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ABSTRACT 

Colloidal gels have been established as a bottom-up strategy by infusing micro- or nanoparticles 

as building blocks to form functional scaffolds. Strong attraction between colloid particles over 

short distance leads to their aggregation forming clusters that have a fractal structure in the form 

of either branched or open and tenuous networks. The spectrum offered by oppositely charged 

colloidal gels coming together forming colloids has numerous advantages most notably increased 

rheological and structural strength. Complementary interfacial charges of colloidal particles can 

be used to assemble the particles with distinct mechanomorphology. 

Gelatin based colloidal gels are distinct in their morphological and mechanical characteristics. 

Both gel microstructure and mechanics can be regulated from the organization ofcolloidal building 

units in the microscopic scale. Electrostatic crosslinking achieved by altering the counter ions to 

the positively charged gelatin colloidal particles self-assemble the particles into distinct 

morphological complexes through modulation of aggregation kinetics. Specifically, the counter 

ions are varied by their structure ranging from ionic salts ( sodium chloride) to polyions 

(polyacrylic acid), and oppositely charged gelatin colloidal particles to modulate the aggregation 

ofparticles into distinct patterns, where salts can induce clustering ofparticles into dense structure 

while polyacrylic acid can induce bridging interaction to form tenuous branched networks while 

oppositely charged gelatin colloid can lead to heterogenous structure. 

We utilized this approach to develop and characterize gelatin based colloidal gels where both gel 

microstructure and mechanical characteristics were regulated from the organization of colloidal 

building units. Assembly of colloidal particles into gel was characterized by microscopic and 
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rheological approaches and these gels were used to analyze the response of endothelial cell 

organization. Results show that endothelial cells responded to the mechanomorphology of the 

colloidal gels. In summary, gelatin based colloidal gels developed through modulation of 

aggregation kinetics provides a versatile material engineering tool to design 3D colloidal gels with 

distinct microstructure and platform to regulate cell organization. 
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Chapter 1 

INTRODUCTION 

Development of a novel material often begins from designing its individual building units at a 

smaller scale. In an ascending order from macromolecules to colloidal architectures, the 

interactions between the basic units of matter can govern the overall macroscopic behavior of the 

material. 

1.1 Colloidal Gel as a potential biomaterial 

Colloidal gels are explored as a bottom-up strategy by infusing micro- or nanoparticles as building 

blocks to form functional scaffolds. These gels are made up of a continuous network of particles 

dispersed in a liquid. Strong attraction between colloid particles over short distance leads to their 

aggregation forming clusters that may have a fractal structure in the form of either branched or 

open and tenuous networks.(!) These networks are heterogeneous structures that are mechanically 

stable due to inter-particle attractive forces .(2) Complementary interfacial charges of colloids can 

help form 3D assemblies for regenerative medicine. For instance, opposite charged interfaces can 

drive the particles to aggregate via attractive electrostatic interactions. Interfaces bearing D or L 

stereoisomers can self-assemble forming stereo complexes.(3) 

Heteroaggregation ofpolymeric particles under various conditions of temperature, pH, electrolyte, 

charge density can be induced by precise manipulation of one or more of these environmental 

conditions. An attractive and intense attraction between particles lead to strong adhesive forces 

and formation of polymer networks. Heteroaggregation in systems are heavily influenced by a 

balance of both electrostatic and steric forces with the environment of the particles. The spectrum 

offered by oppositely charged colloidal gels coming together forming colloids has numerous 



advantages most notably increased rheological and structural strength. The surface interactions 

can be monitored and altered as desired. Several fundamental and applied studies have expatiated 

the colloidal interactions in such smart systems. This holds much promise for the development of 

tunable novel biomaterials. 

1.2 Gelatin based colloidal gel 

Gelatin, which is denatured collagen, is known for its biocompatibility and non-immunogenicity, 

can form colloidal gel by inter-particle crosslinking of gelatin nanoparticles through electrostatic 

interactions.( 4) Gelatin based colloidal gels are distinct in their morphological and mechanical 

characteristics. Both gel microstructure and mechanics can be regulated from the organization of 

colloidal building units in the microscopic scale. Electrostatic crosslinking achieved by altering 

the counter ions to the positively charged gelatin colloidal particles self-assemble the particles into 

distinct morphological complexes through modulation of aggregation kinetics. Specifically, the 

counter ions are varied by their structure ranging from ionic salts (sodium chloride) to polyions 

(polyacrylic acid), and gelatin B (bovine) to modulate the aggregation of particles into distinct 

patterns, where salts induced clustering into dense structure while polyacrylic acid induced 

bridging interaction to form tenuous branched networks and gelatin B forming a heterogenous 

structure. 

1.3 Engineering ofgelatin colloidal gels by electrostatic self.assembly for cellular organization 

We demonstrate that the gelatin colloidal gels can be engineered by inducing electrostatic self

assembly of colloidal units by introducing counter ions. These complexes exhibit distinctly 

different microstructural morphology which is modulated with respect to mechanical properties. 
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These distinct tunable aggregate patterns of colloidal gels can modulate cell-matrix interactions, 

control cellular organization and tissue morphogenesis for regenerative tissue engineering. The 

present thesis describes the structure property relationship of colloidal gels developed colloidal 

gelatin and use these gels as matrix to guide endothelial cell organization. Endothelial cells can 

sense the mechanomorphology of these colloidal gels to organize and form vascular networks. 

Potentially this platform can be utilized to develop therapeutic biomaterial which can effectively 

induce angiogenic response for vascularization ischemic tissues. 

1.4 Thesis Layout 

The rest of this thesis is laid out in three additional chapters. Chapter 2 provides a background 

analysis related to this work. Chapter 3 outlines the experimental designs and approaches. Chapter 

4 describes the results and data analysis to interpret the outcome. And finally, Chapter 5 is the 

summary of the current work with future directions. 
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Chapter 2 

REVIEW OF LITERATURE 

2.1 Characteristics ofcolloidal gel 

Colloidal gelation occurs when inter-particle attractive forces aids in aggregation forming 

networks which arrests colloidal dynamics and displays gel like rheological properties. The net 

interactive forces can stem from displacement of surface interfacial charges, dwindling 

interactions from non-dissolved species, or polymer-induced bridging. For practical purposes 

gelation is either utilized to impart its viscoelastic properties to a fluid mixture and texture or to 

form a strong backbone for material processing.(5, 6) The common consensus regardless of the 

microstructure details and gelation pathway is that 1) the rheological properties are a function of 

colloid volume fraction 2)percolation of a particle network is necessary for gelation and 3) the 

rheology and morphological characteristics is influenced by the nature and strength of inter

particle interactions.(7) 

The pioneering work of Arimura et al. documented the approach based on electrostatic 

interactions. The authors synthesized PLA microparticles coated with branched tripeptides which 

were composed of either primary amino groups or carboxylates and were mixed together at 0.4% 

solid content forming a biodegradable matrix.(8) Another study used oppositely charged dextran 

microspheres to form self-healing colloidal hydrogels. The dextran microspheres were obtained 

from radical polymerization of a dextran-hydroxyethylmethacrylate carbonate derivative (dex

