimeter already showed a significant difference. These data indicate that the 

HUVECs morphogenesis was only influenced by the directional cues that pro

vided by the organization of CA and CPA aggregate, although the potential cell 

attachment sites did not change since both aggregates were presented in the 

collagen matrix. 

When HUVECs aggregates were transferred into collagen gel, the sprouting 

length in CPA-C was longer than that of CA-C (shown in Figure 3.32). The 

stained cell aggregates in CA-C and CPA-Care shown in Figure 3.31. These data 

indicate that the out-layer cells migrate into the Collagen gel in different ways 

by sensing their surrounding aggregates. The resulting cell sprouting length is 

significantly influenced by the directional guidance of these colloidal aggregates 

present in the collagen matrix. 
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Figure 3.29. Cell organization within CA-C and CPA-Cat aggregate to Collagen as 1:9 
ratio after 48 hours. 
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Figure 3.30. Quantification of cell orgnization within CA-C and CPA-Cat aggregate to 
Collagen as 1:9 ratio at 12, 24 and 48 hours. 

3.3.5 Embedding CA and CPA in biomatrix as 9:1 ratio 

3.3.5.1 Morphology and Mechanics of CA and CPA within biomatrix as 9:1 

ratio 

In the second part of this work, in order to evaluate the effect of colloidal 

aggregates as a 3D matrix to minimize the influence of biomatrix on cell mar-
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Figure 3.31. HUVEC microtissue cell spreading within CA-C and CPA-Cat aggregate 
to Collagen as 1:9 ratio after 48 hours. 
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Figure 3.32. Quantification of sprouting length of HUVEC microtissue within CA-C 
and CPA-Cat aggregate to Collagen as 1:9 ratio after 48 hours. 

phology, Matrigel or Collagen I was mixed with pre-formed CA and CPA ag

gregates as 9:1 ratio, which makes the solid aggregates as the major phase. Fig

ure 3.33 shows the fluorescent labeled C + particles as 10w% solid concentration 

aggregate into CA and CPA. CA showed as denser aggregates with more signif

icant voids, whereas the aggregates in CPA were more connected with smaller 

voids. However, the void percentage was quantified and showed comparable 

void spaces per unit area between the two aggregates (shown in Figure 3.34. 

The amplitude sweep and the frequency sweep of both aggregates mix with 

Matrigel and Collagen are shown in Figure 3.35 (a) and (b), respectively. In both 

amplitude sweeps and frequency sweeps, all the G' was higher than G" indicate 

the gel formation with a solid-like response. When CA aggregates consisted of 

the most of the aggregate-biomatrix mixture (i.e., CA-Mand CA-C), both G' and 
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Figure 3.33. Morphology of CA and CPA prepared from 10w% C+ colloid particles. 
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Figure 3.34. Percentage of void per unit area in CA and CPA aggregates. 

G" were slightly higher than that of CPA-Mand CPA-C; however the difference 

of G' was not significant. Also, the linear viscoelastic region was able to be de

fined by the amplitude sweep, and the structure of colloidal aggregates can be 

further characterized by using the frequency sweep at a constant strain below 

the critical strain. In frequency sweep (shown in Figure 3.36, below the critical 

strain, the elastic modulus was independent on frequency, indicating a stable 

solid response throughout the tested frequency range. Moreover, the G' and 

G" for CA-biomatrix had no significant differences than that of CPA-biomatrix, 

which reveals that the elasticity of the resulted three-dimensional matrix was 

comparable. Studies have demonstrated that the elasticity of the colloidal ag

gregates highly depends on the chain length (the length of particles organize 

into solid strands), as well as the shape of the chain (the organization of par

ticles) (Kray, Cates and Poon, 2004; Laurati et al., 2009). The chain length is 

influenced by particle concentration and the shape of the chain is influenced 
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Figure 3.35. Amplitude Sweep of CA and CPA mix with Matrigel and Collagen I as 9:1 
ratio. 

by the particle interactions and aggregation mechanism. Therefore, the elastic

ity of two colloidal aggregates can be tuned to have negligible differences. In 

CA and CPA aggregates, the particle concentration were unchanged, however, 

due to different modes of aggregation, the ways of particle organization are sig

nificantly different. This leads to significant impact on the microstructure of 

aggregates, including particle strand size, particle strand shape, void fraction, 

and void distribution. 

In conclusion, there are negligible differences of elasticity of CA and CPA 

embedded with a low amount of Matrigel or Collagen type I gel. This is im

portant since the CA and CPA aggregates can work as spatial guidance to cells 

within a limited amount of biomatrix without altering the elasticity of the bulk 

matrix. 

3.3.5.2 EC morphology in aggregates-biomatrix (Aggregate: Biomatrix as 

9:1) 

Since both aggregates embedded within Matrigel or Collagen type I gel ex

hibit similar elasticity, the difference of cell organization is attributed to the mor

phology of aggregates. Histological sections stained with H&E shows signifi

cant differences in cell morphology between CA and CPA mix with 0.1 volume 

fraction of Collagen (Figure 3.37) and Matrigel (Figure 3.38). The quantification 
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Figure 3.36. Frequency Sweep of CA and CPA mix with Matrigel and Collagen I as 9:1 
ratio. 

of interconnected cell length, network perimeter, and network circularity index 

are shown in Figure 3.39. Compared between CA-C and CPA-C, HUVECs were 

aggregated within CA-C, whereas HUVECs were connected and lined to each 

other within CPA-C mixture owing to the branching and loose organization of 

CPA particles. Cells showed longer interconnected cell length and larger net

work perimeter in CPA-C due to the branched CPA aggregates with more inter

connected solid strands, whereas the cells tended to aggregate in CA-C result

ing into aggregations of cells which were occasionally connected into circular 

networks with a higher value of cell network circularity index. 

When the HUVEC morphology was compared between CA-M and CPA-M, 

although HUVECs all connected to form tubelike structure, HUVECs in CPA

M formed the larger tubelike structure with more significant voids than that of 

CA-M. The interconnected cell length and network perimeter in CPA-M were 

significantly higher than that of CA-M because of the more extensive network 

formation, which was guided by more branched CPA morphology. The network 

shape was similar in both CPA-M, and CA-M indicates both formed tube-like 

structures, which may arise due to the involvement of Matrigel since Matrigel 

has been widely used in endothelial cell tube formation assay (Kleinman and 

Martin, 2005; Pipili-Synetos, Papadimitriou and Maragoudakis, 1998). 

Multiple studies have demonstrated the possibility of shaping the endothe

lial cell network pattern by functioning the hydrogel ECM with physical or 

chemical signals, such as microfluidic channel, immobilized growth factors, and 
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Figure 3.37. H&E stain of HUVECs within CA and CPA mix with Collagen I as 9:1 ratio. 

Figure 3.38. H&E stain of HUVECs within CA and CPA mix with Matrigel as 9:1 ratio. 

adhesion ligands, etc. Geong et al., 2011; Odedra et al., 2011; Gerhardt et al., 

2003; DeLong, Gobin and West, 2005). Alternatively, the hydrogel can be pre

shaped to provide the growing tunnel for cells. For example, Raghavan et al. 

demonstrated that the HUVECs formed the capillary tube within pre-shaped 

collagen gel and the tube diameter could be regulated by the elasticity and the 

channel width of the collagen gel (Raghavan et al., 2010). Our systems, which 

neither incorporate the biological signals nor the connective tunnels within the 

hydrogel, can change the HUVEC morphology compare to the pure hydrogel. 

This emphases the role of aggregates provide spatial guidance within biomatri

ces. 
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Figure 3.39. Morphological quantification of H&E stained HUVECs within CA and 
CPA mix with Collagen I and Matrigel as 9:1 ratio. 

3.3.5.3 HUVEC Protein Expression in CA and CPA Without Biomatrix 

Previous experiments had a significant reduction of the biomatrix amount 

from 90% to 10% by volume. In this experiment, in order to investigate the 

exact morphological feature of CA and CPA aggregates in regulating HUVECs 

behavior, the CA and CPA aggregates were serving as the only matrix. The 

HUVECs were encapsulated within CA and CPA for two days culture, and the 

FAK, VE-Cadherin, VEGFR-2 and MMP-2 protein levels were evaluated and 

quantified, shown in Figure 3.40. 

FAK expression is mediated by the integrin which indicates the focal adhe

sion between cells and matrix and cadherin-mediated interendothelial adhesion 

between cells (Mui, Chen and Assoian, 2016; Gory-Faure et al., 1999). The FAK 

level in CPA was higher and the VE-Cadherin level in CA was higher indicates 

the branch-like CPA aggregates provided more accessible surfaces to facilitate 

the HUVECs elongation and motility in order to stabilize the network structure 

(Ilic et al., 2003; Bach et al., 1998). This data suggested that HUVECs can regu

late their cell-matrix and cell-cell interactions in a distinct manner owing to the 

three-dimensional spatial particle organization in CA and CPA. 

CPA showed more MMP-2 than that of CA and had an opposite trend com

pared to VE-Cadherin, which indicates that the HUVECs were more penetrating 

to form network structures in CPA. This is due to the reason that proteases en

able endothelial cells to migrate through the basement membrane and into the 

interstitial collagenous stroma to participate in the organization of the cells to 
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Figure 3.40. Expression of proteins from EC in CA and CPA colloidal gels (10% particle) 
without collagen or matrigel. 

form tubular structures (Yurchenco, 2011). Vascular endothelial growth factors 

(VEGF) are important signaling proteins involved in stimulating the formation 

of blood vessels. These signaling proteins stimulate cellular responses by bind

ing to tyrosine kinase receptors (VEGFR). Among all the VEGFR family, VEGFR-

2 appears to mediate vascular endothelial function and its level is tightly regu

lated by the expression level of its ligands and receptors (?)holmes2007vascular, 

falcon2016antagonist, douglas2009vascular). Since the cells expressed higher 

MMP-2 and FAK level, the cells were expected to elongated connected to form 

tube-like structures in CPA, which can indue higher expression of VEGFR-2. 

However, VEGFR-2 level in CPA was lower. To clarify this, more experiments 

would be required to confirm this relationship between the expression of the 

cell signaling proteins in angiogenesis and modulation of MMP expression. 

3.3.5.4 HUVEC Protein Expression in CA and CPA mix with minor phase of 

biomatrix 

The histological slides were stained by actin (in red) and nucleus (in blue) to 

show the HUVEC organization shown in Figure 3.41 on the left panel, which 

is consistent with the H&E stained slides. The protein extraction for FAK, 

VE-cadherin, VEGFR-2, and MMP-2 were evaluated by western blot, which is 

shown in Figure 3.41 in the middle panel. The quantifications of these protein 

level are shown in the right panel. 

In 0.1 volume fraction Collagen gel, the FAK expression in CPA-C was higher 

than that of CA-C and the opposite trend was observed for VE-Cadherin expres-
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sion. This indicates increased cell-matrix interactions in CPA-C compared to 

cell-cell interactions. This is due to the reason that cells in CA-C organized as ag

gregated clusters which increased the cell-cell contact and leading to higher VE

Cadherin expression, whereas cells were more elongated in CPA-C, owing to 

the FAK level was higher from increased cell-matrix interactions. Interestingly, 

the expression of VEGFR-2 in CA-C was significantly higher than that of CPA

C, which was unexpected since VEGFR-2 mainly regulates vascular endothelial 

functions. The possible reason could be that the aggregated HUVECs may be

come more active in cell proliferation and survival, which also contributes to the 

angiogenic response (Ferrara, Gerber and LeCouter, 2003; Benjamin and Keshet, 

1997). MMP-2 levels were comparable which resulted from the short period cell 

culture (48 hours) and the limitation of cell migration within the mixture of such 

large amount of solid particle aggregates and Collagen type I with high elastic

ity. 

When 0.9 volume fraction of colloidal aggregates were embedded with 0.1 

volume fraction of Matrigel, the FAK expression level in CA-M was significantly 

higher than that of CPA-M, and the opposite trend was found for VE-Cadherin 

expression. VEGFR-2 were comparable between CA-Mand CPA-M due to the 

network formation occurred in both matrices. Cells secreted more MMP-2 in 

CPA-M indicates cells were penetrating further within the matrix to form larger 

connected tubes due to the directional guidance of CPA. Kiran et al. showed 

the opposite trend between MMPs and VE-Cadherin (Kiran et al., 2011). When 

MMPs decreased, there was significant upregulation of VE-Cadherin in cells un

dergoing angiogenic transition. However, this phenomenon was not observed 

in our case. This may because the experiments were ended at 48 hours and it 

may be still at an early stage for protein assessment. 

3.3.6 Conclusion 

Colloidal ionic PU particles can be aggregated with the different microstruc

tural organization by altering the mode of aggregation using different counter

ions. Specifically in this work, the PCL-PU based cationic particles were ag

gregated to achieve distinct particle organization through different aggregation 
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Figure 3.41. Morphological quantification of fluorescently stained actin and nucleus of 
HUVECs within CA and CPA mix with Collagen I and Matrigel as 9:1 ratio. 

mode. The chloride ions and phosphate ions from PBS neutralize C+ colloid 

particles to form compact aggregates, whereas the carboxylate ions from mul

tiple side chains of polyacrylic acid can assemble C+ colloid particles to form 

branched aggregates. The morphological feature of the aggregates was inves

tigated, and particle aggregates were either embedded or mixed with reconsti-
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tuted biomatrix to provide directional guidance without altering the mechanics 

of the final cell-loading matrix. These aggregates with distinct particle orga

nization influenced the endothelial organization. The HUVECs respond to the 

spatial guidance provided by the microstructured colloidal aggregate. The col

loidal particles assembled into branch microstructure favored tubular cell or

ganization, whereas particles organized into dense microstructure inhibited the 

tubular morphology. Therefore, these aggregates can spatially guide cell-matrix 

and cell-cell interactions to control morphogenesis and migration of HUVECs. 

This approach can present a feasible artificial matrix to regulate angiogenic re

sponse in regenerative tissue engineering. 