HEMA) which was further functionalized by methacrylic acid (MAA) and by 

dimethylaminoethylmethacrylate to obtain negative (dex-HEMA-MAA) and positive particles 
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(dex-HEMA-DMAEMA) respectively. The gelation took place instantly on mixing equal amounts 

of positive and negative charged microspheres. The colloidal product had superior elastic 

properties compared to individual components.it was also observed that rheological properties 

showed a steady increase when the solid content increased from 15% to 25%. Also, an inverse 

trend was seen on increasing the ionic strength of the medium.(9) Wang et al. formed colloidal 

gels with positive and negative charged gelatin nano- and micro-particles featuring an isoelectric 

point of 9 and 5 respectively obtained by precipitation with acetone. The colloidal networks were 

formed due to the strong electrostatic interactions. This highly pH dependent system displayed 

much superior viscoelastic properties cohesiveness recovery, injectability, and in vitro degradation 

with nanoparticles than micro-particles.(4) 

Generation of colloidal aggregates with D and L stereoisomers is less documented as opposed to 

electrostatic forces. Van Tomme et al. functionalized the dextran micro-particles previously used 

to study electrostatic assembly with D and L oligolactates. Colloid was formed on mixing both 

dispersions at 15%(/w) in a Herpes buffer pH 7. The rheological properties improved with increase 

in polymerization of oligolactate chains. Also the gel networks recovered instantly on removal of 

shear stress (3). 

Another mechanism that helps in formation of colloids is particle-induced bridging of dispersed 

droplets in a solid stabilized emulsion. Gel transition in such systems occurs on the basis ofpartial 

coalescence of droplet pairs with a common colloidal monolayer between them. A complete 

coverage will pose a barrier in the bridging process. A systematic study of the processing and 

physiochemical aspects that govern this condition revealed that the bridge formation revolves 

around liquid-liquid interfacial tension, particle wettability, and a delicate balance between initial 

droplet size and relative rates of droplets coalescence. Although the microstructure is similar to 
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conventional colloidal gels, the building blocks in a bridged colloidal gel are soft composite 

droplets bonded by strong adhesive forces. In addition to these primary adhesive forces other 

interactions like van der Waals or capillary inter-particle forces also are at play.(10) 

The process of flocculation of tiny particles to form larger clusters are vital scientifically and 

technologically. Such kinetic growth processes form clusters also called fractal help to understand 

the physical properties of the aggregates. In such an arrangement when particles stick together 

irreversibly, the only factor that controls the behavior of the system and the morphology of the 

clusters is the diffusion of the particles which is termed as diffusion-limited cluster aggregation 

(DLCA), where the clusters have a low fractal dimension of 1.8. in contrast to this is the reaction 

limited cluster aggregation (RLCA), where the particles have to overcome the repulsive barrier 

before bonding together, which demands multiple attempts before forming an inter-particle bond. 

The latter process forms dense and compact clusters with higher fractal dimension. Both the DLCA 

and RLCA are purely kinetic phenomena driven primarily by diffusion and can account 

quantitatively for cluster formation and morphology. These are universal processes independent 

of the material in use.(11 , 12) 

2.2 Hydrogels Versus Colloids 

One of the vital factors for successful tissue engineering is designing biologically active scaffolds 

with optimal characteristics. Compared to other traditional carrier systems like non-hydrated 

polymers and ceramics, hydrogels emerge as an ideal candidate since they are biocompatible, 

biodegradable, structurally similar to extracellular matrix, and in most cases injectable.(13 , 14) 

Despite several advantageous properties, hydrogels have several drawbacks. Hydrogel based 

carrier systems exhibit a poor ability to release multiple bioactive signaling molecules at varied 
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time points. A recent study on the clinical efficacy of bone morphogenic protein-2 which is a 

potent osteogenic growth factor confirmed that untimely release of the agent from conventional 

scaffolds led to serious clinical complications.(15) The low tensile strength ofhydrogels causes it 

to prematurely dissolve and flow away from a targeted local site making it a poor candidate for 

load-bearing applications. Self-healing hydrogels generally either possess strong mechanical 

properties or rapid self- healing and recovery but never both. There are two main approaches 

involved in the formation of self-healing hydrogels; dynamic covalent reactions( chemical 

cross linking) and non-covalent reactions(physical cross linking)( 16) Covalent interactions 

employed in self- healing require reapplication of the conditions used for instance, pH, or UV 

light.(17) Conventional hydrogels are considered to be brittle and weak with fracture energies of 

< lOJ m-2 Self hydrogels display poor mechanical properties owing to the weaker and reversible 

nature of the non-covalent interactions compared to covalent bonding interactions. To combat this 

issue self -hydrogels capable of large deformations with multiple crosslinking mechanisms like 

Interpenetrating polymer network(IPN) were developed. However, addition of a secondary robust 

network limited the self-recovery property of the material. For instance, self- recovering IPN 

hydrogels that include a second non- reversible chemical crosslink network failed to reach a 

complete healing recovery. Once the covalent bonds are broken, the damage is irreversible and 

cannot be re-formed. The development of tough and autonomous self- hydrogels is yet to be fully 

realized. (18) 

There is an emphasis on the need of novel biomaterials capable of sustained and controlled drug 

delivery. In this context, colloidal gels are a very attractive part of hydrogels which allow for 

"bottom-up" synthesis of self- healing and functional materials by employing micro and nano

sized particles as building blocks to assemble into bulk materials. The physiochemical properties 
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of these polymeric particles can be tailored in terms of size, charge and chemical derivatization. 

Colloidal gels have been formed by the electrostatic assembly of oppositely charged microspheres 

or nanospheres. Introduction of inorganic building blocks into the colloidal gels offers 

considerable advantages in terms of increased material stiffness, and enhanced tissue response to 

the osteoconductive properties which is of great value in hard tissue regeneration. (9, 18) 

Reconfigurable colloidal assemblies have been formed using holographic optical tweezers, optical 

tunable electrophoretic and electro-kinetic assemblies. A recent study utilized a 488nm laser to 

illuminate an indium tin-oxide(ITO) coated glass substrate at the base of the colloidal suspension. 

This generated an electric field which drove the particles together forming reconfigurable 

structures with complex shapes.(19) 

2.3 Role ofcolloids as biomaterials with respect to cell-matrix interactions 

Cell behavior is strongly influenced by the surface properties ofthe implanted materials or devices. 

In this study, alginate-chitosan microcapsules were prepared with two different gel structures 

namely loose and dense to study the effect the gel structure had on cell behavior and other 

physicochemical properties. It was observed that cells adhered and spread more on the loose gel 

networks compared to the dense ones. The different gel networks led to different distribution and 

state of the positively charged amino groups of chitosan. It was then concluded that the protonated 

amino groups that remained unbound and exposed on the surface of the microcapsules were 

responsible for enhanced cell adhesion and migration.(20) 

Based on dispersed networks of cross lined ionic and non-ionic hydrophilic polymers were 

developed. A colloidal gel (PEO-cl-PEI) was developed by combining cationic network of cross 

linked polyethylene oxide (PEO) and polyethyleneimine(PEI). Interaction of anionic amphiphilic 
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molecules or oligobucleotides with the gel resulted in nanocomposite materials in which 

hydrophobic regions from the polyion-complexes were joined by the hydrophilic PEO chains. 