Chondroitin Sulphate Mediated 

Colloidal Gel with Controllable 

Mechanomorphology for 

chondrogenesis 

4.1 Introduction 

It is becoming increasingly clear that differentiation of mesenchymal stem 

cells (MSCs) is regulated by their ECM, which can provide mechanomorpholog

ical, physicochemical and biological signals to cells. Many synthetic ECMs have 

been designed to investigate the differentiation of MSCs, such as polyglycolic 

acid (PGA), polylactic acid (PLA) and the copolymer polylactide-co-glycolide 

(PLGA) (Dawson et al., 2008; Mondrinos et al., 2006). Morphologically syn

thetic ECMs can be found as many there-dimensional matrix, such as hydro

gel and nanofiber (Benoit et al., 2008; Yoshimoto et al., 2003). These ECMs are 

designed to incorporate with bio-ligands (e.g., RGD) and growth factors (e.g., 

TGF-beta) (Yang et al., 2005; Bosnakovski et al., 2006). Use of colloidal gels as 

a three-dimensional matrix for differentiation MSCs is significant because col

loidal gels can simultaneously control the mechanomorphology and provide a 

biologically relevant matrix for chondrogenesis. 
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Chondroitin sulfate (CS) has proved has benefit in chondrogenic differentia

tion for MSCs (Wu et al., 2007; Varghese et al., 2008; Pelttari, Steck and Richter, 

2008). It belongs to a family of glycosaminoglycans (GAG), which is a linear 

sulfonated polysaccharide. CS displays structural diversity both in terms of the 

molecular weight (MW) and the sulfation pattern (i.e. the negatively charged 

sites). This provides an opportunity to adjust the colloidal aggregation mecha

nism from altering the chain length, location of sulfate groups, and concentra

tion of CS, etc. The aggregation of dispersed colloidal particles depends on the 

fraction of colloidal particles in the dispersion, as well as the extent of particle

particle inter-actions, These parameters can be tuned by the nature of counter

ions present in the aqueous medium, as well as its concentration (Beresford

Smith, Chan and Mitchell, 1985; Pfeiffer et al., 2014; Ehrl et al., 2009). Differ

ent from electrolytes contain anions ( e.g. PBS contains chloride ions and phos

phate ions), CS is a highly negatively charged molecule because of multiple 

sulfate groups on the polymer chain, which neutralize the positive charges of 

C+ colloids through a different aggregation mechanism. Thus, CS can be used 

to aggregate cationic colloidal particles into gels which can be explored as a 

synthetic ECM for chondrogenesis of MSC. Specifically, the mechanomorphol

ogy of the CS-based colloidal gels can be regulated to underline how these gels 

guide MSCs during their chondrogenic differentiation. 

In this work, we utilized disaccharide CS to electrostatically interact with 

C+ particles, to design the colloidal gels. The mechanomorphological charac

teristics of the gels are tuned by varying the concentration of CS. Through using 

low and high CS concentration, PCL-PU cationic colloidal particles can be as

sembled into CS colloidal gels, and comparing the gel characteristics to the CA 

colloidal gel formed by aggregating colloidal particles in PBS (lx). PBS was 

used as it contains many small anions, such as phosphate groups and chloride 

ions, which can compare to small molecular weight CS. 

A graphical scheme illustrates the mechanisms of the three colloidal gels 

leads to different mechanomorphological features, shown in Figure 4.1. Briefly, 

PCL-PU based ionic colloidal particles were assembled with chondroitin sul

fate through electrostatic interactions lead to macro-scale size colloidal gels 

with porous interconnected architecture and suitable mechanics. Lower the CS 
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Figure 4.1. Mechanomorphological features of CS0.5, CS0.1 and CA colloidal aggre
gates. 

concentration led to more compact microstructure with higher mechanics (e.g., 

higher elasticity). 

4.2 Materials and Methods 

4.2.1 Materials 

PCL diol (MW ~ 1250) was purchased from Polysciences and used after vac

uum drying at 60 °C for 24 hours to remove moisture. HDI was purchased 

from Tokyo Chemical Industry with 98.0% purity. DMSO was purchased from 

Fisher Chemical with 99.9% purity. Catalyst tin-2-ethyl hexanoate was from 

Alfa Aesar. Acidic Acid was from J.T. Baker. All other chemicals and solvents 

were purchased from Sigma Aldrich (MO) and used as received unless other

wise noted. Deionized dd-water was used to prepare all the solutions. 15 mm 

coverslips were purchased from Warner Instruments. Cryopreserved human 

mesenchymal stem cells (MSCs) was purchased from Institute for Regenerative 
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Medicine, Texas A&M. Cells were typically used between passages 4-7. MSC 

culture base medium a:-MEM (REF. No. #12561-056), Chondrocyte differentia

tion basal medium (REF. No. #10069-01) and Chondrogenic supplement (REF. 

No. #A10064-01) were purchased from Gibco by Life Technologies (NY), fetal 

bovine serum (FBS) from Atlanta Biologicals (GA), L-Glutamine from Media 

Tech, Inc. (VA), and penicillin streptomycin from Life Technologies (NY). Rho

damine Actin was purchased from Cytoskeleton. Inc. DAPI was purchased 

from Invitrogen, CA. CellTracker Geen CMFDA Dye was purchased from ther

mos Fisher Scientific. Picogreen DNA (Cat. No. #P7581) was from Thermo 

Fisher Scientific. 1,9-dimethylmethylene blue (DMB) Dye solution was from 

Astarte Biologies. Sirius Red Collagen Detection Kit (Cat. No. #9062) was pur

chased from Chondrex, Inc. 

4.2.2 Preparation of CS mediated colloidal aggregates and gels 

Three batches of C + particles were synthesized according to previous de

scription in Section 3.2.2. Three gels of different particle fraction were prepared 

in various concentrations of CS. CS solution of desired concentration (0.01 w %, 

0.lw%, 0.5w% and lw%) were made by dissolving the CS in DI water. For the 

convenience of writing, particles aggregate with 0.1 w % and 0.5w% are written 

as CS0.1 and CS0.5, respectively. To characterize the aggregation, concentra

tion of C+ particles was varied and re-dispersed within CS solutions to form 

colloidal aggregates and gels. All colloidal aggregates and gels were freshly 

prepared before all experiments. 

4.2.3 Size, Surface Charges and the Extent of CS Aggregations 

In order to analyze the aggregation of C+ particles owing CS mediated elec

trostatic interactions, the change in the size and the surface charges of CS medi

ated aggregates were measured by dynamic light scattering (Zetasizer Nano-S, 

Malvern Instruments Ltd.) with 0.001 w% particle concentration. Averages were 

taken of 5 runs of 10 measurements each for size measurements. Zeta potential 

was obtained at similar concentrations to size measurements with 5 runs of 10 

measurements. CS concentration effect on aggregate size and zeta potential was 
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measured immediately and 15 mins after aggregation. All measurements were 

done at 25°C. The results were reported as the average with standard deviation. 

A UV-vis spectrophotometer (UV1600PC) was used to measure the time de

pendent optical density (OD) changing of CS aggregates and the extent of par

ticle aggregation. The OD of 0.2, 0.5, 0.75, 2 and 5w% particles in DI water, as 

well as the aggregates formed with these particle concentrations within 0.1w %, 

0.5w% and PBS (lX) were measured at wavelength (A) 700, 650, 600, 550, 500, 

and 450 nm. N value was calculated according to EQ. 3.2 (Daly and Saunders, 

2000). Kinetics of particle aggregation was investigated by measuring the OD 

with respect to time for 150 minutes for each sample at 650 nm at room temper

ature. 

4.2.4 CS content in the gels 

The standard curve of chondroitin sulfate was calculated by preparing var

ious CS concentrations in the presence of 1,9 Dimethylmethylene blue dye 

(DMB) as 1:10 volume ratio to measure the OD. In order to quantify the amount 

of CS in colloidal aggregates, 10w% and 20w% colloidal gels were made by sus

pending 0.1 gram of C+ particles within 0.lw% CS and 0.5w% CS solutions. 

The colloidal gels were washed three times with DI water after sedimentation 

and followed by using 1 mL papain solution to digest the gels 16 hours at 60 
0 C. Papain solution was prepared in 20 mM sodium phosphate buffer (pH 6.8) 

which contains 1 mM EDTA, 2 mM dithiothreitol and 300 mug papain. Then, 1 

mL of the digested solution was added to with 1 mL of DMB and absorbance 

was measured at 525 nm wavelength. The actual concentration of CS exist in 

the gels was calculated by correlating the absorbance measured with that of 

a standard graph prepared using the chondroitin sulfate standard. The actual 

concentration was compared with the theoretical concentration of CS solutions 

as percentile respect to gel mass. 

4.2.5 Morphology of particle aggregates and gels 

To prepare fluorescent C + particles, after 4 hours using acetic acid to form 

positive charge PCL-HDI-DTH, DMSO solution of nile red dye (2 mg/mL) was 
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added into the reaction solution. The dye solution to reaction solution was as 

1:10 ratio. Fluorescent C+ particles were collected according to previous de

scription. After the particles were re-dispersed within 0.1w% and 0.5w% CS 

solutions, particle aggregated with high (10w%) and low (0.1w%) particle con

centration were collected once the precipitation started. The aggregates were 

transferred on coverslips using glass pipette and covered with 1 w% agarose on 

top to embed the colloidal aggregates while preserving their structural features. 

Fluorescent images were taken by florescent Ti-U Inverted Microscope (Nikon, 

Japan). The individual aggregate morphology was quantified for the number of 

triple points (node with three branches respect to area), number of quadruple 

points (node with four branches respect to area), average branch length, maxi

mum branch length and longest shortest path (respect to mum) from the skele

tonized images, which were processed using ImageJ (NIH,USA) from the bi

nary images. The fractal dimensions of aggregates were further analyzed using 

box-counting method from the binary images in ImageJ (NIH imaging (Barns

ley, 2014; Peitgen, Jurgens and Saupe, 2012). For each aggregate, more than 30 

aggregates were randomly selected and data is presented as average± S.D. 

SEM samples were prepared from air dried non-fluorescent CS aggregates 

on glass coverslips and were coated with 10nm film of carbon in a high vacuum 

evaporator for 30 minutes. SEM was performed with an accelerating voltage 

of 5.0 kV (Hitachi SU70 FESEM). Gel microstructure was quantified using the 

Image J from binary images. Binary images were adjusted the thresholding from 

the original images, followed by using Diameter J 1-180 to quantify the node 

density, characteristic length (particle network length in between two nodes) 

and void space (with respect to area in percentile). 

4.2.6 Rheology 

Bohlin CVO-100 rheometer was used to measure dynamic oscillatory shear 

and creep and creep-recovery behavior. All rheological experiments were us

ing lOmum parallel plate as measuring geometry. The same amount of precip

itated particle aggregates was loaded in the rheometer using glass pipette. All 

samples were measured in 100 mm gap size and 37°C ± 0.2°C. Low viscosity 
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oil was applied around the sample to prevent water evaporation during tests. 

Strain control amplitude sweep with strain range from 0.ol to 1 at constant an

gular frequency (0.1, 1 and 4 Hz) were performed. The crossover strain (the 

strain where meet G' equals to G")) and the yield strain (the maximum strain 

from the linear region) were determined from the amplitude sweeps. Phase an

gle and complex viscosity were calculated from the linear region of amplitude 

sweep. Angular frequency sweeps within the frequency range 0.01 to 10 Hz 

were performed using strain control with strain (0.03) from the linear region 

which was determined from double logarithmic amplitude sweeps. Creep tests 

was performed with constant stresses (2, 5 and 10 Pa) when the frequency was 

held constant at 1 (s- 1). The creep time was varied for 100, 150 and 300 sec

onds. The creep-recovery tests for the sample were followed immediately after 

the creep tests to evaluate the recovery ability of these aggregates. The recovery 

time was determined as 150 or 300 seconds. 

4.2.7 MSCs cell culture 

MSCs were culturing and freezing at passage 2 in a freezing medium con

taining 30% serum and 5% dimethyl sulfoxide (DMSO) at-80°C overnight, and 

followed by freezing in liquid nitrogen. Cells were thawed for culturing and 

maintained in 5% CO2 at 37 °C. Culture medium was changed every 2 to 3 days 

and cells were passaged every 6 to 7 days. Passages 4-6 were used in all cell ex

periments. Cell culture medium (CCM) was consist of alfa-MEM as the base 

medium, 10% FBS, 1 % L-Glutamine and 1 % Penicillin Streptomycin. Chon

drogenic medium (CM) was consist of the Chondrocyte differentiation basal 

medium and 10% chondrogenesis supplement. 

4.2.8 Surface Contact Angle and Cell-Cell Contact Angle on 

Two-dimensional Colloid Surfaces 

To wash the coverslips, sulfuric acid to hydrogen peroxides as 1:3 was pre

pared and the 15mm coverslips were dipped in the solution for about 20 mins. 

These coverslips were further dipped in three DI water baths for multiple times 
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for washing purpose followed by drying in vacuum oven at 60 °C. The clean 

coverslips were plasma treated by using Plasma machine (PE-25) from Plasma 

Etch, Inc for 1 min. Then, a glass pipette was used to add 2 drops of poly

mer solution (1w % polymer solution was made by diluting 1 mL reaction solu

tion with 9 mL DMSO) on the pre-treated coverslips and let the solution spread 

out thoroughly on the coverslip's surface. These coverslips covered with poly

mer solution were put in vacuum oven at 60 °C for 24 hours to remove the 

DMSO. Before experiments, the polymer-coated coverslips were transferred in 

24-wellplate and washed with DI water for three times. Samples with vari

ous surface properties, such as C+, CS0.1 and CS0.5 were made by submerging 

the plasma-treated coverslips into PBS, 0.1w % and 0.5w% CS for 2 hours and 

washed three times with DI water prior to future experiments. 

In order to investigate the cell-matrix interaction mediated by the surface 

property of the materials used in colloidal gels, such as critical surface tension 

and hydrophilicity, sessile drop contact angle method was used. Both sides of 

the droplet profile were measured as a second and third drop were placed on 

top of the first. An average of six values was then taken to represent the contact 

angle of the testing liquid. A flamed platinum wire heated to a dull, red glow 

was used to apply liquid droplets of several diagnostic fluids, each to a different 

area of the material surface. Zisman's method was used to obtain the respect 

surface tension. In order to obtain critical surface tensions, a series of contact 

angles is measured using different liquids with progressively smaller surface 

tension. The surface tension of these liquids is plotted against the cosine value 

of the corresponding contact angle. 

To investigate cell morphology on the respect surface, MSCs were fluores

cently stained with CMFDA dye. Briefly, MSCs cultured in T25 until 80% con

fluency. After removing the culture media, 1 mL pre-warmed CMFDA working 

solution (25 muM in serum-free medium) was gently added into the T25 flask 

and incubated at 37 °C for 40 mins. Then, the CMFDA working solution was 

removed and 1 mL culture media was used for washing. The stained cells were 

trypsinized and around 15,000 cells/cm2 were seeded in each well and observed 

in 1, 2 and 24 hours. These three groups were compared with TCP and plan 

plasma-treated coverslips as the two control groups. Images were taken using 
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florescent Ti-U Inverted Microscope (Nikon, Japan) equipped with NIS element 

software. This software was also used to measure the cell-cell contact angle, 

single cell area and perimeter. The circularity index of individual cell is defined 

as EQ. 3.1. 

4.2.9 3D cell-colloidal gel construct formation 

Colloidal gels with 10w% particle concentration were prepared 12 hours be

fore the experiment by aggregating C + particles with 0.1 w% and 0.5w% CS. 

Colloidal gels were washed with DI water three times and allowed settling for 

1 hour between each washing step. Approximately 1.5x106 MSCs were mixed 

with 10mg colloidal gel (based on wet particle weight) and further divided into 

5 micro-centrifuge tubes. Smaller size for each cell-colloidal gel construct en

sures cells survive. The constructs were allowed 1 hour to let cells adhere 

within particle aggregates. After that, CCM was added slowly on top of the 

cell-colloidal gel constructs without disrupting the constructs. Medium was 

changed after 48 hours either to cell expansion media (CCM) without chondro

genic supplements or Chondrogenic Medium (CM) depending on the experi

mental group and the media was changed every three days. 

4.2.10 Cell morphology in 3D colloidal gel 

3D actin filament and nuclear DAPI staining was performed to observe the 

MSCs morphology in 2 and 7 days. Briefly, small cell-colloidal gel constructs 

were transferred from the centrifuge tubes to 12-wellplate. The constructs were 

fixed with 10% paraformaldehyde in PBS at 4°C overnight. Then, samples were 

washed twice with wash buffer (0.05% Tween-20 in PBS) followed by permeabi

lizing with 0.25% Triton X-100 in PBS for 1 hour at room temperature. Con

structs were washed three times with wash buffer before the actin staining. 

Phalloidin working solution (50 mug/mL) was added to constructs to incubate 

for 2 hours at room temperature. After removing the phalloidin solution, con

structs were washed three times with wash buffer. To stain the nucleus, con

structs were incubated with DAPI solution (DAPI in PBS as 1:1000) at room 

temperature for 5 mins, followed by removing the DAPI solution and washing 
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with wash buffer three time again. The cell-colloidal gel constructs were trans

ferred on coverslips and embedded within 1 w % agarose solution to prevent 

sample drying and preserve the 3D structure of the constructs, followed by cov

ering with a thin coverslip on top before visualization. Fluorescence microscopy 

with appropriate channel were used to capture images at 20x. 

4.2.11 Quanlitative analysis of total glycosaminoglycan and to

tal collagen 

The picogreen assay for the DNA quantification was performed as a mea

surement of alive cell number. First, the medium was removed from the sam

ples at required time points, followed by adding 1 mL digesting solution which 

contained 1 mM EDTA, 2 mM dithiothreitol and 300 mug papain. Then the 

samples were incubated at 60°C for 24 h, followed by adding 5 mL of 50mM 

Tris/HCl (pH 8.0). To detect the DNA amount, lx working buffer is prepared 

form the 20x TE buffer given in the kit before adding picogreen to it to make 

200-fold dilution of it. 100 µL of the digested sample solution was added to 100 

µL of the diluted picogreen solution and measured the fluorescence at 480 nm 

exciting wave length and 520 nm emission wave length. The amount of DNA in 

the sample is measured by correlating the emission with a standard curve graph 

prepared using the known DNA concentrations present in the kit. 

Total glycosaminoglycan (GAG) and total collagen presented during 21 days 

in CCM and CM culturing were measured using Dimethylene Blue (DMB) assay 

and Sirius Red total collagen detection kit respectively. Cell-particle aggregate 

samples were first centrifuged at high speed and removed their supernatant, 

followed by enzymatic digested in papain solution at 60°C overnight (as men

tioned before) for GAG measurement and pepsin solution at 4°C overnight for 

Total Collagen measurement. Calibration curves for Chondroitin Sulfate con

centration verses absorbance and Total Collagen concentration verses optical 

density were figured according to the manufacture protocol. For GAG measure

ment, 100 µL supernatant form digested sample was diluted with 900 µL PBS 

and further mixed with DMB as 1:1 ratio to measure the absorbance at 530nm 

wavelength. The concentration of GAGs in the sample was calculated from the 



76 

absorbance from a standard calibration curve of the different known concen

trations of GAG. The amount of GAG present was normalized with the DNA 

amount in the samples (measured using the picogreen assay). 

For measuring the amount of Total Collagen, digested samples were cen

trifuged at 10k rpm for 3 mins. 100 µL supernatant was added into 500 µL 
Sirius Red solution and incubate at room temperature for 20 mins, followed by 

centrifuged at 10,000 rpm for 3 mins. Red pellet would show at the bottom if 

there was any total collagen presented. Supernatant was removed without dis

turbing the pellet. Next, 500 µL washing solution from the kit was added to re

suspend the pellet, followed by centrifuging at 10,000 for 3 mins and removing 

the supernatant. Then 250 µL extraction solution was added to each pellet and 

gently mixed to completely dissolve the pellet. The sample solution was trans

ferred into 96-wellplate to measure the optical density at 530 nm wavelength. 

The total collagen in the sample was figured out by correlating the absorbance 

measured with that of a standard curve using the different known concentra

tions of Total Collagen from the kit. The total amount of collagen produced was 

normalized with DNA amount presented in the samples which was measured 

using the picogreen assay. 

4.2.12 N- and O-Cadherin Protein Analysis and Aggrecan and 

Collagen II Expression Analysis 

After day 7 culturing in CM, 2 million cells from each aggregate were har

vested and lysed to extract total protein. The procedure of protein extraction 

was described in Section 3.2.12. To detect N- and O-Cadherin, N-cadherin pri

mary antibody (Cat. # 610920, BD Biosciences) and OB-cadherin primary an

tibody (Cat. # 4442, Cell Signaling Technology) were used at 1: 1000 dilution 

according to manufacturers's protocol with the corresponding secondary anti

body. For all western blot analysis, {3-actin was used as control. Quantification 

of western blots was performed from densitometric analysis of bands using Im

age Lab 3.0, Biorad software and bands were normalized with respect to {3-actin 

band. The gene expression of Aggrecan and Collagen II were accessed by semi

quantitative PCR. Reverse transcription reactions were performed at 50 °C for 
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Gene Sequence (5' to 3' direction) Primer Length 
(Human) (bases) 
Aggrecan Forward: GAGGTGATGCATGGCATCG=k=G,__ 21 

Reverse: GGCAA TGA TGGCACTGTTC 19 
Collagen II Forward: GGCAATAGCAGGTTCACGTACAC 23 

Reverse: CTATGTCCATGGGTGCAATGTC 22 
GAPDH Forward: AGGGCTGCTTTIAACTCTGGT AAA 

Reverse: CTCAGCCTTGACGGTGCCATG 

Figure 4.2. The primer human gene sequences used in this study. 

30 min and terminated by incubation at 94 °C for 2 min. PCR was carried out for 

40 cycles of amplification. GAPDH was used as the endogenous control. The 

primer sequences used in this study were shown in Figure 4.2. Measurements 

were performed at least 3 times and data is presented as average± S.D. 

[NEED INFO for N- 0- Cadherin antibody and concentration] 

4.2.13 Quantification of GAG and collagen synthesized by 

MSCs in colloidal gels 

In order to evaluate the retention of GAG and collagen which are synthe

sized by MSCs in CS mediated PU colloidal gel, the CS and total collagen were 

detected by GAG kit and Sirius Red total collagen Detection kit respectively af

ter the MSCs were loaded in colloidal gels within 9 days. The GAG and total 

collagen at each time point were quantified as described in Section 4.2.11. CS re

lease from cell containing samples were normalized with respect to CS released 

from empty. The total collagen produced by MSCs was normalized with DNA 

amount presented in the samples. The accumulated releasing over time was 

plotted. 

4.2.14 Statistical Analysis 

Numerical data are represented as average values together with the stan

dard deviation of the mean. Error bars are from triplicate analysis of each group. 

Comparisons between two sets of data were statistically evaluated by an anal

ysis of variances (ANOVA). P value ::; 0.05 is designated with * and value ::; 

0.01 is designated with ** . Results with p value less than 0.05 (p* ::; 0.05) was 
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Figure 4.3. DLS measurement of C+ colloidal particles. Size (a) and Zeta potential (b) 
of C+ in various concentrations of CS solutions. Time dependent size of C+ in O.lw% 
(c) and 0.5w% (d) CS solutions. 

considered to be statistically significant. 

4.3 Results and Discussion 

4.3.1 CS Aggregate Formation 

Positively charged C+ particles remain as a suspension in DI water due 

to the electrostatic repulsion force between colloidal particles. By introducing 

oligomeric CS which is highly negatively charged molecule, C+ particles aggre

gate to form small clusters during the early stages of aggregation, and the small 

clusters grow in size as more particles and clusters are aggregated. 

Figure 4.3 shows the size (a) and zeta potential (b) of C+ colloidal particles 

suspended in various concentrations of CS solutions immediately and 15mins 

after addition of CS solutions. When increasing the concentration of CS, the 
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Figure 4.5. Kinetics of aggregation for CS0.1, CS0.5, CA and C+ particles at 0.2w% 
particle concentration. 

positive surface charges of C+ particles reduced and the size increased com

pared to C+ colloidal particles dispersed in DI water, since ionic strength can 

influence the stability of the dispersion and the development of colloidal ag

gregates (French et aL, 2009; Flickinger and Zukoski, 2002; Delay et aL, 2011)_ 

Comparing with the constant size and zeta potential values of C+ particles in 

DI water, CS molecules disturbed the Brownian motion of free C+ particles and 
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tended to aggregate by electrostatic force at low CS concentration (0.01 w %) as 

the zeta potential approached to neutral. When CS concentration was increased 

to 0.01w % and above, the size increased and zeta potential decreased signifi

cantly in15 mins compared to C+ in DI, as well as CS0.01 w %. This may occur 

due to the reason that 0.1 w% CS concentration might be above the critical co

agulation concentration for this system so that the surface charge approaches to 

zero and particles aggregate by pure Vander Waals force (Behrens et al., 2000). 

Time dependent size growth of CS0.1 and CS0.5 (Figure 4.3 (c) and (d)) indi

cate that the aggregation increases with time and the size of clusters reached a 

plateau. At 0.001 w % particle concentration for DLS measurement, electrostatic 

forces between particles assembled discrete particles and the resulting particle 

aggregates grew to three-folds bigger size after 15mins. Our result is in agree

ment with the observation that the formation of aggregates attain a equilibrium, 

as the size of the aggregates is time-dependent at a given particle concentration 

(Kovalchuk and Starov, 2012). A research work investigated the effect of the sur

face charge of polymer colloids on the aggregation mechanism by using single 

particle light scattering. They demonstrated that the cluster size of polymer col

loids was time-dependent and the aggregation mechanism changed by varying 

the particle surface charge density (Fernandez-Barbero et al., 1996). DLS data 

proved the time dependence of aggregate size growth for both CS0.1 and CS0.5 

and showed relatively comparable aggregate sizes after 15 min of aggregation, 

reaching an equilibrium state. 

In order to further validate the aggregation process, we performed the tur

bidity measurement to calculate the N value based on the wavelength depen

dence of the optical density due to the size of particles. Since particle aggre

gation can decrease the optical density and its dependence on wavelength, in 

turbidity measurement, N value should decrease with particle aggregation and 

growth of particle aggregation size (Daly and Saunders, 2000; Long, Osmond 

and Vincent, 1973). We utilized the data which was 2.5 hours (Figure 4.4) after 

aggregation was triggered and calculated the slope of log [turbidity(OD)] ver

sus log [wavelength(,,\)] for various particle concentrations, which was ranging 

upto5w%. 

In Figure 4.4, the C+ colloidal suspension was still stable after 2.5 hours sus-
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pended in DI water at any given particle concentration as the change of N value 

is negligible. The N values of particles suspended in 0.lw%, 0.5w% and PBS 

all showed decreasing trends with increased particle concentration, which indi

cates that increasing C + colloidal particles were involved in cluster formation 

via ionic interaction. Lowest N values of aggregate in PBS has observed states 

the extend of aggregation for CA aggregate (PBS) was higher as it occurred the 

most aggregation compared to CS0.1 and CS0.5. This is because of phosphate 

groups and salts contained in PBS, which can neutralize the C + particles and 

aggregate them into a dense structure as described in Chapter III. The N value 

of CS0.5 aggregates was higher than CS0.1 aggregates implying the relatively 

open microstructure for CS0.5 compared to CS0.1, which was proved in fractal 

analysis and will be discussed in Section 4.3.2. 

As the differences of N Value at 0.2w% particle concentration was the most 

significant, we analyzed the kinetics of aggregation for 2.5 hours by measuring 

the optical density (i.e., turbidity, OD) with respect to time, as shown in Figure 

4.5. The optical density of C + particles remained constant with time indicating 

that the C+ particles form a stable dispersion in DI water, whereas CA and the 

two CS aggregates showed a decrease of OD indicating the aggregation with 

time. Comparing to CS aggregates, CA showed a different mode of aggrega

tion as the change of optical density rapidly dropped down 80% in the first 2000 

seconds followed by a slower decrease owing to the relaxation of the aggregate 

structure. This indicates that PBS can quickly neutralize C + particles and form 

clusters in a shorter time scale. The change of OD of the two CS aggregates were 

similar owing to the same mode of aggregation. However, the CS0.1 aggregate 

evolved faster than CS0.5 aggregate, which indicates the rate of aggregation is 

influenced by the ionic strength, which is regulated by the concentration of CS. 

This suggesting that the negative charges from sulfates of CS can electrostat

ically sequester the positive C + particles, but more time is required with the 

higher concentration of counter-ions to allow particles overcoming the energy 

barrier. It was reported that a slower aggregation rate was observed while using 

higher electrolyte concentration owing to the higher viscosity of the electrolyte 

solution in the system (Oncsik et al., 2014). On the other hand, some works 

of literature reported that the time required for aggregation should decrease 



82 

while the salt concentration is increased (Moncho-Jorda, Martmez-L6pez and 

Hidalgo-Alvarez, 2002; Elimelech, Gregory and Jia, 2013). Our data exhibit the 

fact that the aggregation process is more close to a fast diffusion limited aggrega

tion at the low salt concentration (i.e., CS0.1), whereas the repulsive interactions 

between the particles are weaker and the aggregation time tends to increase at 

high ionic strength (i.e., CS0.5). However, this conclusion is contradictory to the 

structural analysis in Section 4.3.2. Because the fast diffusion limited aggrega

tion usually result in a more open structure with a lower D1 (Gregory, 2009; Lin 

et al., 1989). This may due to the chain structure of disaccharide CS, so that the 

aggregation mechanism that described for regular electrolytes cannot necessar

ily explain the particle assembly via CS solution. 

In order to analyze the CS content in the respective CS based colloidal gels, 

the CS content was measured in each aggregate (shown in Figure 4.6). At 10w% 

particle concentration, the content of 0.5w% CS to aggregate C+ particles was 

almost doubled than that of 0.1 w% CS due to the higher concentration of CS. At 

a given particle concentration, either 10w% or 20w%, an increase of electrolyte 

concentration should not alter the microstructural morphology but change the 

mechanical properties of colloidal gels. With more particles involved, the per

centage of CS content bind to C+ particles increased due to the scaling behavior, 

and almost all CS molecules were consumed with 0.5w% CS. By increasing the 

particle concentration, the completion of aggregation of 10w% particles can be 

proved, as the CS colloidal gels served as cell matrix were prepared with 10w% 

particles. 