These systems not only enabled release of negatively charged biologically active compounds like 

indomethacin, oligonucleotides or hydrophobic molecules but also were efficiently internalized by 

cells. The positively charged nanoparticles would bind with the negatively charged cell membrane 

which was followed by efficient cellular uptake by absorptive endocytosis.it was concluded that 

more the positive charge of the particles more will be their uptake into the cells as opposed to 

electroneutral particles. Also after internalization, it was found that the nanogel particles were 

found in the cytoplasmic compartments, while oligonucleotides were predominantly found in the 

nucleus. (21) 

Reversible colloidal gels were shown to allow for recovery of cells after considerable expansion 

of chondrocytes which is of great value in tissue engineering applications. In a study 

thermopresponsive polymers that form reversible three-dimensional gels were synthesized for 

chondrocyte cell culture. A series ofpolymers consisting ofN-isopropylacrylamide (NIPAM) and 

styrene were developed. It was concluded that the chondrocyte cells not only remained viable for 

24 days but also increased in number producing collage type II and glycosaminoglycans. (22) 

A bottoms-up assembly from bioactive glass particles and bisphosphonate-functionalized gelatin 

was developed into an injectable composite colloidal gel. Strong adhesion forces were found due 

to bonds between the bisphosphonate groups of gelatin nanoparticles and calcium ions at the 

surface of the bioactive particles. This tunable system, with its mechanical robustness and self

healing ability supported cell adhesion, proliferation and differentiation in vitro in the absence of 

any osteogenic supplement. In vivo experiments revealed its bone regenerating potential along 

with increase in bone density in the peri-implant area.(23) 
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Despite encouraging findings, vital technological limitations exist. The major problem lies with 

growth factors loaded colloidal gels, which get partly modified when integrated into the colloidal 

scaffold. The altered architecture leads to change in the release of the bioactive molecules. Hence 

a thorough understanding of release kinetics at the single microsphere level is necessary. A 

combination of mathematical modeling and micro positioning systems can describe the complex 

and multiple mechanisms controlling the release kinetics of single microspheres within the 

colloidal scaffold. Another possible limitation of such integrated colloidal systems is their pre

defined nature. Once pre-programmed in vitro, it becomes difficult to modify the release kinetics 

of the assembly according to the demand of the surrounding tissue. A more effective biomimicry 

could be achieved with a dual reciprocity design incorporated in the scaffold. The cells will trigger 

the on-demand development of the ECM and the engineered construct will stimulate the cell 

behavior by controlled release of the bioactive molecules. (24) 

Supramolecular self -assembly by physical crosslinking of various amphiphilic polysaccharides 

modified with hydrophobic ligands to develop nanogels have been explored to great depths . The 

polysaccharide-based micro/nanogel applications still need to have a high degree of control over 

its properties to be used in-vivo applications.(25) 

2. 4 Significance ofthe current work 

In this present work we brought about self-assembly of gelatin nanoparticles to form 3D colloidal 

networks. It is an established fact that inter-particle electrostatic attractions drive them closer 

forming assemblies of varied architecture. We attempted to form such distinct colloidal 

architectures and analyze their microstructures and the impact it had on their mechanical behavior. 

This was achieved by infusing electrolytes like sodium chloride, polyacrylic acid and gelatin B 



particles which served as the driving force for the positively charged gelatin A particles to form 

aggregates. Mechanosensing of cells is fundamental to understanding various aspects of cell 

mechanics namely cell adhesion and migration. Cells probe and explore their microenvironment 

and are influenced by the nature of the cell-substrate interface. The nature of cell attachment and 

their response when embedded in different aggregate architectures was a matter of great interest. 

To gain an insight into this phenomenon, we subjected human umbilical vein endothelial cells 

(HUVEC) to the three different colloidal gels. The response of the cells was analyzed by 

fluorescent imaging techniques, histology sections and protein extraction methods. 
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Chapter 3 

EXPERIMENTAL DESIGN 

3.1 Introduction 

Designing of its constituent building units is the stepping stone to the creation of a new material. 

From macromolecules to colloidal networks, the interactions between basic units of matter can 

dictate the overall properties of the new engineered material.(26) In particular strong attraction 

between colloid particles over short distance leads to their aggregation forming clusters that have 

a fractal structure in the form of either branched or open and tenuous networks. Complementary 

interfacial charges of gelatin colloids can help form 3D assemblies for regenerative medicine. 

Herein, we hypothesized that both gel microstructure and mechanical characteristics can be 

regulated from the organization of colloidal building units in the microscale. We analyzed 

electrostatic crosslinking achieved by altering the counter ions to the positively charged gelatin 

colloidal particles which led to their self-assembly into distinct morphological complexes through 

modulation of aggregation kinetics . 

0 .. fj]+~ 
l-------.1' 

N- colloid : Dense aggregate 

Endothelial Cell 

Sodium Chloride 

ooo Organization according
000 to

oO the microstructure 
+ve Gelatin of colloidal gels for 

Collo idal Particles vascular network 

(-------: ♦ ~ll 
-ve Gelatin L------- ~ 

Colloidal Particles AB- colloid : Heterogeneous aggregate 

Figure 1: Schematic representation of the experimental design 
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The counter ions used for demonstrating the self-assembly and thus forming varied structures are 

a Sodium Chloride (N-), Polyacrylic acid (P-) and Gelatin B (AB-). The three colloidal gels that 

is N-, P-, and AB- formed aggregates with different microstructure. (Figure: 1). 

The distinct morphology of the three colloidal gels influenced the mechanical characteristics. We 

analyze the morphology of the gels using bright field images, scanning electron microscopy and 

confocal microscopy. Rheological characterizations namely viscometry, amplitude sweep, 

frequency sweep and creep tests were performed which give an insight into the strength and 

viscoelastic behavior of the materials . We further demonstrate that these different microstructural 

morphologies modulate cell-matrix interactions during endothelial cell organization. 

3.2 Materials and Methods 

Gelatin A (from porcine skin, 300 Bloom, isoelectric point (IEP)=9) and gelatin B (from bovine 

skin, 225 Bloom, IEP=5), glutaraldehyde (GA), polyacrylic acid, glycine, were purchased from 

Sigma-Aldrich. Sodium hydroxide, and sodium chloride, were purchased from Alfa Aesar. The 

15mm coverslips were purchased from W amer Instruments, while all other chemicals were 

purchased at Sigma- Aldrich and used as received unless otherwise noted. Cryopreserved human 

umbilical vein endothelial cells (HUVEC) and Endothelial Cell Growth Medium containing 2% 

serum with growth factor supplement ( containing epidermal and basic fibroblast growth factor and 

no VEGF) (EC medium) were purchased from Promo Cell. Cells used for the experiments were 

between passage 5 to 7. 4',6-diamidino-2-phenylindole (DAPI) and F- actin Phalloidin was 

purchased from Invitrogen CA. 
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3.2a. Preparation of gelatin nanoparticles: 

Gelatin nano particles were prepared by a one-step desolvation method. A gelatin solution 

(10%w/v) was obtained by dissolving gelatin in distilled water under constant heating at 50°C. 

After cooling to 35°C and adjusting the pH to 2.5 (Hydrochloric Acid (HCl) O. lM) and 10 ( Sodium 

Hydroxide (NaOH) 0.1 M) for Gelatin A and gelatin B respectively, acetone was added dropwise 

to precipitate the particles. Subsequently Glutaraldehyde (GA 8 w/v¾) was added to the nano 

particle suspension. After crosslinking for 20 hours glycine solution (0.75 % w/v)) was added to 

the suspension to neutralize the unreacted aldehyde groups from GA. The suspension was then 

subjected to 3 cycles of ultracentrifugation (13200 rpm for 5 min). The nano particles were stored 

in 2ml Eppendorftubes in an aqueous suspension at 4°C. 