4.3.2 Structural Analysis of CS Clusters 

C+ particles aggregate in aqueous media through the electrostatic mediated 

by the soluble counter-ions to form CS0.1, CS0.5 and CA clusters which are 

likely to evolve with self-similarity as the aggregation takes place. Colloidal 

aggregates formed at low particle concentration(~ 0.lw%) was used to char

acterize the microstructures of aggregated clusters. Using colloidal aggregates 

formed from low particle fraction enables to capture the microstructure of the 

clusters at their initial stage of aggregation. At this stage, the cluster sizes are 
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Figure 4.6. The percentage of CS bind to 10w% and 20w% C+ particles. 

small enough for analysis of fractal dimension from the microscopic analysis. 

Figure 4.7 shows the binary images of aggregated clusters (top panel). Through 

box-counting method, CA had the highest Df (1.91 ± 0.08), which is close to the 

typical RLCA (DJ =2.1). The DJ of CS0.1 was 1.74 ± 0.11, which is lower than 

the Df of CA and close to the typical DLCA (D f = 1.75 to 1.8). CS0.5 has the low

est DJ (1.57 ± 0.13), which is also close to the DJ of DLCA. This data combined 

with the results from DLS and N values indicate that lower the CS concentration 

leads to an increase in Df, which is more close to RLCA. The data can be corrob

orated with reported studies from other researchers. For example, Asnaghi et 

al. investigated the aggregate mechanism of polystyrene latex aggregate in the 

intermediate regimes between DLCA and RLCA, and the resulting aggregate 

morphology. They showed that the Df of the aggregates was equal to 1.65 at 

high salt concentration, which is a typical DLCA. For lower salt concentration, 

Df was at first larger than 2, which was close to a typical RLCA D f value, but 

then gradually decreased to lower values (Asnaghi et al., 1992). Another work 

was done by Moncho-Jorda et al. also mentioned that the transition from RLCA 

to DLCA could be achieved by increasing the salt concentration (Moncho-Jorda, 

Martmez-L6pez and Hidalgo-Alvarez, 2002). 

Figure 4.7 (bottom panel) shows the skeletonized images of the respective 

aggregates which are used to further characterize some structural parameters 
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Figure 4.7. Binary images (top panel) and skeletonized images (bottom panel) of CS0.5, 
CS0.1 and CA clusters with fractal dimension values. 

using ImageJ and normalized respective to length, including the number of 

triple points, number of quadruple points, average branch length, maximum 

branch length, the longest shortest path and the average number of branches 

per unit length of the longest shortest path, shown in Figure 4.8. CS0.5 shows 

the least number of triple points (the junctions with exactly three branches) and 

quadruple points (four branches), followed by CS0.1 and CA. The higher num

ber of joints usually associate with the more stiff or compact structure (Arganda

Carreras et al., 2010; Grover et al., 2012). The average branch length and max

imum branch length of CS0.5 is significantly higher length than that of CS0.1 

and CA. The longest shortest path means the largest length of the shortest path 

of a skeleton in each aggregate. CA showed the longest shortest path, followed 
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by CS0.1 and CS0.5. This indicates that the aggregate with larger skeleton but 

shorter branches leads to a more compact aggregate. The average number of 

branches per unit length of the longest shortest path showed an increasing trend 

with more and more compact microstructure. For each of the largest shortest 

path of skeleton, CS0.5 had the least number of branches, which indicates an 

relatively open microstructure, followed by CS0.1 and CA. The results of these 

parameters analyzed from clusters match with the calculated D1 values, which 

indicates the CS0.5 has a more open and loose structure and CS0.1 is intermedi

ate dense, whereas CA is the most compact. Therefore, because of the different 

aggregation mechanisms and the concentration of CS directly modulate the ef

ficiency of particles bind to each other, and thereby, the rate of aggregates are 

altered, which cause the micro-structural difference of colloidal clusters. 

4.3.3 CS Aggregate Morphology 

Forming aggregates starting from particles, small clusters keep developing 

and evolving into aggregates in three-dimensional interconnected structure and 

the structure of aggregates are determined through many aspects, such as salt 

concentration and particle concentration. Morphological characterizations of 

the aggregates were performed with SEM and fluorescent microscopic imaging 

with CS0.1, CS0.5 and CA developed from 0.lw% and 10w% particle concen

tration. SEM provides structural organization of particles in microscale level 

which is closer to the local microenvironment of the individual cell, showing in

creased compact structure from CS0.5, CS0.1 to CA (Figure 4.9). To distinguish 

the microstructural differences between CS0.1 and CS0.5, the SEM images were 

using DiamterJ plugin from ImageJ software to extract the structural parame

ters by measuring node density and characteristic length, shown in Figure 4.10. 

The lower node density (by 100*100 pixels) and longer Characteristic length of 

CS0.5 indicates a relatively open microstructure with less interconnected joints 

compared to that of CS0.1. 

Fluorescent microscopic images provide structural features in much larger 

scale level which is relevant to the surrounding environment for multiple cells. 

0.lw% and 10w% particle concentrations were used to prepare the fluorescent 
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aggregate samples. Because these aggregates have self-similar feature, the sim

ilar morphological features should be observed in any particle concentrations. 

Low particle concentration can provide more clear network structure, because 

it occupies less volume and the particle organization is not too crowd to image. 

Figure 4.11 shows the morphology of the respective aggregates in macroscale 

level. For both particle concentrations, CS aggregates showed larger voids and 
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Figure 4.10. Morphological characterization of CS0.1 and CS0.5 with low and high 
particle concentration from SEM images. 

more interconnected solid strands compared to CA aggregates, which showed 

dense solid strands with fewer voids. In Figure 4.12, at low particle concentra

tion, CS0.1 and CS0.5 showed similar void space from the image quantification. 

However, the morphology was different when visualized from the fluorescent 

images. For example, the solid strands in CS0.1 congested to form dense mi

crostructure, whereas CS0.5 showed more interconnected network. This may be 

due to the fact that more external water involved when the clusters were more 

dispersed at low particle concentration. Although the organization of solid par-
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Figure 4.11. Fluorescent microscopic images of CS0.5, CS0.1 and CA with 0.1w% (low) 
and 10w% (high) particle concentration. 

tides for CS0.1 and CS0.5 was different, the percentage of voids may show simi

lar from statistics. At high (10w%) solid concentration, the void portion of CS0.1 

was 10% less than CS0.5. The morphological feature was also observed from 

the fluorescent images, which showed small but more localized voids for CS0.1 

than that of CS0.5. This phenomenon has been reported in different colloidal 

gels where increased concentration of counter-ions from the electrolytes leads to 

faster aggregation to form more loose and open structure (Tang et al., 2000; Eg

gersdorfer and Pratsinis, 2012; Lach-Hab, Gonzalez and Blaisten-Barojas, 1998). 

The data from this work suggests that because of a higher salt concentration, 

the repulsive interactions between the particles are very weak and the aggrega

tion tends to change with time, which makes the aggregation path more close 

to DLCA mechanism with a more open structure and leads to lower mechanics. 

Oppositely, the aggregation rate is changed due to lower salt concentration, and 

the aggregation is approaching RLCA from DLCA with a more dense structure 

and higher mechanics. To summarize our results combined with fractal dimen

sion and the microscopic analysis at relatively low (0.1 w %) and high (10%) 
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Figure 4.12. Void percentage quantification of CS0.1, CS0.5 and CA with 0.1w% (low) 
and 10w% (high) particle concentration. 

particle concentration, the most packed structure is formed in CA, an interme

diate compact structure is formed in CS0.1, and relatively loose open structure 

is formed in CS0.5. 

4.3.4 Effect of CS Concentration and Solid Concentration on 

Mechanical Properties of Aggregate 

The clear understanding of aggregation mechanisms responsible for the me

chanical properties of the macro-scaled aggregate is of great importance. The 

mechanics of colloidal gel can be changed by the mode of aggregation, in par

ticular its rheology (Wu and Morbidelli, 2001; Kovalchuk et al., 2010; Wang, 

Wu, Yang, Zhai, Xie and Yang, 2011; Quemada and Berli, 2002). To inves

tigate the mechanical characteristics of the colloidal gels, including its elastic 

and viscoelastic responses, we characterized the viscoelastic moduli and creep

recovery responses using oscillatory shear rheology and correlated the rheolog

ical results to the aggregate morphological features. For this study, we varied 

the CS concentration from 0.05w% to 1 w % and prepared aggregates at 10w% 

particle concentration to measure their oscillation rheology and creep-recovery 
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Figure 4.13. Amplitude sweep of CS aggregates with various CS concentrations. 

response. 

The amplitude strain sweep at constant frequency shows CS0.1, CS0.5 and 

CSl colloidal gels as solid-like behavior with elastic modulus higher than the 

viscous modulus, which is shown in Figure 4.13. The elastic modulus (G') and 

viscous modulus (G") of CS0.05 were much lower than other CS groups, which 

indicates the partial aggregation of CS0.05. The average elastic modulus from 

the linear region is shown in Figure 4.14. Surprisingly, increasing the CS con

centration did not increase the G' of aggregates. CS0.5 had lower elastic mod

ulus than CS0.1, but elastic moduli increased when CS concentration was in

creased to 1 %. The elastic modulus of the colloidal gel is highly dependent on 

the amount and the spatial organization of particles, as well as particle prop

erties (Narine and Marangoni, 1999; Bremer et al., 1990; Bremer, van Vliet and 

Walstra, 1989). Hussain et al. reported a decreased elasticity of the gel formed 

by protein colloids with the increased ionic strength of the electrolyte solution 

for aggregating the ionic particles (Hussain et al., 2012). In work reported by 

Mehta et al., particle aggregated and formed gel by the monoclonal antibody 

at silicone oil-water interfaces and investigated how particle aggregation was 

affected by the monoclonal antibody. Their data showed that the rate of gel 

formation and the elastic moduli were not significantly varied by altering the 

ionic strength (Mehta, Carpenter and Randolph, 2016). Our PU based colloidal 
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amplitude sweep. 

gel revealed the dependence of salt concentration on the elasticity of colloidal 

gel, and thereby, the elastic modulus of colloidal gel can be correlated to the mi

crostructure resulted from the mode of aggregation. For instance, the elasticity 

of CS0.1 was enhanced by its relative dense microstructure compared to that of 

CS0.5. 

The colloidal gels prepared from different particle fraction were then used 

to investigate their viscoelastic properties. CS0.1 and CS0.5 were selected and 

1 w %, 5w% and 10w% C + particles were prepared to form aggregates for fol

lowing experiments. The strain sweep of different particle concentrations using 

CS0.1 and CS0.5 is shown in Figure 4.15. For all the colloidal gels, viscoelas

tic moduli increased with increasing fraction of particle (from which the gels 

were developed), but the elastic and viscous modulus of CS0.1 were higher 

than CS0.5 at any particle concentration. The elastic modulus of CA was the 

highest in any of these particle concentrations due to the most compact aggre

gate morphology. The power-law proposed by Brown and Ball stated that the 

elasticity of a colloidal aggregate is highly dependent on the volume fraction of 

the colloidal particle concentration (W.D.Brown, 1987; RC.Ball, 1989). Shih et al. 

explained the elastic properties of the colloidal gel by considering the structure 

of the colloidal gel as a collection of close-packed fractal floes of particles (Shih 
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Figure 4.15. Amplitude sweep of CS0.1, CS0.5 and CA with lw%, 5w% and 10w% 
particle concentrations. 

et al., 1990). They described the strong-link regime as the floes yield under ap

plied stress and the weak-link regime as the inter-floe links yield under applied 

stress. Both works related to the spatial distribution of colloidal particles to the 

elasticity of colloidal gel, and to infer an aggregation mechanism responsible 

for the colloidal gel formation. From the amplitude sweep in Figure 4.15, the G' 

over strain curves were dependent on particle volume fraction, and the denser 

microstructure leads to higher elasticity of the gel. 

The crossover strain signifies the transition from solid to liquid behav

ior when the applied shear stress is sufficiently large enough to rupture the 

inter-particle and inter-cluster bonds. Yield strain is the minimum shear 

strain required to initiate the irreversible plastic deformation across the sample. 

Crossover strain and yield strain are plotted respect to different solid concentra

tion in Figure 4.16. The crossover strain of CS0.5 at 1 w % was at the maximum 

experimental strain, whereas CS0.1 at 1 w% did not have crossover strain within 

the experimental strain range. The crossover strain decreased when the parti

cle concentration increased to 5w% and 10w% and the crossover strain value of 

CS0.1 was higher than that of CS0.5. However, there was a negligible difference 

in the crossover strain values between 5w% and 10w% aggregates. CA did not 

exhibit any crossover within this experimental strain range at any particle con

centrations indicating the highest elastic response among the three groups. The 

yield strain of CS0.1 had a decreasing trend when increasing the solid concen

tration, whereas CS0.5 is opposite. These data indicate that CS0.1 has a more 

compact structure leading to a higher elastic response that is resistant to shear 
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Figure 4.16. Crossover strain and yield strain analysis of CS0.1, CS0.5 and CA with 
l w%, 5w% and 10w% particle concentrations. 

stress, but still had lower elasticity compared to CA. The literature stated that 

the scaling behavior from increased particle fraction led to an increasing trend 

in yield stress (Buscall et al., 1988, 1987), which is only consistent with CS0.5. 

Figure 4.17 shows CS0.5 had the strong frequency dependence of G' and G", 

followed by CS0.1 and CA. The increasing G' from 0.01 Hz to 10 Hz indicates 

that the viscoelastic behavior of CS0.1, CS0.5 and CA aggregates are shear rate 

dependent. The slopes of G' versus frequency for CS aggregates were steeper 

than that of CA indicates CS aggregates exhibited more solid behavior when 

shorter the relaxation time (higher frequency). This implies that the particles in 

CS aggregates were more interconnected with more pores than CA aggregate. 

Also, the frequency sweep of all aggregates shows G' greater than G" for the 

entire frequency range, which is consistent with the elastic nature of solid like 

aggregates. A recent work used Hydroxyapatite particles within high density 

polyethylene and demonstrated an increasing G' and G" in frequency sweep 

with increasing the particles, which can be attributed to the more compact mi

crostructure and the reduction of particle mobility (Alothman et al., 2014). In 

this experiment, both G' and G" of CS0.5 had the lowest magnitude with an 

increasing slope when decreasing the relaxation time owing to the more strand 

like particle organization. 

Frequency in amplitude sweep is important as the test frequency can influ

ence the measured yield strain and crossover strain depending on the relaxation 
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Figure 4.17. Frequency sweep of CS0.1, CS0.5 and CA with lw%, 5w% and 10w% 
particle concentrations. 

behavior of the aggregates (Domenech and Velankar, 2015; Tanna, Wetzel and 

Winter, 2017). Low frequency normally can give a better indication of these ag

gregates' properties at rest since the aggregates can have more rest time (Willen

bacher and Georgieva, 2013). Therefore, in the next experiment, the frequency 

was altered to 0.l(s- 1) and 4(s- 1) to compare with l(s- 1), and the viscoelas

tic properties were investigated. Strain amplitude sweeps in Figure 4.18 show 

similar G' and G" values in linear region. Crossover strain and yield strain were 

analyzed as shown in Table 4.3.4. CS0.5 was the easiest to turn from solid-like to 

liquid-like behavior than CS0.1 and CA as it showed the lowest crossover stain 

at any given frequency. However, it is noticed that the trend of the crossover 

strain for CA increased with increased frequency, whereas the CS groups had 

a decreasing trend. The higher crossover strain indicates the more resistance to 

change from solid-like to liquid-like material, which implies that the CA aggre

gates had the most compact structure to against the high frequency, followed by 

the CS0.1 and CS0.5. However, CS groups were not as compact as CA aggregate 

owing to the aggregation mechanism (CS0.5 is more close to DLCA, followed 

by CS0.1 and CA), which leads to the destruction more easily with increased 

frequency. All aggregates showed a decreasing trend for the yield strain with 

increasing frequency. The G' of CS0.5 started to drop down in smaller strain 

value than that of CS0.1 and CA, implies the weakest elastic property. 

These characteristics were also analyzed using phase angle and complex vis

cosity (shown in Figure 4.19). CS0.5 showed the highest phase angle value and 
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Figure 4.18. Amplitude sweeps of CS0.1, CS0.5 and CA with O.lHz, lHz and 4Hz at 
10w% particle concentration. 

Crossover Strain Yield Strain 
CS0.1 0.61 0.0687 

O.lHz CS0.5 0.26 0.0353 
CA 1.1 0.108 
CS0.1 0.3 0.0525 

lHz CS0.5 0.15 0.0268 
CA 1.4 0.101 
CS0.1 0.16 0.0426 

4Hz CS0.5 0.1 0.0219 
CA 1.74 0.0822 

Table 4.1. Crossover strain and yield strain quantification of CS0.1, CS0.5 and CA with 
O.lHz, lHz and 4Hz at 10w% particle concentration. 

the least complex viscosity value at the same frequency. Increasing the fre

quency allows more mobility of interstitial fluid within the clusters resulting 

in the loss of solid-like behavior, which can increase phase angle and decrease 

the complex viscosity (Hyun et al., 2011). When the frequency increased, the 

crossover strain value decreased for both CS groups, indicating the structure is 

more accessible to transform into liquid-like behavior. CA as the most compact 

structure was the hardest to rupture, and the crossover point was decreased 

when the frequency increased. 

The creep and creep-recovery responses of the CS0.1 and CS0.5 gels from 

1 w %, 5w% and 10w% solid concentration are shown in the Figure 4.20 and Fig

ure 4.21. Colloidal gels prepared from less particle fraction underwent increased 

creep response, i.e., increased strain with time representing greater structural 
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Figure 4.19. Phase angle and complex viscosity quantification of CS0.1, CS0.5 and CA 
with O.lHz, lHz and 4Hz at 10w% particle concentration. 

deformation. Further analysis of the scale of strain changing for more details, 

CS0.5 showed more increased deformation with strain increases compared to 

CS0.1. For 1w% and 5w% aggregates, the maximum strain of CS0.5 was four 

times and five times higher respectively than that of CS0.1. However, there was 

no significant difference in the creep response between the two CS-mediated 

colloidal gels from 10w% particle fraction. This is likely due to the lower limit 

( 2Pa) of the applied stress. As CA from PBS neutralization form the most com

pact structure which limits the movement of cluster network, the creep of CA 

was much lower than CS aggregates. Works of literature report this that the 

higher creep resistance due to the improvement of polymeric matrix stiffness is 

responsible by the reduction of free volume and the mobility restriction of solid 

strands (Fouad, Elleithy and Alothman, 2013; Fouad and Elleithy, 2011). 

The percentage of recovery is shown in Figure 4.22. As soon as the stress was 

removed, all aggregates were almost instantaneously started to recover. CS0.5 

is less compact than CS0.1, and followed by CA as the most compact structure 

showed recovery ability independent to their solid concentration, which was 

around 70%, 60% and 30% recovered respectively. This is owing to the reason 

that the least compact CS0.5 is more flexible in terms of both water and gel 

flexibility, followed by CS0.1 and CA. However, as the deformation of the col

loidal gels was dependent on particle fractions, it expected that creep-recovery 
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Figure 4.21. Time dependent recovery responses of CS0.1, CS0.5 and CA with lw%, 
5w% and 10w% particle concentrations. 

responses would exhibit a similar trend, i.e., colloidal gels prepared from low 

particle fraction will recover faster compared to its higher particle fraction coun

terpart. The literature reported that the creep recovery responses should be 

inhibited under the more extensive network of solid (Sprakel et al., 2011). How

ever, our result was not shown like this, which may due to the low shear stress 

that applied are not sufficient enough during the creep test. 

We further increased the shear stress from 2Pa to 5Pa and 10Pa for 10w% ag

gregates and the creep/recovery responses are shown in Figure 4.23 and Figure 

4.24. The creep responses increased with the applied stress indicating increased 
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Figure 4.23. Time dependent creep of CS0.1, CS0.5 and CA under 2Pa, 5Pa and 10Pa at 
10w% particle concentration. 

deformation due to increased stress. Moreover, under the same stress, CS0.5 de

formed to the most extent, followed by CS0.1 and CA. The recovery percentage 

shown in Figure 4.25 indicating CS0.5 was the most flexible aggregate under 

2, 5 and 10Pa, followed by CS0.1 and CA. Moreover, the more deformation re

sulted from higher shear stress leads to less recovery since it requires more time 

to reverse. 

In addition to changing the shear stress, the creep time can be altered to 

investigate the creep and their corresponding recovery behavior of colloidal ag

gregates and correlate their structures. The stress was set as 2Pa and the creep 
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Figure 4.25. Percentage of recovery of CS0.1, CS0.5 and CA under 2Pa, 5Pa and 10Pa at 
10w% particle concentration. 

time was doubled. The creep curves shown in Figure 4.26 indicate increased 

deformation with creep time, as compared to Figure 4.23. For 10 Pa shear stress 

when the creep time was changed from 150 sec to 300 sec, CS0.5, CS0.1 and CS 

deformed almost six times, four times and two times respectively than that of 

the same creep time under 2Pa. When kept the shear stress as 10Pa but shorter 

the creep time, less strain resistance was observed for all aggregates. But CS0.5 

still showed the most deformation, followed by CS0.1 and CA. The recovery re

sponses are plotted in Figure 4.27 and the recovery percentages were listed in 



100 

(a) o.045 
10Pa 

(b) o.os 
10Pa 

0.04 0.045 

-~ 

5; 

0.035 

0.03 

0.025 

0.02 

/ ----
c 

'l!!... 

0.04 

0.035 

0.03 

0.025 

~ ,,,,,_. 
,, 
' 

-------
0.015 

"' 0.02 

~ 0.015 
O.Ql ,. O.Ql 

0.005 

0 
,...... 0.005 

0 ----
0 50 100 150 200 250 300 0 so 100 150 200 250 300 

Time(s) Time (s) 

10Pa 2Pa 
(c) 0.07 (d) 0.012 

0.06 0.01 

0.05 
0.008 ~ C.!: 0.04 .,..

I!! 'l!! 0.006 r ... ~ 0.03 "' 0.004 
0.02 
~ 

0.002 0.01 ,.... 
0 0 

0 so 100 150 200 250 300 0 so 100 150 200 250 300 

Time (s) Time (s) 

---- cso.1 --cso.s .....-pss 

Figure 4.26. Creep CS0.1, CS0.5 and CA under 10Pa for 100s (a), 150s (b), 300s (c) and 
under 2Pa for 300s (d) at 10w% particle concentration. 

Table 4.3.4. For 10 Pa shear stress when the recovery time was 300s, the longer 

creep time leads more deformation and required more recovery time to reverse 

back. Thus, regarding the same recovery time, less recovery percentage was 

exhibited under longer shear stress for all aggregates. Comparing the 2Pa and 

10Pa with the same creep and recovery time, CS0.5 and CS0.1 show significant 

difference of recovery percentage, indicating CS0.5 can reverse back to almost 

its original structure ( 98%) and CS0.1 can recovery 75% when the stress was 

low and recovery duration was long, whereas stress had limited impact on PBS. 

When the period of creep was shortened from 300s to 100s while keeping the 

same recovery time and stress, the structures are reversed back more closely to 

their original as the deformation was not prominent within short creep time. 

CA group always show the least recovery percentage indicating its compact 

micro-organization of particles in the aggregates. 

In conclusion, at 10w% particle concentration, both the elastic and viscoelas-
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tic properties of CS colloidal gels have been investigated at particle concentra

tions and CS concentrations compared to CA. This rheological data collectively 

show that CS0.5 had the lowest elasticity but the best deformability and recover

ability due to its loose and open structure. CS0.1 form a relatively more compact 

structure than CS0.5 and resulting in a higher elasticity and less deformability 

and recoverability. CA aggregate through RLCA path shows the highest rigidity 

and the least deformability and recoverability. This rheological data indicates a 

significant morphological difference in the colloidal aggregates due to different 

mechanisms of aggregation. 

4.3.5 MSCs on 2D surfaces 

The surface properties of a matrix are capable to influence a range of cellu

lar processes through changes in the actin cytoskeleton and focal adhesion (Liu 

et al., 2014; Selhuber-Unkel et al., 2010). The interactions between MSCs and 

the matrix is highly modulated by the surface property of the matrix to guide 
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Stress Creep/Creep-recovery Time Recovery Percentage(%) 
10Pa 150s/150s 56.65 
10Pa 100s/300s 68.59

CS0.1 
10Pa 300s/300s 48.66 
2Pa 300s/300s 72.92 
10Pa 150s/150s 62.8 
10Pa 100s/300s 76.71

CS0.5 
10Pa 300s/300s 52.61 
2Pa 300s/300s 96.85 
10Pa 150s/150s 40.21 
10Pa 100s/300s 59.18

CA 
10Pa 300s/300s 42.19 
2Pa 300s/300s 47.71 

Table 4.2. Percentage of recovery of CS0.1, CS0.5 and CA under 2Pa and 10Pa for dif
ferent creep and recovery duration at 10w% particle concentration. 

Water Glycerol 
C+ 31.5 49.3 
CA 43.8 49 
CS0.1 17 48.8 
CS0.5 37.3 46.5 

Table 4.3. Contact Angle of Diagnostic Liquids on C+ only (DI washed), CA (PBS 
coated), CS0.1 and CS0.5 surfaces. 

MSC differentiation and function (Boyan et al., 2016). For example, Dowling 

et al. illustrated that where a surface with an intermediate water contact angle 

showed better cell adhesion compared to more hydrophilic or more hydropho

bic ones (Dowling et al., 2011). Contact angle values of diagnostic liquids on 

the respective solid surface are listed in Table 4.3. It is clear that the water con

tact angle of CA showed the highest value, followed by CS0.5 and CS0.1, which 

indicates that CA is the most hydrophobic among the three groups. The water 

contact angle of CS0.1 and CS0.5 surface were significantly different and CS0.1 

was more hydrophilic than CS0.5. Although both liquids have hydroxyl groups 

which can potentially interact with the surface, glycerol contact angle shows 

no differences for all surfaces. This may occur due to the smaller size of water 

which can increase the wettability on those surfaces resulting in lower contact 

angle values than that of glycerol. Besides water, contact angle values obtained 

from other liquids were not significantly different (not shown here) . The CST 
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C+ CA CS0.1 CS0.5 
Zisman '}'C CST 29.13 26.89 33.15 28.52 

Table 4.4. CST values using Zisman plot on respect surface (dynes/ cm) 

are listed in Table 4.4. The C+ polymer without any further coating, CST is 

about 29.13 dynes/cm. Comparing the three aggregates, CS0.1 had the highest 

CST, followed by CA and CS0.5. The literature reported the CST of hydrophobic 

silicone and hydrophilic blood vessels is between 20-30 dynes/cm, which is the 

minimum CST for cell adhesion (Baier, 2006, 1972). A moderate hydrophilicity 

of the material for forming colloidal gel can support the cell-matrix interactions 

during cell morphogenesis. 

According to literature, MSCs remain rounded in 14 days and display fea

tures of the chondrocyte phenotype are considered as chondrogenesis (Mauck, 

Yuan and Tuan, 2006; Nuttelman, Tripodi and Anseth, 2005; Salinas and Anseth, 

2008). Not only cell-matrix interaction, but cell-cell interactions also play a cru

cial role in the development of chondrogenesis, which can be analyzed from 

the contact angle between two neighboring cells. Fluorescently labeled MSCs 

on the respective solid surface at 1 hour and 24 hours were not spreading to 

an elongated shape, shown in Figure 4.28. The contact angle between two cells 

on respect solid surface was quantified in Figure 4.29. The increasing in cell-cell 

contact angle represents the fusion of adjacent cells or cell spreading (Savic et al., 

2016). MSCs on the coverslips elongated spread which showed similar cell mor

phology compared to that on TCP, and the cell-cell contact angle was not able 

to measure in 24 hours since cells completely stretched and elongated. MSCs on 

C+ (CA) also spread, but rather remained round shape within 24 hours. Cells 

on CA surface showed an increased cell-cell contact angle over time indicat

ing the cell fusion. At the initial stage (lhour after cell seeding), MSCs on the 

two CS surfaces showed similar cell-cell contact angle compared to that on CA. 

However, the cells on the two CS groups were spreading not as much like that 

on CA while remained round. After 24 hours, the decreased cell-cell contact 

angle on CS0.1 and CS0.5 indicates the neighboring cells were more apart from 

each other. Especially for CS0.5, the cell-cell contact angle significantly reduced 

within 24 hours compared to CS0.1. Works of the literature demonstrated that 
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the MSCs chondrogenesis could be enhanced by the increased cell-cell interac

tions (Bian, Guvendiren, Mauck and Burdick, 2013b; Cao et al., 2015). In our 

case, the lack of three-dimensional culturing allows cells on CS surfaces favor 

the cell-matrix contact and prevent the cell fusion, whereas the dense CA aggre

gates with the highest stiffness may promote the cell spreading (Lee, Abdeen 

and Kilian, 2014; Olivares-Navarrete et al., 2017). 

Individual cell area, perimeter, and circularity index (Cl) during 24 hours 

were quantified and shown in Figure 4.30. Both area and perimeter of the in

dividual cell on CA, CS0.1 and CS0.5 increased over time indicating spreading 

occurred on these surfaces. CA showed the most significant change in the indi

vidual cell area and perimeter, followed by CS0.5 and CS0.1. The individual cell 

area on CS0.1 was not significantly changed may be due to the reason that CS0.1 

had the highest CST and the most hydrophilic material compared to CS0.5 and 

CA. Although enhanced cell spreading showed on hydrophilic surfaces com

pared to hydrophobic surfaces, studies reported that hydrophilicity inhibits the 

cell adhesion and spreading (Dowling et al., 2011; Wei et al., 2007). The CI chart 

shows cells remained rounded on all surfaces, which is critical to maintaining 

round shape in chondrogenesis. 