3.2b. Size and charge of nano particles : 

Dynamic light scattering (DLS, Zetasizer Nano-S, Malvern Instruments Ltd.) was used to measure 

the particle size and zeta (~) potential by dispersing gelatin particles GelA, GelB in deionized water 

at a solid content of 0.01 w/v¾ (measuring time 60min, one measurement per minute). To monitor 

the effect of ionic strength on surface charge the particles were dispersed in HEPES buffer with 

increasing molarity (lmM, 20mM, 40mM). The shift in the charge with increasing pH (3 ,7,9,) at 

a set concentration of lmM was also measured. 

3.2c. Morphology of gelatin nano particles: 

2D morphology of the gelatin A and B nano particles was analyzed from brightfield images, and 

fluorescent images at 20X. The gelatin nanoparticles of 20% w/v were placed on the glass slide 

and overlaid with a coverslip. Multiple images were captured at a magnification of 20X (Nikon 

14 



Eclipse Ti-U; NIS- Elements BR 3.2 software). The surface morphology was further examined 

using scanning electron microscopy 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. 

3.2d. Preparation of colloidal gels: 

Three different colloidal gels were formed by adding counter ions through electrolyte ( 4M sodium 

chloride - N-colloidal gel), polyelectrolyte (10w/v% polyacrylic acid - P-colloidal gel) and gelatin 

B (AB-colloidal gel) . We varied the particle fraction between 5 to 20 % (w/v) in 2ml Eppendorf 

tubes to form these colloids. 20% w/v was prepared by adding 1 ml of sodium chloride ( 4M) and 

polyacrylic acid (10% w/v) to 0.2gm of gelatin A nano particles forming N- and P- colloidal gels. 

The 20% w/v AB- gel was prepared by prepared by mixing equal weight percent's of GelA and 

GelB nano particles (20% w/v). All the 20% w/v samples of the gels were then serially diluted to 

10 and 5% w/v. The colloidal gels were allowed to form aggregates overnight at room temperature. 

3.2e. Morphological Characterizations: 

Bright field Microscopy-

The colloidal gel was placed on a glass slide and diluted with deionized water (3 :1). The sample 

was then carefully smeared and overlaid with a coverslip. 2D morphology of the colloidal gel 

aggregates were captured using bright field microscopy (Nikon Eclipse Ti-U; NIS- Elements BR 

3.2 software) at magnification of 4X. Two different sets of images were taken for each of the gels, 

one at a lower concentration of 5% w/v and the other at higher concentration of20% w/v. The 5% 

w/v images which showed isolated aggregates were analyzed by first marking the outline and 
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getting the area and perimeter which helped to analyze the shape using the circularity index (C.I= 

4rrxArea/Perirneter2 ). The 20% w/v gels had bigger aggregates owing to the fractal growth 

and were analyzed by calculating the difference in the percentage of area covered in all three 

variants. 

Scanning Electron Microscopy: 

The surface morphology of the colloidal gels was examined using scanning electron microscopy 

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

10nm film ofcarbon in a high vacuum evaporator for 30 minutes. The SEM images were quantified 

using the Image J software. Binary images were formed by the software by thresholding the 

original images. After thresholding, Diameter J 1-180, a free open source plugin was used to 

quantify the fiber length, diameter, node density, and number of pores of the three colloidal gels. 

Confocal Microscopy: 

Confocal Microscopy (Zeiss axio-vision) was used to further analyze the aggregation of the 

nanoparticles within the colloidal gels. At a focal plane (z-axis) the two- dimensional image slices 

of the gels are collected by the computer. These images which are taken at different depths over at 

distance 4µm at an interval 0.4 µm (27). The images captured at a magnification of 20X were 

further analyzed by the software Image J to generate the 3D surface interactive plots which help 

for understanding the organization of the colloidal particles. 

3 .2f. Rheological Characterizations: 

The viscoelastic properties of colloidal gels were characterized using a rheometer (Bohlin CVOD 

l00NF). All measurements were performed using a flat steel plate geometry at 25°C with a gap 
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distance of 200µm. First the oscillatory tests were performed at variable amplitudes in a strain

controlled mode in the range of 0.01 to 10 while keeping frequency at a constant value of 1 Hz 

(Amplitude sweep) for a total test time of 80 s. This test helps to understand the response of the 

material to stress and the point of yielding beyond which it permanently deforms. Second, the 

amplitude of the shear stress was kept constant at 1.91 Pa determined from the linear viscoelastic 

region of the amplitude sweep with varying frequency in the range of0.01 Hz to 1 Hz (Frequency 

sweep) for a total test time of718. 7 s. The frequency sweep determines the stability of the material 

with increasing frequency. These tests determined the storage modulus (G') and the loss modulus 

(G"). Creep test was performed wherein a constant force (shear stress) of 2 Pa was applied to the 

sample for 150 sand then removed. The viscosity of the material was analyzed by subjecting itto 

a controlled shear rate (1/s) in the range of0.1 to 10 for a total test time of90 s. 

3.2g. Cell Experiment: 

The cryopreserved human umbilical vein endothelial cells (HUVEC) were grown in endothelial 

cell growth medium containing 2% serum with growth factor supplement ( containing epidermal 

and basic fibroblast growth factor and no VEGF) (EC medium). The seeding density maintained 

was 450K in T-75 flask, with media being changed on the second day. Cells were typically usded 

between passage 5-7. used for the experiments on the fourth day after sub-culturing were at passage 

7. The aggregates underwent five cycles of washing with Phosphate buffered saline (PBS) for 20 

minutes in each wash. Finally, the gels were washed with endothelial cell media. The excess media 

was removed and human umbilical vein endothelial cells (HUVEC) were seeded onto the colloidal 

micro gels at a density of2x106 mL-l. The cells were mixed with the gels (0.03 g) in 2ml Eppendorf 
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tubes, then 300 µ1 of defined endothelial cell media was added into each of the tubes. The tubes 

were stored in the incubator at 36.8°Cfor 2 days. 

3 .2h. Immunoblotting 

Immunoblotting procedure was adapted from established protocol. (Basu et al PNAS) Protein 

was extracted by adding TCA buffer containing 10% TCA ; l0mM Tris-HCl pH8; 25mM 

ammonium acetate and lmM EDTA and acid washed glass beads to the scaffold treated cell 

pellet. Cells were lysed by five consecutives one-minute vortex pulses with one minute rest on 

ice in between using fast prep multi-vortex (Labline instrument, Melrose, IL). Protein was 

precipitated by centrifugation at 4°C at 16000g for 10 minutes. Protein pellet was thoroughly re

suspended using resuspension buffer containing 0. lM Tris-HCl pH 11 and 3% SDS by boiling 

the suspension for 5minutes at 95°C. Total protein concentration was measured using Biorad 

BCA protein assay kit (Pierce™ Microplate BCA Protein Assay Kit catalog# 23252). Equal 

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

for 5minutes at 95°C. Extracted protein was loaded on 10% SDS-PAGE separating gel. 