4.3.6 MSCs in 3D Aggregates 

In this work, MSCs were encapsulated within CS0.1 and CS0.5 and cultured 

in CCM for 2 days to allow cell adhere, and then either switched the culture 

medium to CM or remained culturing in CCM , and observe the cell morphol

ogy in 2, 7 and 21 days by staining with nucleus and actin shown in Figure 4.31 

(cells morphology in 21 days is not shown here) . In the first two days, all cells 

within aggregates in CCM showed well cell-matrix adhesion with visible actin 

fibers in these 3D microenvironments. After seven days both in CCM and CM, 

the MSCs were retracted and rounded up in both CS aggregates as the disap

pearance of the actin fibers were observed. 

After 21 days cultured in chondrogenic medium, by the biochemical analysis 

of matrix production by MSCs, comparable DNA amount in both aggregations 

suggest that the three-dimensional environment of these colloidal gels were able 
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Figure 4.30. Quantification of individual cell area (a), cell perimeter (b) and circularity 
index (c) on CS0.5, CS0.1 and CA surfaces in lhour, 2hours and 24hours. 

to support cell viability in long term culturing. A significantly higher amount of 

GAG and total collagen were expressed in CS0.5 than CS0.1 (Figure 4.32), which 

indicates the differentiation of MSCs into the chondrogenic lineage (Lee et al., 

2008; Worster et al., 2001). 

Also, the protein levels of N-cadherin and O-cadherin in CS0.5 was signifi

cantly higher than that of CS0.1 indicating the cell-cell adhesion was favored in 

CS0.5, shown in Figure 4.33. Bian et al. illustrated that the MSCs chondrogene

sis was significantly enhanced by treading with N-cadherin-specific antibodies, 

which proved the importance of direct cell-cell interactions during chondroge

nesis (de Windt et al., 2015; Bian, Guvendiren, Mauck and Burdick, 2013b). In 

natural articular cartilage, collagen molecules constitute around 75% and pro

teoglycans constitute 20%-30% of the tissue dry weight. Therefore, the measure

ment of collagen and GAG is necessary to assess the chondrogenesis of MSCs 

(Sophia Fox, Bedi and Rodeo, 2009; Maroudas, 1968; Muir, 1983). Addition to 

this, many works of literature have shown chondrogenesis can enrich Ca2+ de

pendent cell-cell adhesion molecules, like N-cadherin and N-CAM (Delise and 
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Figure 4.32. Quantification of representative chondrogenic markers in CS0.1 and CS0.5 
aggregates after 21 days. 

Tuan, 2002; Cosgrove et al., 2016; Tavella et al., 1994). In CS0.5 colloidal gel, 

the more branched strands of interconnected particles with more cell accessible 

spaces helped the aggregation of cells to enhance cell-cell interactions. 

CS0.5 shows significantly higher gene expression of Aggrecan and Colla-
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Figure 4.34. Chondrogenic differentiation markers from gene expression for CS0.1 and 
CS0.5 at day 21 using quantitative PCR. 

gen II from RT-PCR compared to CS0.1, shown in Figure 4.34. Studies illus

trated that the chondrogenic differentiation of MSCs is responsible for the time-



109 

dependent accumulation of Aggregacan, Collagen II and GAG (Xu et al., 2008; 

Akkiraju and Nohe, 2015; Derfoul et al., 2007). Therefore, all data from protein 

expression quantification indicate the fact that CS0.5 was favored for chondro

genesis after 21 days. 

Overall, colloidal gels formed by CS0.1 and CS0.5 at a given particle concen

tration, MSCs chondrogenic differentiated within CS0.5. The chondrogenesis 

of MSCs were highly depedent on the organization of cells which was guided 

by the particle organization and mechanical properties of colloidal gels. The 

branched strands of interconnected particles in CS0.5 provide more cell acces

sible spaces to ensure cell-cell interactions and guide the MSCs to differentiate 

towards chondrogenic cell lineage. In addition to this, CS0.5 with suitable mate

rial characteristics, such as intermediate hydrophilicity and tunable mechanics 

which was modulated by the particle concentration and the ionic strength of the 

electrolytes, which enable to regulate the MSCs chondrogenesis. 

4.3.7 The retention of GAG and collagen from CS aggregates in 

presence of cells 

The retention of CS within the colloidal aggregates was measured by ana

lyzing the amount of CS released from the respective aggregates in CCM for 9 

days. Figure 4.35 (a) shows the amount of CS released from CS0.1 and CS0.5 

gels was relatively similar and was only 3% and 4% respectively of the total 

CS content in 9 days. This indicates high retention of CS from the colloidal ag

gregates in physiologically relevant condition (i.e., pH and temperature, and 

presence serum). The high retention is due to the intermolecular interactions 

between C+ particles and CS molecules resulting from opposite charges of C + 

and CS. When the MSCs were encapsulated within these CS aggregates, the CS 

releasing were investigated in both CCM and CM media for nine days, shown 

in Figure 4.35 (b ). As the differentiating MSCs secreted CS within the aggregate 

matrix, more GAG was released compared to no cell aggregates owing to the 

additional production of GAG from differentiated MSCs. This implies that the 

colloidal aggregates not only can bind CS, but also can retain the cell secreted 

GAG from differentiated cells, which can promote the growth of chondrogenic 
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cells even in the absence of chondrogenic growth factors. However, the amount 

of GAG released was ~ 10% of the total. 

In addition to CS, condensed MSCs also express Collagens, including type 

II, IX and XI during chondrogenesis (Goldring, 2012). In order to evaluate the 

retention of the total collagen within CS aggregates, the total collagen releasing 

from the cell-aggregate was measured within nine days, shown in Figure 4.35 

(c). As chondrogenic differentiation is favored within CM culturing, CS0.1 and 

CS0.5 in CM conditions were selected to measure the released total collagen in 

the supernatant media. Similar release profiles were observed during the first 

two days for both CS0.1 and CS0.5, since MSCs were pre-cultured in CCM for 

the first 2 days for adhesion purpose. Upon transferring to CM, CS0.5 showed 

a continuous and relatively steady release of collagen, whereas there was no 

additional releasing of total collagen was detected between day 4 and 9 for 

CS0.1. The accumulated total collagen releasing from CS0.5 was 3 times higher 

than that of CS0.1 after 9 days. The cartilage matrix consists of collagen and 

proteoglycan. Both GAG and collagen can be cleaved during cartilage break

down by metalloproteinases (Pratta et al., 2003; Weyand and Goronzy, 1997). 

Solorio et al. loaded transforming growth factor-b 1 within PLGA microspheres 

to promote the chondrogenic differentiation of MSCs. Through using biochem

ical assay, the microspheres with a higher dosage of growth factor showed a 

higher GAG releasing after 21 days, which indicates the induced chondrogen

esis (Solorio et al., 2010). The characterization of gene expression of collagen II 

in 21 days showed the promoted the expression of proteoglycan and collagen 

fibers in CS0.5. The collagen that detected from the supernatant for CS0.5 was 

higher than that of CS0.1, which implies the destruction of collagen fibers that 

synthesized by MSCs. However, the releasing was not last only for nine days. 

Also, comparing to the total collagen amount after 21 days in Figure , only ~ 

4.5% of total collagen was released from CS0.5 compared to ~ 20% was released 

from CS0.1 after nine days. 
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Figure 4.35. Accumulated CS releasing profile from pre-formed CS aggregates (a), ac
cumulated GAGz releasing in presence of MSCs (b), and the accumulated total collagen 
releasing in presence of MSCs (c) in 9 days. 

4.4 Conclusions 

Mechanics and morphology are equally crucial for cells to respond their sur

rounding synthetic ECM during chondrogenesis. By using negatively charged 

CS disaccharide, the PCL-PU based colloids can be assembled to form an inter

connected porous structure, which can function as synthetic ECM. CA aggre

gates were induced by PBS through a typical RLCA path, whereas low molec

ular CS with multiple anions from sulfates can aggregate C+ colloids by re

ducing the electrostatic repulsion between particles to form the intermediate 

dense structure with moderate mechanics and more void area. The concentra

tion of CS can alter the rate and the degree of particle organization, and thereby, 

changing the mechanomorphology of the colloidal aggregates. Results exhibit 

that CS0.5 aggregate is more chondrogenic favored than CS0.1. When MSCs 

were presented in PU aggregates, cell-cell interactions within CS0.5 aggregates 

was enhanced. The present work provides essential insight into the effect of 
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mechanomorphology of colloidal aggregates on chondrogenesis by which the 

aggregation is induced by chondrogenic relevant molecules. This may have 

specific application potential to the design of new synthetic ECM for regenera

tive medicine applications with stem cells. 



Colloidal Gel with Tunable 

Mechanomophological Features in 

Regulating Mesenchymal Stem Cells 

Differentiation 

5.1 Introduction 

In order to form colloidal gels with tunable mechanical properties and mor

phological features, the spatial organization of particles within these gels can 

be manipulated by changing aggregation modes (Lin et al., 1989; Babick, N.d.). 

The particle organization in CA and CPA colloidal gels are achieved by PBS and 

PA, as described in Chapter III. Briefly, positive C+ colloids can be aggregated 

to form either compact or branched morphology through different modes. In 

the first approach, anions in PBS, such as phosphate ions can neutralize C + par

ticles and the chloride ions can attach to the amine groups of C + particles to 

form dense CA aggregates. In the second approach, poly-anions, e.g., Na-salt 

of polyacrylic acid, can induce simultaneous neutralization and bridging of the 

C + colloids into a branched structure. 

In Chapter III, it illustrated the CA and CPA aggregates can provide spa

tial guidance within reconstituted biomatrix without altering the stiffness (elas-
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ticity) of native biomatrix. HUVECs organization and angiogenic behavior of 

the cells are influenced by the organization of particles when CA and CPA ag

gregates were embedded in Matrigel and Collagen gel. Studies have demon

strated that the mesenchymal stem cells (MSCs) differentiation can be regulated 

by the matrix stiffness and the matrix structure (Bian, Hou, Tous, Rai, Mauck 

and Burdick, 2013; Erickson et al., 2009; Jubeck et al., 2008). However, the effect 

of mechanomorphology of synthetic extracellular matrix were mostly investi

gated when the chondrogenic growth factors were present. Moreover, elasticity 

or viscoelasticity always interact with morphology of the synthetic extracellular 

matrix. The different particle organization within CA and CPA provides differ

ent structure and elasticity of the solid strands formed by particles, as well as 

different viscoelasticity owing to the characteristics of particle strands and dif

ferent size and shape of void spaces within the gel matrices. Thus, the CA and 

CPA colloidal gels with tunable microstructure and mechanics through parti

cle organization were expected to influence the chondrogenic differentiation of 

encapsulated MSCs. 

In this work, the objective is to demonstrate that the microstructure and me

chanical properties of a colloidal gel can be independently or interdependently 

tuned by organizing the colloidal particles differently or by the particle fraction. 

Therefore, the colloidal gels with defined microstructural morphology and me

chanical properties, as three-dimensional extracellular matrix, can guide the or

ganization of cells and regulate the chondrogenesis of MSCs regardless of cell 

culture medium. 

5.2 Materials and Methods 

5.2.1 Materials 

PCL diol (MW ~ 1250) was purchased from Polysciences and used after vac

uum drying at 60 °C for 24 hours to remove moisture. HDI was purchased from 

Tokyo Chemical Industry with 98.0% purity. DMSO was purchased from Fisher 

Chemical with 99.9% purity. Catalyst tin-2-ethyl hexanoate was from Alfa Ae

sar. Acidic Acid was from J.T. Baker. All other chemicals and solvents were 
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purchased from Sigma Aldrich (MO) and used as received unless otherwise 

noted. Deionized dd-water was used to prepare all the solutions. Cryopre

served human mesenchymal stem cells (MSCs) was purchased from Institute 

for Regenerative Medicine, Texas A&M. Cells were typically used between pas

sages 4-7. MSC culture base medium a:-MEM (REF. No. #12561-056), Chondro

cyte differentiation basal medium (REF. No. #10069-01) and Chondrogenic sup

plement (REF. No. #A10064-01) were purchased from Gibco by Life Technolo

gies (NY), fetal bovine serum (FBS) from Atlanta Biologicals (GA), L-Glutamine 

from Media Tech, Inc. (VA), and penicillin streptomycin from Life Technolo

gies (NY). Rhodamine Actin was purchased from Cytoskeleton. Inc. DAPI was 

purchased from Invitrogen, CA. Picogreen DNA (Cat. No. #P7581) was from 

Thermo Fisher Scientific. 1,9-dimethylmethylene blue (DMB) Dye solution was 

from Astarte Biologies. Sirius Red Collagen Detection Kit (Cat. No. #9062) was 

purchased from Chondrex, Inc. 

5.2.2 CA and CPA colloidal gel preparation 

The details see Section 3.2.3. Briefly, positively charged C+ particles were 

aggregated by lX PBS buffer and 2.5w% sodium salt of Polyacrylic acid (in DI 

water) with desired particle concentration to form CA and CPA colloidal gel 

respectively. Particle concentrations are based on the weight of wet particles 

(immediately after preparation). The colloidal gels were allowed to settle down 

overnight and were utilized after removing the supernatant. 

5.2.3 Measurement of Rheological Properties 

Oscillatory rheological measurements were carried to measure the moduli of 

the aggregates with 5, 10, 20, 40w% particle concentrations as a function of shear 

strain (Amplitude Sweep test) at constant frequency of 1 Hz and as a function 

of frequency (Frequency Sweep test) at constant strain. 10 mm parallel plate 

with the gap size of 150 µm was used and all measurements were performed at 

25 ± 0.1 °C. The linear viscoelastic region was determined from the amplitude 

sweep at incremental shear strains and a fixed frequency of 1 Hz. The mean 

elastic modulus of aggregates were determined by averaging the elastic mod-
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uli of CA and CPA from the field of linear viscoelastic region. Yield strain was 

determined from the strain at which the material deviates from linear viscoelas

tic region. Frequency sweep test was performed subsequently after identifying 

the appropriate strain within the field of linear viscoelastic region. Frequency 

sweep measurements of samples were carried out at increasing oscillating fre

quencies from 0.01 to 4 Hz. Creep measurements were performed under 2 Pa 

or 10 Pa stress for 50s, 100s, and 150s. After the stress was released to 0 Pa, the 

creep-recovery responses were evaluated after 150s recovery time. 

5.2.4 MSCs morphology in CA and CPA 

CA and CPA colloidal gels were formed from 10w% particle concentration 

and allowed to equilibrate for 12 hours before the experiment t to ensure com

plete and uniform aggregation. Aggregates were washed with DI water three 

times and allowed settling for 1 hour between each washing step. Approxi

mately 10mg aggregate was mixed with 1.5x106 MSCs and divided equally into 

5 micro-centrifuge tubes to form the cell-aggregate constructs for 1 hour. 300 

µL of CCM was added slowly on top without disturbing the cell-aggregate mix

ture. After two days, the medium was changed to either CCM or CM depending 

on the experiment and subsequently the media was changed every three days. 