Approximately 1 0µg protein was loaded per lane. Protein was transferred to the nitrocellulose 

membrane (protran BA85, VWR International Inc. Bridgeport NJ). Membrane was blocked 

either with 5% nonfat milk or 5%BSA in l0mM Tris-HCl pH8, 150mM NaCl and 0.05% Tween 

20. Immunoblot was visualized using Western Bright ECL HRP substrate (cat# Menlo Park, 

CA; LPS #K-12045-D20). To detect Focal adhesion Kinase (FAK), primary antibody from Cell 

Signaling (F AK antibody # 3285) was used at 1: 1000 dilution, and to detect VE-

cadherin, primary antibody from Cell Signaling (VE-cadherin antibody # 2158) was used at 1: 

1000 dilution, according to manufacturers' protocol with the corresponding secondary antibody. 
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3 .2i. Analysis of the endothelial cell network: 

To evaluate the endothelial cell networks formed within the three colloidal gels, at the end of 60 

hours the constructs were fixed overnight with 10% formaldehyde. This was followed by washing 

twice with PBS and embedding in 3% agarose. These agarose samples then underwent sectioning 

followed by staining with Hematoxylin and Eosin (H&E). These H&E stained slides were ready 

for viewing (28). These images were quantified from the binary images following skeletonization 

using Image] to analyze the length of the tubular networks, and the junctions per tube to assess the 

vascular networks. 

Additionally, some sections were fixed with a layer of paraffin which were later deparaffinized in 

an orderly fashion starting with washing twice with 100% xylene for 3 min. The slides were then 

washed twice with 100% ethanol for 3 min followed by washing with 95%, 70% and 50% ethanol 

for 3 min each. Finally, the slides were washed with PBS for 3 min. The samples were fixed with 

10% formaldehyde for 20 minutes followed by washing with PBS (IX). they were then incubated 

with F-actin rhodamine phalloidin (100 nM in PBS) at room temperature for 1.5 hours. This was 

followed by rinsing with PBS and staining with DAPI (4',6-diamidino-2-phenylindole) nuclear 

stain for 5 minutes followed by final washing with PBS to remove excess stain. A drop ofmounting 

medium was placed on the slide and sealed by gently placing a coverslip over it. However, 

significant auto-fluorescence from colloidal gels interfered with proper analysis of the network. 

3.2j. Data Analysis 

All experiments were performed multiple time with at least 3 times minimum. Data is presented 

either as average with± standard deviation (error bar representing standard deviation) or as box

plot with 80% data points embedded in the box ( error bar representing maximum and minimum 
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value). Statistical significance was determined by multiple companson ANOVA followed 

Tukeys 's test. P value <0.05 is designated with* and value < 0.01 is designated with**. P value 

less than 0.05 is considered significant. 
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Chapter 4 

RESULTS & DISCUSSIONS 

This chapter is focused on the results related to the experimental approaches to analyze data and 

interpret the structure-property relationship ofcolloidal gels and their response to endothelial cells. 

4.1 Material Characteristics 

4.1 a. Morphology of the nanoparticles 

A B 

Figure 2: Surface characteristics ofGelatin nano particles. A) Green auto-fluorescence of the nano 

particles. B) SEM images of the particles. 

The fluorescent images reveal individual nano particles well dispersed and no sign of aggregation. 

This pattern is seen due to inter-particle repulsive forces due to uniform positive charge and 
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negative charge in gelatin A and gelatin B samples respectively. Fluorescent images show green 

colored auto fluorescence of the colloidal gelatin particles (Figure 2A). The SEM images were 

taken after air drying of the A and B nanoparticles. SEM images show that gelatin colloidal 

particles are spherical is shape with submicron size (Figure 2B). 

4.1 b. Size and charge of gelatin nanoparticles 
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Figure 3: A) Size and Zeta potential of the nanoparticles by DLS. B, C) Zeta potential variation 

with varying ionic strength (lmM, 20mM, 40mM) and pH dependence of the zeta potential of 

Gelatin A and B nanoparticles. 

The Dynamic light scattering (DLS) test performed on the positive and negative gelatin 

nanoparticle suspensions revealed their size and charge, which were 465.2 nm± 9.8 nm, +14.9 

mV ± 0.6 mV for gelatin A and 358.7 nm± 3.7 nm, -34.1 mV ± 0.2 mV for gelatin B (Figure 3A). 
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Zeta potential decreases with the increasing ionic strength of the suspension due to reduction 

electrical double layer repulsion (Figure 3B). An increase in the pH (3 ,7,9) lowered the zeta 

potential, making gelatin A particles and gelatin B particles more negative. The isoelectric point 

of A and B is 7 to 9 and 4.5 to 5.2 respectively. Gelatin A has a positive charge at pH below its 

isoelectric point. This charge gradually shifts to neutral and then turns negative as pH exceeds the 

isoelectric range. Gelatin B shows an increasing negative charge as the pH exceeds its isoelectric 

point (Figure 3C). In previous reports, the zeta potential of silica and gelatin A nano particles as 

a function ofpH was studied. The gelatin nano particles maintained a positive surface charge which 

almost becomes neutral around the isoelectric point (pl- 7 to 9). As the pH exceeds the pl, the 

surface charge becomes negative (29). An increase in the zeta potential as the pH was lowered 

from the isoelectric point of both gelatin A and B was observed (30) . 
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Figure 4: Size and Zeta Potential of Sodium Chloride (N- IM, 2M, 4M), Na-salt of polyacrylic 

Acid (P- 2.5%, 5%, 10%v/w), AB (4:1, 2:1, 1:1) colloidal gels. 

To analyze if addition of opposite charge leads to aggregation of gelatin A colloidal nanoparticles 

through electrostatic interactions using, sodium chloride (N) as electrolyte, Na-salt of polyacrylic 
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acid (P) as polyelectrolyte, and negatively charged gelatin B particles, different concentrations of 

sodium chloride (N), Na-salt of polyacrylic acid (P), and negatively charged gelatin B particles 

were added to gelatin A colloidal nanoparticles and the size and charge changes were measured 

by DLS. Data (Figure 4) shows addition ofthese reagents proportionately increased size indicating 

gradual aggregation with concomitant reduction of positive charges. This shows electrostatic 

interaction mediated assembly of gelatin A nanoparticles can be achieved by these three modes. 

4. lc. Bright field images of colloidal gels at lower concentration 
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Figure 5: A) Bright field images of colloidal gels at lower concentration of 5 w/v¾. B) 

Equivalent Diameter and Circularity index of the colloidal gels revealing more circular clusters in 

N- (close to 1) as opposed to P- and AB-. 
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At lower concentration of 5w/v% the particles come together owing to electrostatic forces forming 

almost spherical aggregates in the N-gel. P-gel is seen forming delicate tenuous and more 

elongated strand like structures. AB- on the other hand shows a combination that is a mix of 

spherical and slightly elongated colloidal strands (Figure SA). The equivalent diameter of these 

aggregates and the circularity index were measured to analyze these structural organizations. The 

dimeter of the P-gel was significantly higher compared to other and circularity index of N-, P-, 

AB- gel was 0.56, 0.1 , 0.26 respectively. The higher dimeter ofP and index value ofN- was closer 

to 1 proved our hypothesis. N-aggregates are more compact and spherical, whereas, P- gel forms 

more elongated chain like strands; and AB- forms aggregates which is a hybrid of the above two 

distinct patterns resulting in the index value higher than P- but less than N- gel (Figure SB) 

4. ld. Bright field images of colloidal gels at higher concentration 
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Figure 6: Brightfield images of colloidal gels (N-, P-, AB-) at higher concentration of 20 w/v¾ . 
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The bright field images of higher particle fraction colloidal gels clearly show the distinct 

aggregating patterns of the three colloidal gels which is based on the aggregation mode of the 

colloidal particle. As the particle content increases, the individual dense clusters of N- gel come 

together spreading laterally forming bigger dense structures, occupying 80% of the area. The 

delicate elongated strands in the P-gel form an extensive interconnected network occupying 60% 

of the total area. AB-gel displays a combination of both patterns and has the least percentage of 

area covered (Figure 6) . 

4. le. Scanning Electron Microscopy of colloidal networks 
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The three colloidal gels have distinct morphology as seen in the SEM images. The N- shows a 

denser and compact structure, P- displays more of an elongated strand like structure and AB- is a 

hybrid of the two patterns of aggregates (Figure 7 A). The tenuous fiber strands in the P- colloidal 

gel shows greater length compared to the other gels. The characteristic length was the highest in 
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the P- microgel. The intersection density, also called the node density was calculated by measuring 

all the points of overlaps of strands divided by the total pixels in the image. The AB- gel has 

maximum mode density. The AB- colloidal gel form structures which are relatively more compact 

than N-. The fibers forming the aggregates in the AB- gel are shorter and more spherical. There is 

a possibility that these shorter fibers tend to intersect and overlap adjacent fibers more than the 

long strands seen in the P- gel. The longer finger like projections seen in the P- colloidal gel are 

less in number but travel longer distances and hence indulge in less overlap with adjacent strands. 

The fibers in the P- colloidal gel intertwine in a such a way forming larger voids resulting in greater 

percentage of void area compared to the other two colloidal gels (Figure 7B). 

4.1 f. Confocal images of colloidal gels 

These confocal images (Figure SA) clearly demonstrate the distinct microstructures of the three 

colloidal gels . The 3D surface interactive plots retrieved using the Image J software assist in better 

understanding of the nanoparticle networks within the colloidal gel. N- colloidal gel forms 

relatively denser and compact aggregates. The P- gel shows a more tenuous and open 

interconnected networks. The aggregates formed in AB- gel is a combination of dense and open 

branch like networks. High magnification images of the confocal images clearly demonstrate the 

differences (Figure SB). These microstructural morphologies are the length scale comparable to 

multi-cellular dimension indicating that these gels provide distinctly different spatial 

microenvironment foe cells to organize and interact. 
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Figure 8: A) Representative confocal microscopic image ofN-, P-, and AB-colloidal gel from the 

z-stack images and the corresponding 3-D surface interactive plots ( obtained from ImageJ) 

showing organization of colloidal particles in 3D at 20X magnification. B) Confocal image of the 

colloidal gels in high magnification to demonstrate the microstructural organization of 

nanoparticles within the colloidal gel. 

4. 2 Mechanism ofAggregation ofN-. P-. and AB- colloidal gels 

Sodium chloride, Na-salt ofpolyacrylic acid and gelatin B were allowed to interact with the gelatin 

A nano particles forming N-, P- and AB- colloidal gels respectively. The three gels differed in 

their microstructures as concluded by the data received by different imaging modalities. The 
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structures differ due to difference in the aggregation kinetics. The gelatin A consists of individual 

nanoparticles stabilized by inter-particle repulsive forces. The particles are surrounded by a coat 

of positive electrical charge that prevents them from aggregation. Addition of sodium chloride 

( 4M), destabilizes the nanoparticles by reduction electrostatic repulsion. The positive electrical 

charge is reduced which in tum also reduces the inter particle repulsive forces. The van der Waals 

attractive forces between the particles become dominant and induces fast aggregation. The N

colloidal gel follows the reaction limited aggregation kinetics (RLA) characterized by high 

diffusive forces and an aggregation process that depends on the probability of forming a bond upon 

collision oftwo clusters (31 ). As rate ofaggregation is slow, clusters ofdifferent masses are formed 

as first single particles and then clusters stick to each other. The sticking probability of two clusters 

is proportional to the number of available bonding sites hence clusters with larger mass will grow 

faster leaving several smaller ones aside. This leads to a polydisperse cluster mass distribution. 

The initial aggregation rate is slow and increases as the cluster size rises. There is an exponential 

increase in the cluster size during this time. The smaller clusters in the polydisperse distribution 

have a high chance of penetrating the larger ones resulting in several collisions involving clusters 

of different masses (32). This leads to a less tenuous and denser compact aggregates with a 

resultant increase in fractal dimension as seen in the N- colloidal gel. The P- colloidal gel follows 

the diffusion limited aggregation kinetics (DLA) which is characterized by a rapid reaction rate 

with purely attractive forces that dominate. The aggregation rate is limited solely by the time taken 

for the clusters to collide by Brownian diffusion. The clusters formed in the fast aggregation regime 

(DLA) are more ramified and relatively monodisperse. The AB- colloidal gel is an example of 

heteroaggregation. Heteroaggregation is a process when two types of monodisperse colloidal 

29 



particles are mixed (33). Gelatin B when introduced attaches to its positive counterpart forming 

structures which are a combination of dense and open networks. 

4.3. Mechanical Characterization ofcolloidal gels 

4.3 a. Viscometry 
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Figure 9: Viscometric analysis to characterize the flow response of all three gels (N-, P-, AB-) 

Figure 9 shows a comparison ofshear rate sweeps of 5, 10 and 20 w/v¾ of the three colloidal gels 

(N-, P-, AB-). The 20 w/v¾ ofN- and P- and AB- show a similar trend with viscosity of around 

100 Pas at a shear rate of 0.1 and shearing down to 10 Pas at a shear rate of 10. The viscosity 

profile of all three concentrations of AB- colloidal gel does not show much difference and follow 

a similar pattern which is a little above 100 Pas at shear rate of 0.1 and tapers to almost 10 Pas at 

shear rate of 10. The 10 w/v¾ of N- although less viscous than the 20 w/v¾ does not taper as 

much and displays less shear thinning compared to its counterpart in the P- gel. The viscosity of 
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10 w/v¾ P- colloidal gel is higher than the 5 w/v¾ at shear rate of 0.1 and follows exactly as the 

5 w/v¾ beyond shear rate of 1. Overall the compact aggregates of the N- become denser and more 

viscous with increasing particle fraction following the power law dependence. At 5% w/v the 

aggregates formed are smaller involving less particles and hence less viscous. These initial 

aggregates attach to more particles with increasing concentration forming dense microstructures 

with increased viscosity. The viscosity profile ofdifferent concentrations in the AB- gel is similar. 

Unlike the N-, and P- gels, the aggregates that form in the lowest particle fraction show limited 

fractal growth and maintains their form even in higher concentrations. 

4.3b. Amplitude Sweep 
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Figure 10: Rheological characteristics -A) Amplitude Sweep Test of all three colloidal gels (N-, 

P- and AB-) B) Elastic modulus (G') variation with concentration of colloidal gels. 
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The amplitude sweep test was performed on the three colloidal gels in strain-controlled mode in 

the range of 0.01 to 10. Strain amplitude dependence on the loss and storage modulus (G", G ') 

elucidates the viscoelastic behavior of the colloidal gels. This is a good test to assess the strength 

and viscoelastic behavior of the material. Both the G' and G" of the 5 w/v¾ colloidal gels (N-, P-) 

are seen to be intermingling with each other indicating a more liquid like behavior. The 5w/v% of 

AB- on the other hand displays a relatively more structured and denser solid like behavior with 

G'>G" and disrupts only beyond a strain value of 1.55 . The critical strain ofN-, P- and AB- that 

is when G">G' at 10 and 20 w/v¾ are 3.36, 0.29, and 1.5 respectively. Below these values the 

material is intact and absolutely linear with G'>G" indicating that the material is highly structured. 