To observe the morphology of MSCs, actin filament and nuclear DAPI stain

ing were performed at day 2, 7 and 21 according to the methods described in 

Section 4.2.10. The stained cell-aggregates were transferred on clean coverslip 

and embedded by adding one drop of 1 w% agarose to immobilize the three

dimensional structure. The agarose embedded samples were covered with a 

thin glass coverslip. Fluorescence images were taken at 20X magnification. The 

image background was subtracted and followed by double multiplying the im

age intensity through using NIS element software. 
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5.2.5 Cell viability and chondrogenesis quantitative analysis of 

GAG and total collagen 

After 21 days of culturing, DNA, GAG and total collagen were measured and 

quantified according to the methods described in section 4.2.11 . The amount of 

GAG and total collagen produced by MSCs were normalized with the DNA 

amount present in the sample. 

5.2.6 N- and O-Cadherin Protein Analysis and Aggrecan and 

Collagen II Expression Analysis 

The procedure of protein extraction was described in Section 3.2.12. After 

another 7 days culturing in CM or CCM, each group contained 2 * 106 cells 

were harvested and lysed to extract total protein. N-Cadherin and O-Cadherin 

protein level were analyzed by western blotting compared to {3-actin level. In 

order to detect N- and O-Cadherin, the primary antibody of N-cadherin (Cat. # 

610920, BD Biosciences) and the primary antibody of OB-cadherin (Cat. # 4442, 

Cell Signaling Technology) were used at 1: 1000 dilution according to manufac

turers's protocol with the corresponding secondary antibody. The gene expres

sion of Aggrecan and Collagen II were accessed by semi-quantitative PCR. The 

method was described in Section 4.2.12. The GAPDH was used as the endoge

nous control. The primer sequences for RT-PCR was shown in Figure 4.2. 

5.2.7 Statistical Analysis 

Data were analyzed by using a one-way ANOVA and the Tukey's test to 

compare the differences between groups. Data is presented as average of three 

experiments and errors bars represent standard deviation. ** indicates P < 0.01, 

and * indicates P < 0.05. Results with p value less than 0.05 (p* ::; 0.05) was 

considered to be statistically significant. 
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Figure 5.1. Amplitude sweeps of C+ colloidal particles, CA aggregates and CPA aggre
gates at 5w%, 10w%, 20w% and 40w% solid concentrations. 

5.3 Results and Discussions 

5.3.1 Mechanical Properties of CA and CPA colloidal gel 

We altered the particle concentration of colloidal particles in CA and CPA 

ranging from 5w% to 40w% and performed the oscillation test and time

dependent creep-recovery response of the aggregates. Thus, the elastic mod

ulus, viscous modulus, the ability of deformation under constant stress and the 

recovery after removing the stress were analyzed for these colloidal gels. 

5.3.1.1 Oscillatory test 

Figure 5.1 shows the amplitude sweeps of CA and CPA compared to C+ col

loidal particles only at 5w%, 10w%, 20w% and 40w% particle concentrations. 

Generally, elastic modulus was higher than viscous modulus within the linear 
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viscoelastic region for both CA and CPA and was significantly higher than C+ 

particles, which show solid-like responses of CA and CPA gels owing to the ag

gregation of colloidal particles. In addition, the difference between the elastic 

modulus of CA and CPA less or equal to 10w% particle concentration was not 

significant (less than one order of magnitude). Figure 5.2 shows the averaged 

elastic modulus from linear viscoelastic region respect to various particle frac

tion. This shows that the elastic modulus of both CA and CPA increased with 

the particle fraction. Additionally, there is a negligible difference in G' of CA 

and CPA up to 10w% particle fraction. This may due to the microstructures of 

CA and CPA resulted from the particle organization. For example, particle or

ganized as compact aggregates with less void area in CA compared to branched 

like particle strands with more void area in CPA share similar elasticity up to 

10w% particle fraction. When the particle concentration was increased from 

10w% to 20w%, the G' of CA increased by three times, whereas the G' of CPA 

increased by two times. This revealed that the scaling of the G' with particle 

concentration was most pronounced for CA colloidal gel due to the gel struc

ture was evolved from the compact organization of particles, whereas the par

ticles in CPA organized as branched structure. The increased particle fraction 

when particles organized as dense solid strands enhanced the elasticity of CA 

colloidal gel. However, because the branched particle organization with more 

void areas in CPA gels, increased particle fraction only extended the network 

of particle strands, which still result in an increasing in its elasticity but not as 

pronounced as CA gels. 

Aggregates with 5, 10, 20 and 40w% particle concentration can withstand 

a strain (i.e. yield strain 'Yo) of 0.048, 0.163, 0.550 and 0.885 respectively for 

CA and 0.054, 0.078, 0.163 and 0.163 respectively for CPA (shown in Figure 5.3. 

When the oscillatory strain is below the aggregate's 'Yo, the structure of the ag

gregate is intact and behaves in a solid-like manner, which the elastic modulus 

is greater than the viscous modulus. Increasing the strain above the aggregate's 

'Yo indicates the rupture of the aggregate network as the material progressively 

move towards a fluid-like system with a viscous modulus greater than the elas

tic modulus. Both for CA and CPA, the aggregates formed from higher parti

cle fraction show better rheological stability as their yield strain was increased. 
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Figure 5.2. Elastic modulus of CA and CPA aggregates as a function of solid concentra
tion. 

The increasing of yield strain was much more pronounced for CA aggregates 

as it increased by three times and 4.5 times from 10w% to 20w% and 40w% 

particle concentration respectively. However, the yield strain for CPA aggre

gates from 20w% and 40w% particle concentrations were the same, which in

creased by two times from 10w% CPA. In Section AAA, the calculated fractal 

dimension of CA was showed higher than that of CPA. Thus, The aggregation 

process of CA colloidal gel was more likely close to RLCA compared to CPA 

colloidal gel. As closer to RLCA mechanism, the coming particles may more 

likely diffused inside the compact aggregates and resulted in a more compact 

morphology, and thereby, CA showed the continuously increased yield strain 

implies an enhanced solid behavior with increased particle fraction. However, 

as the coming particles were likely to stick to the arms of the branched aggre

gates, which contributed in more extended and interconnected particle strands 

in CPA. This may lead to a small change of the yield strain at lower particle frac

tion and plateaued above certain particle fraction. This also implied the distinct 

microstructure between dense CA compared to branched CPA. 

The frequency sweep test of CA and CPA with depending on C+ particle 

concentration is illustrated in Figure 5.4. The frequency sweep test was per

formed within the linear viscoelastic regions, under constant strain (1' = 0.3) . 

As seen from Figure 5.4, all the aggregates behaved as viscoelastic solids, with 
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Figure 5.4. Frequency sweeps for CA and CPA with 5w%, 10w%, 20w% and 40w% 
solid concentration. 

elastic modulus roughly one order of magnitude higher than viscous modu

lus throughout the entire frequency range. The Increased G' with increased 

frequency is related to the fact that there was enough relaxation time for the 

networks organized by particles at low frequency. However, at high frequency, 

there was not enough time for the particles to relax (Ramazani-Harandi et al., 

2009, 2006; Helgeson et al., 2014). This observation is consistent with the solid

like elastic nature of many biopolymer matrices (Dana et al., 2013; Soares et al., 

2015; Muller, Muller and Pompe, 2013). The moduli of CA and CPA increased 

with particle concentration. However, the CPA was fairly independent on the 

frequency compared to CA, showing no change in the degree of viscoelastic

ity. This implies that CPA had more interconnected three-dimensional network 

which provided more stress-bearing ability throughout the entire frequency 

range 
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Figure 5.5. Creep test for CA and CPA with 5w%, 10w%, 20w% and 40w% solid con
centration under 2Pa for 150 seconds. 

5.3.1.2 Creep and creep-recovery test 

Time-dependent creep tests for CA and CPA aggregates in Figure 5.5 show 

increased strain under constant shear stress (2 Pa), which is below the yield 

stress within the linear viscoelastic region. Thus, no evidence of creep rupture 

can be found. With increased particle concentration, the strain resistance in

creased as the creep responses were decreased because the larger gel prevents 

the particle network to be dislocated (Landrum, Russel and Zia, 2016; Lind

strom et al., 2012; Sprakel et al., 2011). Moreover, CA and CPA aggregates with 

the same particle concentration, the strain almost plateaued within a short time 

after applying the stress, whereas CPA always exhibited higher strain than that 

of CA implies that the interconnected branched network of particles in CPA can 

deform with relative ease with time under constant stress. Figure 5.6 shows the 

normalized recovery profiles of various particle concentrations of CA and CPA 

during 150 seconds. After the stress was removed, all the aggregates exhibited 

immediate recovery. This indicates that all aggregates present typical viscoelas

tic characteristics (Ward and Hadley, 1993). 

To examine the effect of creep time and stress on the creep responses of the 

colloidal gels, CA and CPA gels prepared from 10w% particles were used. Two 

specific stresses of 2Pa and 10Pa within the linear viscoelastic region were used 

and for each stress the creep time was varied as 50, 100 and 150 sec. As seen 

in Figure 5.7, the strain exhibited by the gels increases with shear stress. For 
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Figure 5.6. Recovery responses for CA and CPA with 5w%, 10w%, 20w% and 40w% 
solid concentration during 150 seconds after 150 seconds creep with 2Pa stress. 

a given shear stress, increased creep time induces higher strain. Additionally, 

the strains of CPA were always higher than that of CA when increasing the 

stress from 2Pa to 10Pa. Increasing the stress and creep time increases the risk 

of structure rapture. When the tested stress was below 10Pa within 150 secs 

creep time, all aggregates exhibited three typical creep stages (instantaneous 

deformation, primary and secondary creep), and no evidence of creep rupture 

was observed. 

Figure 5.8 shows the normalized recovery profiles of CA and CPA after 150s, 

100s and 50s creep under 2 and 10Pa constant stress. As soon as the stress was 

removed, the recovery response occurred. As shown in Figure 5.9, aggregates 

recovered almost 65% when aggregates only experienced 50 seconds creep at 

given stress since the aggregates experienced less deformation during shorter 

creep time. When the creep time period increased 2: 100 seconds, CPA shows 

enhanced recovery than CA at the same stress and creep time. 

Below a stress and the time of yield, the creep response of colloidal gels 

typically exhibit the viscoelastic characteristics as the mechanically stable solid. 

Studies showed that the yielding of colloidal gels highly dependent on stress 

and creep time, and the structure rupture once the microscopic scale of the 
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Figure 5.7. Creep test for CA and CPA with 10w% solid concentration under 2Pa and 
10Pa stress for 150, 100 and 50 seconds. 

bonds between individual colloids breaks (Gopalakrishnan and Zukoski, 2007; 

Gibaud, Frelat and Manneville, 2010; Sprakel et al., 2011). Due to the more ex

tended and interconnected CPA morphology, the particle strands enabled the 

stretching to afford greater shear stress within longer time and allowed more 

efficient recovery after stress removal. 

5.3.2 Chondrogenesis of MSCs in CA and CPA Aggregates 

In this work, MSCs were cultured within CA and CPA that prepared with 

10w% C+ particle concentration. Cells were cultured in CCM for the first two 

days followed by either maintaining the aggregates in CCM or switching into 

CM. The cell morphology was analyzed after 2, 9 and 21 days by staining with 

the nucleus (in blue color) and actin (in red color) shown in Figure 5.10. Af

ter two days, remarkable morphological differences were first observed in CPA 

and CA aggregates. MSCs in CPA aggregate spread out, whereas in CA aggre

gate remained round. Exhibiting cell-cell interactions from MSCs is essential for 

early chondrogenesis, and the cell shape of MSCs should round up or change to 

polygonal without cell processes at day seven (Gao, McBeath and Chen, 2010; 
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Figure 5.10. MSCs morphology in CA and CPA cultured in CCM in 2 days and cultured 
in CCM or CM for another 7 days by actin (red) and DAPI (blue) staining. 

Ichinose et al., 2013; Bian, Guvendiren, Mauck and Burdick, 2013b). After an 

additional seven days, the MSCs were retracted and rounded up in both aggre

gates regardless of cell culturing medium. 

Figure 5.11 shows the quantification of production of DNA, glycosaminogly

can (GAG) and total collagen expression during chondrogenic MSCs differenti

ation. Comparable DNA amount in both aggregations suggests that sufficient 

cells were alive in both CA and CPA after 21 days. Irrespective of the culture 

medium, significantly higher amount of GAG and total collagen were expressed 

in CPA than CA. Differentiating chondrocytes may produce not only hyaline 

cartilage matrix but also fibrous cartilage, which is typically rich in type I colla

gen fibers (Benjamin and Ralphs, 2004; Somoza et al., 2014). However, during 

the development of chondrogenesis, collagen type I should be down-regulated, 

and cells should start expressing collagen type II (Gadjanski, Spiller and Vunjak

Novakovic, 2012; Tuan, 2004; Shum and Nuckolls, 2001). However, MSCs not 

always follow the natural chondrogenic differentiation pathway when cultur-
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Figure 5.11. Production of DNA, GAG and total collagen during MSCs chondrogenesis 
in CA and CPA cultured in CCM and CM for 21 days. 

ing in vitro, and thereby, collagen type I is usually present along with collagen 

type II (Pelttari et al., 2006). Thus, it is essential to evaluate the ratio of type I 

and type II collagen expression. 

In CM culturing, the difference of the protein levels of N-cadherin and O

cadherin for CA and CPA was negligible at day 9, as shown in Figure 5.12. This 

indicating that comparable cell-cell interactions is present in both CA and CPA 

while using the chondrogenic medium. In cell expansion media without any 

chondrogenic growth factors, the N-cadherin and O-cadherin in CPA were sig

nificantly higher than that of CA indicating the cell-cell adhesion was favored in 

CPA during early chondrogenesis. This observation emphasized the morpho

logical significance of the colloidal gel in cell-cell interaction when culturing the 

MSCs in the absence of condrogenic growth factors. Aggrecan and collagen II 

are the indicators of the cartilage phenotype (Ikeda et al., 2007; Roughley and 

Mort, 2014; Chen et al., 2005; O'Driscoll, Salter and Keeley, 1985; O'Driscoll, 

Keeley and Salter, 1986; Grynpas, Eyre and Kirschner, 1980). In Figure 5.13, 

the aggrecan level in CPA was always higher than that in CA regardless of the 

presence of chondrogenic growth factors. The higher gene expression of aggre-
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can as well as the Collagen II in CPA exhibit that the chondrogenesis favored in 

CPA compared to CA with the presence of chondrogenic growth factor. Since 

aggrecan is a proteoglycan and in common with all proteoglycans, it possesses 

a core protein with covalently attached sulfated GAG chains, the aggrecan ex

pression was expected to match with the quantified GAG from Figure 5.11. The 

expression of Collagen II in CPA was lower than that in CA with the absence 

of chondrogenic growth factors. When MSCs are differentiating in vitro dur

ing the initial phases of chondrogenesis, collagen I synthesis is stimulated to 

enables cell condensation, and collagen II express to the peak level until late 

chondrogenic stage (Lefebvre and Bhattaram, 2010; Varghese et al., 2010). Xu et 

al. characterized the peaked chondrogenic genes of MSCs in alginate gel with 

a staging scheme MSCs (Xu et al., 2008). During chondrogesis, collagen type I 

and VI peaked at during 0-6 days and collagen type XI peaked during 6-12 days. 