An increase in strain beyond the critical strain results in G">G', which means the network structure 

is disrupted and the material is fluidic in nature. The structure of the aggregates in the N- and AB

which is dense and compact provide increased strength to the material, which increases the yield 

point as observed from higher cross over point between G' and G". The strands of aggregates 

formed in the P- colloidal gel are tenuous and are unable to sustain its structure under increasing 

amplitude of stress and ruptures at lower strain compared to N- and AB- colloidal gel. However, 

the higher variation of elastic modulus (G') with particle fraction shows power law dependence in 

all three gels, indicating fractal organization of colloidal aggregate into network (Figure lOA). 

The slope of N-, P-, and AB- were 15 .907, 8.980, and 4.819, respectively. The N- and P- gels 

displayed a steeper slope as opposed to AB-. This observation reflects the nature of fractal growth 

of aggregates as the particle fraction increases. A study was conducted to investigate the effect of 

concentration on DLA and RLA aggregation kinetics. It was concluded that there is a real effect 

in the cluster fractal dimension with increase in the concentration. In a highly diluted system the 

two small clusters merge mainly at the tips, resulting in a very open cluster. At higher 
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concentration, the two clusters will be much closer, making it easier to touch not at the tips but in 

the middle. This forms more dense and compact structures (34). The steep slope of the N- gel is 

the result of denser packed clusters that form with rapid diffusion and grow exponentially with 

increasing concentration. The P- gel which follows the DLA aggregation kinetics also undergoes 

cluster to cluster aggregation with increasing concentration. The slope of the P- gel is however, 

not as steep as the N-. The reaction rate of the P- gel is rapid and diffusion limited. This means 

that it takes longer for the clusters to come together and form a bond. Hence even at higher 

concentration of20% w/v the ramified and tenuous networks are not yet in contact with each other 

to form stronger aggregates. The positive and negative gelatin nanoparticles that come togetherto 

form AB- gel form relatively packed structure at low concentration of 5% w/v. with increasing 

particle fraction, there is lesser extent of fractal like growth of the clusters. The diffusion rate of 

the clusters is comparatively less and hence being slow to form dense aggregates. AB- reveals a 

relatively flat slope which means that the aggregates formed by strong electrostatic forces at low 

particle fraction shows a slower progress to forming denser and more interconnected structure with 

increase in gel concentration (Figure lOB). 

4.3c. Frequency Sweep 

The three colloidal gels display gel like properties since the storage modulus (G') is significantly 

higher than the loss modulus (G"). There is an increase in the elastic modulus with particle fraction. 

At higher solid content, the interparticle distance is reduced along with an increase in electrostatic 

forces leading to an overall enhanced packing effect of the nanoparticles which dominate the gel 

strength. On comparing the response of 5 w/v¾ of all three gels we observed that while the P- and 
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AB-gels had higher storage modulus (G') around 100 Pa and retained their gel like properties with 

increasing frequency up to 1 Hz, the N- gel on the other hand had lower G' values to start with and 

displayed more liquid like properties with loss modulus (G") merging with the G' at 0.7 Hz. At a 

low concentration of 5 w/v¾ the cluster like aggregates formed in the N- gel might be less dense 

with more liquid content filling up the inter- cluster distance contributing to a lower G' value. On 

the other hand, the P- and AB-gel formed branch like elongated networks and a combination of 

clusters and branch like formations respectively that encompassed the entire volume, thus retaining 

it gel like properties with increasing frequency. The fractal growth in the N- colloidal gel is 

gradual, with the G' value rising from 5.8 Pa at 5 w/v¾ to 100 Pa at 20 w/v¾. The P- and AB- on 

the other hand forms networks which are relatively stronger with 100 Pa at 5 w/v¾ to a slight rise 

to 288 Pa at 20 w/v¾. 
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Figure 11: Frequency Sweep of all three colloidal gels (N-, P-, AB-) 
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4.3 d. Creep Test 
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Figure 12: Creep Test at constant stress of2Pa for all three colloidal gels (N-, P-, AB-) 

The gels were subjected to a constant shear stress of2 Pa for the first 150 seconds and was allowed 

to deform and their time-dependent creep were analyzed (Figure 12). The 20 w/v¾ with more 

solid content did not deform as much displaying low strain values. Gels with lower particle fraction 

deform more due to the relatively less dense aggregates and more interspersed liquid content. Rise 

in particle concentration increases the fractal growth of the aggregates making it denser and 

relatively less likely to deform under constant load. Ability of P-gel to deform to a higher extent 

indicates that ramified networks of the aggregates are extended and flown under stress with time. 

In comparison, other showed lesser deformation indicating the resistance of the material to deform 

due to its compact dense microstructure. Time-dependent creep response further supports the 

morphological character of the three gels. Overall this analysis provides a platform to develop 

gelatin based colloidal gels which can display distinct mechanomorphological character. 

35 



4. 4 Cell Response to the colloidal networks 

4.4a. Fluorescent Images 
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Figure 13: Fluorescent images after staining the cells embedded in the colloidal gel aggregates 

with F-actin Phalloidin and DAPI. A) Cells mimic the pattern of the aggregates in the three 

colloidal gels as seen by the stained nuclei and cytoskeleton. B) overlapped images of DAPI and 

TRITC, showing their colocalization. 

The three colloidal gels portrayed distinct aggregating patterns which were mimicked by the 

HUVEC when incubated with the gel for 60 hours. In the N- colloidal gel, the cells orient 

themselves in a circular fashion forming clusters similar to the material. Cells incorporated in the 

P- colloid form a more elongated, branch like interconnected network occupying almost the entire 

area. The AB- colloidal gel displays a heterogeneous aggregation which is seen as a combination 
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of spherical dense clusters interspersed with elongated networks (Figure 13 A) . Overlapping the 

two images of the gels further reaffirms the exact cell position embedded in the respective 

aggregate patterns (Figure 13C). 

4.4b. Histology Sections 
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Figure 14: A) H&E stained histology sections revealing the influence of the varied colloidal 

networks on HUVEC migration and attachment. B) Quantification of the images by measuring the 

length of the tubes and the average number of three-point junctions in each of the gels. 

Histology sections with the H&E staining procedure revealed the distinct patterns of endothelial 

cell networks in the three colloidal gels. The dense, compact clusters in the N-, elongated strand 

like interconnected structures in the P- and combination of the two seen in AB- colloids dictated 
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the movement and orientation of the cells. (Figure 14A). The long fibers formed in the P- colloidal 

gel interconnected extensively leading to an increase in the length and the number ofjunctions per 

tube. AB- colloidal gel had similar values to the N- colloidal gel (Figure 14B). These results 

further bolstered our hypothesis that electrostatic assembly of aggregates into different shapes and 

patterns can be used to influence the migration of cells. 

4.4c. Immunoblotting: 
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Figure 15: Representative immunoblot showing expression of focal adhesion kinase (FAK) and 

VE-cadherin by HUVEC in N-, P-, and AB- colloidal gel. Quantification of expression of these 

proteins by HUVEC normalized w.r.t. ~ actin in colloidal gel. 

Cell adhesion depends upon specialized transmembrane adhesion proteins and cell adhesion 

molecules which mediate cell to matrix interactions. Focal adhesion kinase (FAK) plays a central 

role in maintaining the barrier integrity and microvascular barrier function (35). Cadherins are 

plasma membrane proteins associated with intercellular adherens junction (AJ) that contribute 

towards barrier function, and tissue homeostasis. The Vascular endothelial cadherin (VE

cadherin) is one of the major cadherin located at the intercellular junctions of all endothelial cells 
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(36). Both F AK and VE-cadherin are able to associate with actin and signal transduction pathways 

by communicating with molecules like tyrosine kinases (37) . 

As seen in Figure 15, endothelial cells embedded in all three colloidal networks, express FAK 

more than VE- cadherin. The HUVEC in N- gel expressed the least amount of FAK, and even 

lower levels of VE-cadherin. AB- gel brought about the maximum expression of both F AK and 

VE- cadherin by the endothelial cells . Although the HUVEC in the P- expressed high F AK, similar 

to the AB- construct, the VE- cadherin levels were relatively low. 

The effect of alginate-chitosan microcapsules with a dense and loose gel structure on cell behavior 

was analyzed. It was concluded that loose gel structure promoted cell attachment and migration as 

opposed to the dense structure (20). 

The microstructure of P- colloidal gel offers elongated and ramified networks. These open 

structures result in larger pores which offer a good surface for the HUVEC to adhere and migrate. 

AB- gel which is a heterogenous structure and less compact clusters also promotes cell attachment. 

However, N- gel is characterized by dense compact aggregates which form pores which are 

relatively smaller. This microstructural difference restricts the attachment and spreading of the 

cells. 

4.5 Summary 

In summary, gelatin colloidal gels can be engineered by inducing electrostatic self- assembly of 

colloidal units by introducing counter ions. In the present work, we formed three colloidal gels, 

N-, P-, and AB- with the help of strong attractive forces between colloid particles. The three gels 

formed different aggregates ranging from dense compact clusters to tenuous strand likenetworks, 

and a combination of the two formations. These structural differences also influenced the 

39 



mechanical properties of the gels. These aggregate patterns with distinct microstructural 

morphology also influenced the cell- matrix interactions during cell organization. 
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Chapter 5 

SUMMARY AND FUTURE DIRECTIONS 

5.1 Outcomes ofcurrent work: 

In this present work we explored the possibility of electrostatic self-assembly of gelatin 

nanoparticles by introducing counter ions namely sodium chloride, polyacrylic acid and gelatin B 

forming N-, P- and AB- colloidal gels respectively. We hypothesized that the three counter ions 

will form aggregates with distinct microstructure by following varied aggregation kinetics. These 

microstructures were expected to influence the mechanical characteristics of the gels and the 

migration of endothelial cells (HUVEC). 

Two distinct classes of kinetic aggregation have been established. One class is diffusion limited 

aggregation (DLA) and the other is reaction limited aggregation (RLA). While N- and P- followed 

RLA and DLA respectively, AB- gel was formed by heteroaggregation. This aggregation kinetics 

had a profound effect on the morphology of these gels. The N-gel formed by rapid diffusion and 

slower reaction rates. At low concentration the nanoparticles come together forming clusters of 

different masses forming a polydisperse suspension. As the clusters grow in size, there is increase 

collision between them and the smaller clusters try to merge with the larger ones. This increased 

activity leads to denser and compact aggregates as seen in bright field, confocal and SEM images 

ofN- gel. The P- colloidal gel on the other hand follow the DLA trend which is characterized by 

slower movement of the clusters towards each other, forming less packed and open networks. AB

gel formed by heteroaggregation has a structure which is a combination of dense and open 

networks. 
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The mechanical characteristics of the three gels differed with their microstructures. At low 

concentration the clusters formed are small and grow fractally with increasing solid content. The 

amplitude sweep test assessed the strength and the viscoelastic behavior of the gels. The P- gel 

was weaker with a lower yield point compared to the other two gels. All the gels displayed gel like 

behavior with higher storage modulus until the critical strain value. the stability of the gels was 

elucidated by the frequency sweep test. The ramified networks of P- gel and hybrid aggregates of 

AB- were more stable at lower concentrations compared to N- gels. These tenuous structures 

although display fractal growth with increasing concentration are relatively weaker and have lower 

yield point compared to the N- and AB- gels. The 5% w/v of all three colloidal gels under 

maximum deformation under shear stress for the first 150 seconds which is due to less denser 

aggregates present. The recovery of AB- is more than the rest in the latter 150 son removal of the 

stress which means that even at lower concentration, the structures are more gel like and denser to 

be able to partly revert to its original self The aggregates formed in AB- are dense and rapid with 

high electrostatic attraction which show a limited fractal growth with increase in concentration. 

This is also seen as similar viscosity profiles of all three concentrations in the AB- gel. The N- and 

P- on the other hand displays a clear difference in the viscosity with increasing concentrations. 

The different morphology ofaggregates formed in the three colloidal gels influenced the migration 

of endothelial cells (HUVEC). As seen in the histology stained sections and fluorescent images, 

the cells follow the pattern ofthe microstructures which is almost spherical and compact, elongated 

and tenuous, and a combination of the two as seen in N-, P- and AB- gels respectively. 

5.2 Future Directions 

Analysis of Jammed colloids: 

42 



Process in which net interparticle attractive forces brings about a rheological transition from a 

fluid-like to a solid-like viscoelasticity in a suspension is called colloidal gelation (38). Going by 

the principle of electrostatic attractive forces used in the current study, further increasing the 

particle fraction much beyond 20% w/v can form jammed colloidal gels. The increased solid 

content will form clusters that will grow fractally so much so that the interfacial area will be 

reduced and the active particles will be kinetically frustrated. The particle jamming marks the onset 

of structural arrest. In a recent study, jammed colloids which was named "bijel" was subjected to 

centrifugal compressive forces. It was observed that the gel microstructure turned anisotropic in 

response to the applied force field (39). The utilization of such jammed colloids relies on their 

mechanical robustness and enhanced viscoelastic behavior and can be used as templates for 

functional scaffolds. Future studies must aim at understanding the rheology of such systems, the 

factors that contribute to their structural collapse, and influence of microstructure on the 

macroscopic events. 

Epithelial-Mesenchymal transition (EMT): 

EMT is reported to play a vital role in tissue repair, tumor progression and inflammation. However, 

its role in cancer is controversial since its presence in neither sufficient nor necessary for malignant 

behavior. EMT is characterized by enhanced migration, invasiveness and decreased cell to cell 

adhesion. E- cadherins are downregulated while N, and P-cadherins are upregulated ( 40). The 

colloidal gels formed in the current study can be used as a template for studying such a transition. 

In EMT cell movement transforms from collective to singular which is a sign of metastasis. 

Analysis of such cell movements could play a pivotal role in studying EMT. 
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Hybrid Polymer: 

Natural polymers like gelatin, chitin, or chitosan have been employed by virtue of their 

bioresorption and flexibility though not bioactive. Hybrid materials derived from integration of 

these organic materials with inorganic ones ( ceramics, polyurethanes) can be used as artificial 

materials for various applications (41 ). By fusing oppositely charged synthetic polymers to 

positive gelatin A with, and negative gelatin B we could develop a new hybrid polymer. 

Morphological and mechanical characterizations can be conducted to study the colloidal networks. 

It will be interesting to compare the microstructure and mechanical responses of the N-, P-, AB

gels in the current study with the new class of hybrid polymer. 
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