Starting from day 21, aggrecan, collagen IX, II and X showed peak expression 

level. According to this, the collagen type II expression of CPA was possible 

to exceed that of CA with longer culture. Also, the total collagen after 21 days 

did show higher expression in CPA from Figure 5.11. Works of literature re

ported that most mechanical interactions were initialized from the formation of 

adherent junctions within cell condensation. As the chondrogenesis develop

ing, cell-cell interactions are increasingly inhibited along cell differentiation and 

gradually increasing the cell-matrix interactions (Delise and Tuan, 2002; Patel 

et al., 2006; Kalson et al., 2015). At the initial stage of differenciation in CPA , 

the excess surfaces of the branched organized particles with bigger void spaces 

maintains cell condensation within the interconnected gel network and ensured 

the cell-cell interactions. After day 21, MSCs in CPA showed differentiating 

more towards chondrogenic lineage without any chondrogenic growth factors. 

Overall, all data from protein expression quantification indicate that CPA fa

vored for chondrogenic differentiation even in the absence of the chondrogenic 

medium. Since similar elasticity of CA and CPA at 10w% particle concentration 

but different viscoelasticity owing to different aggregation modes were demon

strated, our data suggest that the particle organization within the colloidal gel 

is critical for modulating MSCs fate. 
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Figure 5.12. Cell-cell adhesion from Cadherin expression at day 9 from protein expres
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Figure 5.13. Chondrogenic differentiation markers from gene expression at day 21 us
ing quantitative PCR. 

5.3.3 Conclusion 

In summary, we have shown that colloidal gels formed by networks of ag

gregated particles can regulate the mechanomorphological features of the gel. 
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In this study, two different types of colloidal gels were engineered by aggre

gating positively charge PCL-PU based colloidal particles through different ag

gregation modes to achieve distinct particle organizations. By regulating the 

modes of particle aggregation as well as by varying the particle concentration, 

the mechanics of the colloidal gels were able to be controlled. More specifi

cally, while the distinct morphology of CA and CPA colloidal gels were demon

strated, the rheological tests revealed that elastic and viscous modulus were not 

significantly different between CA and CPA when the particle fraction around 

or below 10w%. However, the creep and the creep-recovery illustrated the dif

ferent viscoelastic characteristics of CA and CPA owing to their morphologi

cal difference, which were influenced by the organization of particles, as well 

as the concentration of C + colloidal particles. At 10w% particle concentration, 

particles organized as branched microstructure form interconnected network 

showed it could induce the MSCs into chondrogenic fate even without the use 

of the chondrogenic medium. Overall, polyurethane based colloidal gels con

taining morphological cues can induce chondrogenic fate in MSCs, which can 

be a useful tool for the tissue engineering of cartilage. 



Conclusion and Future Work 

6.1 Conclusion 

6.1.1 Summary of the Dissertation 

This dissertation focuses on cell behaviors that respond to our designed 

three-dimensional matrices consist of colloidal particles. By engineering the 

electrostatic-interaction based aggregation mechanisms, colloidal aggregates 

formed by networks of aggregated particles can regulate the mechanomorpho

logical features of the aggregates. Morphological characteristics and mechani

cal properties of the colloidal aggregates were able to be modulated either in an 

independent or dependent manner. The colloidal aggregates can be utilized 

as a functional cell matrix in vitro to regulate the cell-matrix interactions as 

well as the cell-cell interactions. The following sections highlight the outcomes 

throughout the entire work in this dissertation. 

6.1.1.1 Design and mechanomorpological characterization of polyurethane 

based colloidal aggregates 

In this work, we synthesized PU based cationic colloidal particles using bio

compatible PCL as the polyol. Through DLS measurements, these colloidal par

ticles have sub-micron size and are positively charged around +44mV. These 

cationic colloids were confirmed as individually well dispersed without elec-
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trostatic forces by using imaging techniques. Three types of aggregates with 

defined morphology and mechanics were obtained by dispersing in three dif

ferent soluble counter-ionic compounds without contributing additional phys

ical properties, such as gel stiffness and density. Three different aggregation 

modes of PCL-PU based colloidal aggregates were engineered by modulating 

the electrostatic-interaction: i). small molecules contain anions (PBS), ii). large 

molecules carry multiple anions (polyacrylic acid), and iii). small molecules 

with multiple anions (chondroitin sulfate), which form CA, CPA and CS ag

gregates respectively. By modulating the aggregation mechanisms, the organi

zation of colloidal particles was regulated. However, the mechanics of colloidal 

gel can be either independently or dependently altered along with the morphol

ogy, because the self-similar assembly of particles forms colloidal gels. 

The morphology of CA and CPA clusters were identified under the micro

scope as structurally different, which are compact and branched respectively. 

The circularity and fractal dimension of CA was higher than CPA indicates that 

phosphate anions neutralize PCL-PU based cationic colloidal particles in all di

rections compare with branching particle organization in CPA aggregate. Also, 

the microstructure and subsequent viscoelastic and mechanical properties of 

CA and CPA were systematically characterized. We demonstrated that the me

chanical properties and microstructural morphology of the aggregates could be 

controlled independently by altering the degrees of particle organization, which 

can be regulated by the aggregation mode and particle fraction. Moreover, by 

adjusting the concentration of low molecular weight disaccharide CS to aggre

gate positively charged PCL-PU colloids, the morphology of colloidal particle 

aggregates was demonstrated to be regulated not only by altering the aggrega

tion mode but also the concentration of the counter-ionic compound. We sug

gested that the aggregation process is more close to reaction-limited aggregation 

path at a low salt concentration to form relatively compact aggregate morphol

ogy, whereas the repulsive interactions between the particles are weak and the 

aggregation tends to grow close to diffusion limited aggregation path at high 

ionic strength to form relatively loose aggregates. The morphology difference 

was also reflected in rheological measurements. 
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6.1.1.2 Colloidal aggregates as a novel biomatrix 

Cells in the human body grow in a complex system in a three-dimensional 

environment with suitable mechanics and require the complex spatial organi

zation of living cells, for example, vascularization of endothelial cells and chon

drogenesis of MSCs. For the majority cell-loading hydrogels, the morphology 

and the mechanics are usually intertwined because changing the density simul

taneously alters mechanics and morphology of the scaffold. Unlike hydrogels, 

colloidal particles assemble and organize with self-similar feature through inter

particle interactions to form a three-dimensional interconnected network struc

ture, so-called colloidal gel. The transition of dispersed colloidal particles into a 

large-scale gel-like matrix with defined morphology depends on the mechanism 

of aggregation, which can regulate morphology and mechanics of the gel ei

ther dependently or independently. Therefore, colloidal gel as a matrix enables 

the systematic characterization of mechanics and morphology. In this context, 

colloidal aggregates represent a functional matrix that can provide appropriate 

mechanical and spatial cues for living cells. 

Colloidal aggregates can be incorporated with constituent matrices to add 

spatial guidance function within the biomatrices. Firstly, we embedded 0.1 vol

ume fraction of CA and CPA inside 0.9 volume fraction of Matrigel or collagen 

type I gel. The mechanical properties of CA and CPA aggregates within Ma

trigel or Collagen gel was constant and similar to only Matrigel and Collagen 

type I gel. HUVECs formed larger connected networks when CPA was embed

ded in Matrigel and preferred more elongated cell spreading when CPA was 

embedded in Collagen gel. The particle organization also proved to have an 

influence on HUVECs migrating as cell sprouting length was longer when CPA 

was presented around. Secondly, to minimize the impact of biomatrix on cell 

morphology, we utilized 0.9 volume fraction of CA and CPA mixed with 0.1 

volume fraction of Matrigel or collagen type I gel. We demonstrated that there 

were negligible differences of the tested elastic modulus of CA-biomatrix and 

CPA-biomatrix. CPA mix with small amount of biomatrix directionally guides 

HUVECs to form structural closed loops, which had larger closed loop area and 

perimeter owing to the branching and loosely organization of CPA particles. 
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The upregulation of endothelial expression of focal adhesion kinase and VE

cadherin in these metrics were analyzed and correlated HUVECs organization 

from cell-matrix and cell-cell adhesion. Furthermore, these structural organiza

tions were related to VEGFR-2 and MMP-2 expression to examine the HUVECs 

organization. 

Colloidal aggregates can also serve as biomatrices as they form a three

dimensional gel-like structure. MSCs chondrogenesis was investigated by 

three-dimensional culturing within CA and CPA aggregates. By using imag

ing technique and chondrogenic protein analysis, MSCs chondrogenic fate can 

be induced through these highly tunable matrices even without the use of chon

drogenic medium and chondrogenic growth factors. Three-dimensional cultur

ing MSCs within CS aggregates was observed by cell morphology and quan

tified by chondrogenic protein analysis, which illustrated the importance of 

mechanomorphological effect of colloidal aggregates on MSCs behavior. Our 

work suggested that this approach presents a strategy to segregate the morphol

ogy and the mechanics for the colloidal gel as a biomatrix, which their distinct 

roles can be interrogated for the cartilage regeneration in vitro studies. 

6.1.2 Principle Achievements 

• Synthesizing polyurethane based colloidal particles with ionic charge. 

• Adding soluble counter-ions to organize these colloidal particles into dif

ferent patterns. 

• Aggregated colloidal particles into gel-like structure and function as a cell

laden matrix with highly tunable mechanomorphology. 

• Dense aggregates and branched aggregates were embedded or mixed 

within constituted biomatrices to add directional guidance function to 

these biomatrices for better controlling the morphogenesis and phenotype 

ofHUVECs. 

• Assembling particles by using low and high concentration of chondroitin 

sulfate to obtain structurally different colloidal gels for MSCs chondroge

nes1s. 
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• Mechanics can be either independent or dependent to the microstructure 

of colloidal gel for regulating MSCs differentiation regardless of the cul

turing medium. 

• Presenting a strategy to enable systematic identification of microstructure 

and mechanics of the matrices. 

6.1.3 Limitations of this dissertation 

• All experiments throughout the work were designed based on the aggre

gates at the macroscopic scale. SEM is the only tool to directly characterize 

the morphology of macroscopic colloidal gel at the microscopic level. This 

is due to the reason that the aggregation mechanism immediately occurs 

once the electrostatic force is presented within a continuous aqueous me

dia and particle aggregates grow rapidly. Neither the morphology nor the 

mechanics at a defined scale level were investigated. Therefore, the ques

tion would be at what scale level of the microstructure that cells actually 

are responding. 

• The two different aggregation regimes, DLCA and RLCA, give rise to 

colloidal aggregates having different fractal dimension values. However, 

particle organization during aggregation is a complex process. For exam

ple, increasing the particle concentration results in more compact struc

ture since it increases the fractal dimension, whereas increasing the salt 

concentration results in a less dense structure as more time is needed for 

the screening of electrostatic interaction. The question would be which pa

rameter prevail for aggregate structure determination and to what extent. 

In other words, a more quantitative investigation of different colloidal par

ticles and aggregation mechanisms, as well as the resulting microstruc

ture, would be of great help to design materials with porosity tailored for 

specific applications. 
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6.2 Future Work 

The different colloidal particles usually differ in terms of chemical compo

sition, size, and surface properties, which affect the microstructure of the final 

gel. Also, the aggregation mode determines the particle organization. In the 

future, we can improve this work from three aspects: 1) Characterization of 

morphology of colloidal aggregates at defined scale level, 2) Extensive investi

gation of aggregation modes, and 3) Expanding the library of the polyurethane 

based colloidal particles. 

• Characterization of morphology of colloidal aggregates at defined scale 

level. 

It would be a fascinating situation when designing a colloidal gel starting 

from the repeating "building blocks" and understand the microstructures of the 

"building blocks". Then, the physical properties of colloidal gel can be bet

ter understood when establishing the link between the morphological proper

ties of the building blocks in microscopic level and the aggregation mechanism. 

Thus, accurate modeling of particle-particle, particle-clusters, or cluster-cluster 

interactions is required to characterize the aggregation process. This can be 

achieved by atomic force microscopy measurements of colloidal particle and 

small colloidal aggregates, and the results can be used in simulation of struc

tures of aggregated particles. In order to accurately describe the aggregate mi

crostructure at a defined scale level, besides the fractal dimension, some other 

parameters are often required to be analyzed, such as the extent of aggregation, 

aggregate size distribution, the average size of the aggregates, and the radial 

distribution function. Time-dependent light scattering can be used during the 

initial stage of aggregation to discover the structural changes at different length 

scale. This technique allows direct comparison of the aggregate microstructures 

from experimentally measured and computationally simulation. Also, the time

dependent light scattering allows to calculate the fractal dimension from the 

slope of the log-log plot of the structure factor of an aggregate versus qa, where 

q is the scattering wave vector and a is the particle diameter (Oh and Sorensen, 

1998). 
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• Extensive investigation of aggregation modes for colloidal gels formation. 

To better understand the aggregation modes of CA, CPA and CS colloidal gels 

from experimental data, the counter-ionic compounds with various concentra

tions can be used. Moreover, computational simulation can predict the colloidal 

aggregation process in a more accurate and efficient manner. For simulation 

techniques, Molecular Dynamics simulation is and established method to sim

ulate colloidal particle aggregation mechanisms (Ulberg et al., 1993). In this 

method, the colloidal particle and solvent particle interact through a intermolec

ular potential model, and the aggregation of particles evolve in time based on 

Newton's equation of motion. 

• Expanding the library of the polyurethane based colloidal particles. 

We have synthesized one type of polyurethane based colloidal particle and uti

lized three types of electrolytes to form the colloidal aggregates with different 

microstructures. The polymer could be tailored for specific studies. Firstly, since 

the two major components in polyurethanes are polyol and isocyanate, both 

can be replaced and engineered according to particular biomedical application. 

For example, PCL with different molecular weight, hydrophilic polyethylene 

glycol (PEG) with different molecular weight, and change the isocyanate (e.g., 

isophorone isocyanate), which result in an entirely different chemical structure 

of the polymer. Secondly, the charge could be adjusted and designed to have 

more or less charge densities based on molecular design. For example, the PCL 

based negatively charged particles could be fabricated by changing the chain 

extender component (i.e., linking dimethyl propionic acid to isocyanate). Also, 

the charge density could be altered by adjusting the molar ratio of polyol: iso

cyanate: chain extender during polymer synthesis. The polyurethane based 

colloidal gels can be diversified to create a broad range of mechanomorphology 

to influence cell behavior. 
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